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Natural wetlands, the transitional zones found between the land and the sea, are considered hot spots for plastic
accumulation. Constructed wetlands (CW) attempt to mimic these natural wetlands in order to provide potential
Nature-Based Solutions (NBS) for reducing microplastic (MP) contamination in wastewater treatment plants, and
mitigating MP pollution in rivers. In this work, the role played by an interspersed lagoon surrounded by aquatic
vegetation (Juncus Maritimus) in retaining MP was investigated using experimental laboratory simulations. Four
MP types (125-500 pm and 500-1000 pm PA fragments, 2 mm PET fibers and 5 mm PET fibers) along with
suspended sediments were injected into the model wetland to study their transport throughout the system. Five
different vegetated patch lengths surrounding the lagoon were considered (Lp). Results showed that aquatic
vegetation protected wetlands from PA fragments and PET fibers by increasing the dispersion of the particle-
laden flow and consequently MP sedimentation. When the use of vegetated patches was coupled with an
interspersed lagoon, MP retention rates were maximized (with total percentages of 88 + 3 % and 99 + 1.5 % for
PA fragments and PET fibers, respectively), suggesting that CW are a potential NBS for trapping MP pollution

from specific sources.

1. Introduction

Plastic and chiefly microplastic (MP) pollution is now a problem
common to all environmental compartments [1]. Both marine and
freshwater environments are of great interest to the scientific commu-
nity in that they present ever-growing concentrations of plastic particles
[2-4]. Plastic pollution in inland waters is directly correlated to the
population and economic levels of the area in question [5,6]. Rivers
represent preferential ways by which discarded plastic fragments from
land sources reach oceans and seas [7-9]. That said, most of the plastic
entering a river system is trapped by vegetation and buried under the
riverbed sediment, thus increasing its residence time in inland water
systems, and often never reaching the open sea [10]. According to
Gallitelli et al. [11], the ability of aquatic plants to capture MP manly
depends on plant density rather than the size of the plastic particles.
Nonetheless, plastic particles suspended in the water column are subject
to mechanical, chemical, and biological degradation processes [12-14],
reaching sizes of tens of microns or less and, depending on their con-
centration levels, increasing the negative impact they have on aquatic
life [15]. Furthermore, exposure to UV-light and weathering can
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accelerate the degradation process [16,17]. MP degradation causes an
increase of MP in the exposed area, potentially increasing chemical
reactivity. Thus, MPs are also responsible for transporting biological and
chemical contaminants by adsorption [18] and therefore also become
vectors for particle-bound chemicals, especially those chemicals that
were used to produce plastic material in the first place [19].

MP can also interact with suspended sediments (SS). For example,
slow-settling MP particles scavenging by fast-settling sediment particles
have been found to increase the vertical transport of MP to the bottom of
the water column [20]. Likewise, in a unidirectional flow regime, the
increase in SS concentration increases MP sedimentation rates thanks to
MP scavenging by SS, which then leads to a segregation of MP particles
along the patch of the MP plume [21]. Mancini et al. [21] also found that
the impact SS has on the sedimentation rate of MP depended on the type,
size, and shape of the MP particles. In sum, the transport of MP in water
environments is not only influenced by MP density, shape, and size
(which determine MP settling velocity), but also by the hydrodynamics
of the aquatic systems [20,22] which, in turn, may affect MP settling
velocity [23-25]. MPs are expected to have a high settling rate under
low flow velocities and calm conditions [20] in comparison to turbulent
aquatic systems.
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Nomenclature

A Frontal area of the vegetation per unit volume

a Longest axes of measured particles

ADV Acoustic Doppler Velocimeter

b Intermediate axes of measured particles

c Shortest axes of measured particles

C Particle concentration

Ccum Cumulative size curve of particles

Ci Particle concentration at each measuring section i

Cia Particle concentration at the measuring section i-1

CL Particle concentration in the lagoon

CLmax Maximum particle concentration in the lagoon

Cpax Maximum particle concentration

Cup Microplastic concentration

Cmp max Maximum microplastic concentration

Csed Sediment concentration

CSF Corey Shape Factor

Ccw Constructed wetland

C1 Dimensionless coefficient

Cy Dimensionless coefficient

D Diameter of the source of the plume at the inlet

d Stem diameter

dso Particle diameter representing the 50 % cumulative
percentile value

D* Dimensionless reference diameter

deg Equivalent diameter

Dy “Modified” representative diameter

g Gravity acceleration

E Shape factor

H Stems height

hy Water height in the shallow water areas

K Microplastics sedimentation rate

k von Karman constant

L Flume width

Lisst Laser In-Situ Scattering and Transmissometry

In Characteristic length scale of the plume injection
Lp Vegetated patch length

My Momentum flux

MBR Membrane bioreactors

MP Microplastic

n Canopy density

ngm Gauckler-Manning coefficient

ng Dimensionless coefficient

NBS Nature-Based Solutions

P Rouse number

PA Polyamide

PE Polyethylene

PET Polyethylene terephthalate

PP Polypropylene

PS Polystyrene

Qo Total buoyancy flux

R Characteristic diameter of the flume
R Submerged relative density

Re Reynolds number

SPF Solid plant fraction

SS Suspended Sediments

U, Mean current flow velocity

u* Shear velocity

Veront Mean front velocity of the plume

w Dimensional settling velocity

W Dimensionless settling velocity

Wo Plume injection velocity at the source
o Dimension correction factor

A Characteristic distance reached by each MP
Apo Buoyancy of the plume discharged
Apax Maximum characteristic distance reached by each MP
p Water viscosity

p Water density

p Density of the particle laden plume

Py Particle density

v Fluid kinematic viscosity

Shallow water bodies (i.e., wetlands, coastal lagoons, and estuaries)
promote the biodiversity of different species of flora and fauna [26] and
facilitate the reproduction and growth of microorganisms, aquatic
plants, and animals [27]. Lagoons interspersed in wetlands provide
valuable recognized ecosystem services by improving human living
conditions, increasing agricultural production, reducing the effects of
flooding events, and regulating the climate [28]. Wetlands represent the
link between rivers and marine environments and so not only do most of
the plastic and MP particles from inland waters migrate through them
before entering the sea, so too do the particles coming from marine
environments [29].

In recent years, several studies have been carried out to quantify and
characterize MP in shallow water systems around the word [29-33].
High concentration of MP have been found buried in sediment beds
[28,34,35], trapped in seagrasses and macroalgae [36,37], remaining in
suspension in the water column, or ingested by aquatic organisms from
zooplankton [38] to large organisms like fish [39,40] and mollusks
[41,42]. According to the recent review by Garcés-Ordonez et al. [28],
the most common shapes of MP found in coastal lagoon environments
are fibers and fragments which are mainly transparent blue colors.
Garcés-Ordénez et al. [28] reported that polyethylene (PE), poly-
propylene (PP) and polyester (PS), were the most abundant polymer
compositions, followed by polyethylene terephthalate (PET) and poly-
amide (PA).

In addition to shallow water bodies, constructed wetlands are now
considered as nature-based solutions for the mitigation and disinfection

of pollution, and to prevent microplastic pollution [43] in river systems.
Vegetation cover and stem density play an important role in retaining
MPs in constructed wetlands, presumably modifying hydrodynamics
[44,45]. Constructed wetlands appear to efficiently remove up to 50 %
of MP depending on MP type [46]. However, even higher MP removal
efficiencies have been observed in surface constructed wetlands — 88 %
[47] and horizontal subsurface flow constructed wetlands — 100 % [48],
indicating their suitability for being used as tertiary treatments for MP
pollution.

Despite all the work carried out in both shallow water bodies and
constructed wetlands (CW), a gap in the knowledge about the role la-
goons play in retaining MP remains. Because lagoons are surrounded by
aquatic vegetation, this makes the performance of the lagoon-vegetation
system even more complex and consequently not only the role vegeta-
tion in a lagoon plays in retaining microplastic particle needs to be
better addressed, but so too whether the lagoon itself is sheltered or
unsheltered by vegetation.

Through a series of laboratory experiments, the present work aims to
investigate the role wetland lagoons (sheltered or unsheltered by
vegetation) play in retaining MP and determine the conditions in which
vegetation is able to protect interspersed lagoons from MP pollution. For
this purpose, a lagoon was built in a unidirectional flow flume and the
emergent aquatic vegetation (Juncus maritimus) placed around the
lagoon aimed to mimic real wetland conditions. Different patch lengths
of the vegetation surrounding the lagoon are explored to determine the
sheltering effect they have on the lagoon. Four different types of MP (PA
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fragments and PET fibers, in two size ranges) are considered for exper-
iments, thus covering a wide range of plastic densities and shapes.
Finally, the relevance of the study findings in providing guidance to
optimize the ecosystem services provided by wetlands is discussed.
Likewise, a discussion on developing more efficient strategies for
maintaining and preserving natural wetlands from plastic pollution is
also included in the discussion section of the manuscript.

2. Materials and method
2.1. Flume set-up

Experiments were carried out in a 500 cm x 40 cm x 50 cm labo-
ratory flume. At the entrance of the flume a honeycomb was used to
straighten the flow produced at the inlet [49], while at the outlet an 18
cm high gate ensured a constant flow level (Fig. 1). The flume had a
storage tank that allowed the water to recirculate using a pump with a
valve to control the flow in the flume. Two 10-cm high platforms 120 cm
long at the base and 100 cm long at the top were constructed and placed
in the flume, creating a deep zone between them to represent a V-shaped
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lagoon (Fig. 1). The platforms represented shallow water areas with or
without vegetation depending on the experiment. The space between
the platforms created a lagoon that was 18 cm long at the base and 38 cm
long at the top and 11 cm deep from the upper part of the shallow zones
to the base of the flume. Two 100 cm x 40 cm x 1 cm bases were placed
on top of each shallow zone. The bases were perforated with 0.6 cm
diameter holes, where plant stems were then distributed.

In the shallow zones, a water height h,, = 10 cm was considered. The
vegetation in the shallow areas consisted of stems of real Juncus mar-
itimus vegetation (Fig. 1), typical of river floodplain zones and salt-
marshes, which had been collected near the Ter River (Catalonia, North-
East Spain). Three to four Juncus maritimus stems were attached and tied
with tape to build a 0.6 cm thick plant that fitted into the perforated
holes in the bases. A canopy density of n = 1344 shoots m 2 was
considered, i.e., in line with the canopy densities found in saltmarshes
[50,51]. From the canopy density (n) and the value of the stem diameter
(d) the percentage of the area covered by the vegetation in the shallow
vegetated areas, i.e., the solid plant fraction SPF = nnd%/4 = 3.8 %,
[52,53] was obtained. Stems were cut to 20 cm long to ensure that the
vegetation was emergent and were randomly distributed using a
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Fig. 1. Scheme of the experimental flume: Side and aerial views of flume with trap sampling positions in shallow water areas (P1A to P2D) and at the bottom of the
lagoon (LC, LD, LE). All measurements are in cm. The length of the vegetated canopy surrounding the lagoon was given as times the water depth in the shallow water
areas (h,,). A photograph of the lagoon and the surrounding vegetation in the flume is included below the scheme.
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computer function [52,54,55]. Therefore, the flume set-up was divided
into three zones: a lagoon with two adjacent shallow vegetated areas.

Twelve sampling sections along the main axis of the flume (at x = 0
cm, 25 cm, 50 cm, 75 ¢m, 100 cm, 128.5 cm, 131 ¢cm, 133.5 cm, 162 cm,
187 c¢m, 212 cm, and 237 c¢cm) were considered. x = 0 cm was set at
section C, i.e., at the injection point. The flow in the flume was kept
constant for all the experiments carried out in this study. The flow ve-
locity was measured at the same x positions as where the sediment traps
were situated using a laboratory Acoustic Doppler Velocimeter (ADV,
16 MHz, SonTek Inc.) that measured the three components of flow ve-
locity at each sampling point. The ADV was placed in the flume at a
selected depth (z) and position along the main axis of the flume (x) in a
downward-looking configuration. All measurements were taken at the
center of the flume in the transversal direction (y = 0 cm, Fig. 1) and at 3
cm above the bottom in the shallow water testing area. Data was
collected with a PC linked to the ADV. Measurement frequency was 50
Hz and each measurement lasted 5 min, resulting in a set of 15,000 data
points. The ADV measured at a single point in every measurement in a
sampling volume of 0.09 cm?® situated 5 cm from the ADV probe tip. The
temporal mean velocity of the x-component at each position was
calculated as the mean value of the 15,000 measurements. In the
shallow zone, the mean current velocity of the flow was U, = 1.2 + 0.2
cm/s. The Reynolds number of the flow in the flume (Re = pUR/p =
2277) was calculated assuming the characteristic diameter of the flume
(R) as R = (HL)O'S, where L is the width of the flume, p is the water
density, and p is the water viscosity, resulting in a transitional flow
regime very close to the laminar regime.

2.2. Experimental procedure

The sediment used was Arizona coarse test dust (ISO 12103-1,
Powder Technology Inc., Burnsville, USA; for a complete characteriza-
tion see “Sediment and MP characteristics” section in the supplementary
material). Two sediment traps were situated at each of the nine different
distances (at x = 0 cm, 25 c¢cm, 50 cm, 75 ¢cm, 100 cm, 162 ¢cm, 187 cm,
212 cm, 237 cm) along the main axis of the two shallow water areas (at
y =10 cm and y = —10 cm, considering y = 0 cm at the center of the

Table 1
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flume), accounting for a total of eighteen sediment traps in the shallow
areas (Fig. 1). A further four sediment traps were placed within the
lagoon, as shown in Fig. 1. Sediment traps consisted of 5 cm x 5 cm
square glass boxes 0.9 cm height which has been previously positioned
at the bottom of the flume (Fig. 1). MP and sediment particles were
injected separately to avoid any interaction between them before
entering the flume. For this purpose, two mixing tanks were used (C1,
C2, Fig. 1). Sediments and MPs were previously diluted in 21 and 11 of
water, respectively. MPs and sediments were injected into the water,
with a total injection time that lasted approximately 2.5 min (total
discharge 0.02 1/s). The particle-laden flow injected into the system had
a jet-like behavior for a distance x = I, < 5.1 cm and a plume-like
behavior for x = 1, > 5.1 cm (see Eq. 9 in the “Additional theory” sec-
tion in the supplementary material). That is, it behaved like a buoyant
plume before entering the region under study for all the setups consid-
ered. The particle-laden flow dispersed laterally, with a greater disper-
sion in those cases with vegetation. The front of particles moved along
the flume at a velocity of Vgont. The injection time was considered as the
time lapse needed by the particle front to reach the end of the shallow
zone in all the cases considered. The time steps when the front of sedi-
ment and MP passed each sampling point were acquired. A gate at the
inlet of the flume was lowered when the plume of particles reached the
end of the second (and last) shallow zone. Then the water was left to
remain in the section under study for 600 s so that particles could settle
in the system. After this period, all sediment traps were covered with a
lid and collected for analysis. The identical procedure was repeated for
all experiments to reduce any potential variability. One of the experi-
ments (run number 5, see Table 1) was repeated three times to check for
replicability.

A constant sediment concentration (Cseq) of 30 g/1 was considered at
the injection point for all the experiments conducted. Experiments were
performed separately for each type of MP (PA fragments and PET fibers,
see Table 1) and five different patch lengths (Lp = Ohy, 2.5h,y, 5hy,
7.5hy,, 10hy,) of the vegetation in the shallow zone were considered in
the experiments; accounting for a total of 16 experiments (Table 1 and
Fig. 1).

Experimental conditions considered for each experiment (run) carried out are presented in each column of the table: non-dimensional vegetation patch length (Lpaicn/
hy,), velocity of the front of the flume (Vgone, in m/s), MP type, MP particle shape (fragment or fiber), MP density, particle Corey Shape Factor (CSF) and settling

velocity of MP particle (W) calculated from equation ((3), see “Additional theory” section in the supplementary material). The superscript

Y corresponds to ex-

periments carried out without lagoon, while superscript ‘“***’ correspond to experiments repeated three times.

Run # Lp/hy, Vfront MPs type Shape Density CSF w Dg
[-1 [m/s] [-1 [-]1 [g/cm’] [-]1 [m/s] [um]

1 0 0.024 PA (125-500 pm) 1.14 + 0.03 0.21-0.42 0.0035 + 0.001 237 £ 25

2 2.5 0.022 PA (125-500 pm) 1.14 £+ 0.03 0.21-0.42 0.0035 =+ 0.001 237 £ 25

3 5 0.020 PA (125-500 pm) 1.14 + 0.03 0.21-0.42 0.0035 + 0.001 237 £ 25

4 7.5 0.018 PA (125-500 pm) 1.14 + 0.03 0.21-0.42 0.0035 + 0.001 237 £ 25

5% 10 0.017 PA (125-500 pm) 1.14 £+ 0.03 0.21-0.42 0.0035 =+ 0.001 237 £ 2

6 0 0.024 PET Fiber 1.38 + 0.02 0.165 0.006 165 + 10
(2 mm)

7 2.5 0.022 PET Fiber 1.38 + 0.02 0.165 0.006 165 + 10
(2 mm)

8 5 0.020 PET Fiber 1.38 + 0.02 0.165 0.006 165 + 10
(2 mm)

9 7.5 0.018 PET Fiber 1.38 + 0.02 0.165 0.006 165 + 10
(2 mm)

10 10 0.017 PET Fiber 1.38 + 0.02 0.165 0.006 165 + 10
(2 mm)

11 0 0.024 PA (500-1000 pm) 1.14 £+ 0.03 0.18 0.02 825 +176

12 10 0.017 PA (500-1000 pm) 1.14 £+ 0.03 0.18 0.02 825 + 176

13 0 0.024 PET Fiber 1.38 + 0.02 0.09 0.012 226 + 4
(5 mm)

14 10 0.017 PET Fiber 1.38 + 0.02 0.09 0.012 226 + 4
(5 mm)

15" 0 0.025 PA (125-500 pm) 1.14 £+ 0.03 0.21-0.42 0.0035 =+ 0.001 236 + 25

16" 0 0.025 PET Fiber 1.38 + 0.02 0.165 0.006 165 + 10

(2 mm)
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2.3. Measurement procedure

Samples from the sedimentation traps collected at the end of each
experiment carried out with small PA fragments (in the range 125 pm to
500 pm) were transferred into glass beakers, brought to a known volume
of 100 ml, and immediately analyzed. Sediments (5.27-122 pm) and PA-
fragments (144-460 pm) were analyzed with the particle size analyzer
Lisst-100x (Laser In-Situ Scattering and Transmissometry, Sequoia
Scientific, Inc., Bellevue, WA, see supplementary material for a complete
description of its operation) to obtain both the particle size-distribution
(Fig. S1) and the cumulative particle size-distribution (Fig. S1). From the
sediment particle size distribution and according to the Wentworth [56]
grain size classification, sediments were split into three particle ranges:
fine/medium silts (5.27 pm-19.8 pm), coarse silts (23.4 pm-63.1 pm)
and fine sands (74.5 pm-122 pm). From the PA particle size distribution,
small PA fragments were also split in three particle ranges: 125 pm-170
pm, 201 pm- 280 pm and 331-460 pm.

However, since both PET-fibers and PA-fragments (500-1000 pm)
were outside the measurable range of the Lisst-100x, they were counted
instead. To count them, water samples were transferred into beakers
(one for each trap box) and subsequently dried in an oven at 60 °C.
Images of PET-fibers and PA-fragments (500-1000 pm) in each baker
were acquired and analyzed with the ImageJ software and counted.

2.4. Quality control and assessment

The flume was completely cleaned at the end of each experiment. In
each run, water samples were collected in the flume before sediment and
MP injection and analyzed with the Lisst-100x to ensure the complete
removal of MP particles and sediments from the previous experiment.

2.5. Theory

Particles settle as they are transported along the flume and the
volumetric concentration is expected to decrease following an expo-
nential trend, where C can be written as follows:

C=Cuxoe™ (@)

where C is the particle concentration at a distance x from the source,
Cmax is the maximum concentration (near the source), and K is the
sedimentation rate (in m’l). From this equation, the characteristic dis-
tance reached by each MP (A) can be calculated as the distance where C
has decreased e times the maximum concentration Cyax.

The horizontal distance up to where particle concentration will
decrease (A) in a factor e is expected to depend on the length of the
vegetation patch (Lp), the settling velocity of particles (W) and the ve-
locity of the particle laden flow front (Vgony). Two different non-
dimensional parameters can be defined (A/Lp) and (W/Vfone). In addi-
tion, the shape of the particles can also play an important role in
transportation, i.e., elongated particles can align with the streamlines of
the flow. To consider the effect the shape of the particle has in its
transport along the flume, the Corey Shape Factor (CSF) will be also
considered as:

A w
—=f , CSF 2
LP f<vfmm’ cs ) ( )
3. Results

3.1. Characterization of MP and sediment

PA fragments were very irregular in shape, with those in the size
range of 500-1000 pm exhibiting a longer shape (and thus low mean
CSF = 0.18 £ 0.04) than smaller PA in the 125-500 pm range (with
greater mean CSF = 0.37 + 0.02). In contrast, PET fibers were
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comparable to cylinders with their smooth surface and constant diam-
eter of 45 pm, having low CSF = 0.14 + 0.01 and CSF = 0.08 + 0.002 for
2 mm and 5 mm length, respectively (Fig. S2, Table 1). Moreover, PA
fragments of both ranges 125-500 pm and 500-1000 pm were not
uniform in size, having a mean equivalent spherical diameter (deq) of
266 + 29 pm and 836 + 172 um, respectively. In contrast, 2 mm and 5
mm PET fibers were more uniform in size with mean equivalent di-
ameters deq of 192 4+ 12 pm and 263 + 5 pm, respectively.

The settling velocity (W) for each type of MP particle and for sedi-
ment particles was calculated following Eq. 3 (see “Additional theory”
section in the supplementary material). The settling velocity for sedi-
ment particles ranged between W = 8.5 x 10~ m/s to 0.06 m/s. For the
three size ranges selected (fine/medium silts, coarse silts, and fine
sands), the mean W was 6.77¢107° m/s, 0.001 m/s and 0.009 m/s,
respectively. For MP, W were 0.0040 + 0.0008 m/s, 0.0200 + 0.0010
m/s, 0.0060 + 0.0006 m/s and 0.0010 + 0.0002 for PA fragments in the
range 125-500 pm, PA fragments in the range 500 pm-1000 pm, 2 mm
PET fibers and 5 mm PET fibers, respectively (Fig. S2, Table 1). The
Rouse numbers [74] for the three sediment size ranges were calculated
following Eq. 8 (see “Additional theory” section in the supplementary
material). The mean Rouse number resulted in being equal to 0.10 +
0.02 (corresponding to the wash/suspended load mode of transport) for
the fine/medium silts, 2.07 + 0.33 (corresponding to the suspended
load/bed load mode of transport) for the coarse silts, and 14.36 + 2.31
(corresponding to the bed load mode of transport) for the fine sands.

3.2. The role of aquatic vegetation in MP retention

The normalized MP concentration (Cap/Cump max, Where Cyp max Was
the maximum concentration of MP found near the source) decreased
along the flume at a decay rate that depended on both the type of MP and
the patch length of the vegetated area (Lp). The normalized concentra-
tion of PA fragments in the range 125-500 pm decayed with the pro-
gressive distance following an exponential trend in the first platform
except for the without-vegetation (L,/hy, = 0) and for the smallest
vegetation patch cases considered (Lp/hy, = 2.5), where C/Cyax was
maximum at 50 cm and 75 cm from the injection point, respectively
(Fig. 2). The cases Ly/hy, = 0 and Ly/hy, = 2.5 presented the smallest
decrease in PA fragments along the progressive distance X. An increase
in the normalized concentration of PA fragments for all Lp was found
inside the lagoon, with the greatest increase being Ly/hy, = 0 and Lp/hy,
= 2.5. In the downstream shallow vegetated area, PA fragments had a
very low C/Cpax for all the set-ups considered, with a nearly constant
value of 0.1 with the progressive distance. For 2 mm PET fibers, the
decay rate exhibited an approximately exponential trend for all Lp and
only in the case of full vegetated (L,/hy = 10) was there a slight relative
increase in the C/Cyax found inside the lagoon. In contrast to what was
found for PA fragments (125-500 pm), 2 mm PET fibers were nearly the
same for all set-ups considered, except for the fully-vegetated case (Lp/
hy = 10) where the concentration in the first shallow zone was lower
than for the other set-ups (Fig. 2).

C/Cpmax for both 500-1000 pm PA fragments and 5 mm PET fibers
decreased rapidly with the progressive distance for the two experi-
mental conditions tested (Lp/hy = 0 and Lp/hy, = 10), reaching the
lagoon in very low concentrations (Fig. S4). In particular, the 500-1000
pm PA fragments exhibited an exponential decay trend reaching low C/
Cmax = 0.004 at the beginning of the first shallow zone for both Ly/hy, =
0 and Lyp/hy, = 10. Inside the lagoon, and in the second shallow zone, the
concentration was very low (< 6.86 pl/l in all sediment traps). Five-
millimeter PET fibers decayed at a slightly lower rate, reaching C/
Cymax = 0 at the end of the first shallow zone (section P1D, with Cyp = 0
pl/1 for both set-ups L,/hy, = 0 and Ly/hy, = 10) and up to the measuring
cross-section P1B (with Cyp = 0.76 pl/1 for Ly/hy = 10). No 5 mm PET
fibers were detected beyond these measuring cross-sections.

For small PA fragments in the range 125-500 pm, the characteristic
distance along X up to where each type of MP was transported (A, see
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Fig. 2. Normalized MP concentration (C/Cyax) versus the progressive distance X along the main axis of the flume for PA fragments in the range 201-280 pm (a) and
2 mm PET fibers (b) for the different experimental conditions of L;/h,, tested. The 201-280 pm size range was chosen because it includes the ds of the particle size
distribution. The blue area corresponds to the x-position of the lagoon in the flume. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

“Theory section” in the Materials and Methods) decreased as Lp/hy,
increased with a sharp decrease of 66 % on average when switching
from configurations Lp/hy, < 2.5 to Lp/hy, > 5 (Fig. 3). For large PA
fragments in the 500-1000 pm range, A was close to that for 5 mm PET
fibers, presenting the lowest values in the lagoon among all the MPs, and
remaining approximately constant for both configurations tested (Lp/hy,
=0 and Lp/hy, = 10, Fig. 3). For 2 mm PET fibers, A first increased (with
a maximum of Ayjax = 106 cm for Lp/hy, = 2.5) and then decreased up to
72 cm (for Lp/hyy = 0). Therefore, only PA fragments sized below 280 pm
in the configurations with Lp/h,, < 2.5 were able to overcome the
lagoon. For all other MP types and Lp, A remained below the upstream
edge of the lagoon.

3.3. The role of the lagoon

The normalized incremental ratio % (where C; indicates the
particle concentration at each measuring section i) was used to compare
the evolution of the particle concentration along the progressive dis-
tance for the cases with and without lagoon. Positive values of

% indicate that the concentration increased with the progres-
sive distance X, whereas negative values indicate a decrease in the
concentration with X. For small PA fragments and coarse silt %
presented a non-monotonous trend with X, with a high positive value of
Ci—Ci_1)/Ci .. . Ci—Ci1)/Ci_
% at the position of the lagoon (Fig. 4a and b), above %

obtained for the case without the lagoon (Fig. 4a and b) for each case,
respectively. In contrast, for 2 mm PET fibers, the incremental ratio

PA-Fragments (144-170 um)

200 —— PA-Fragments (201-280 um) | —
{ —&—PAF ts (331-460 um)
- o PETFBOB @AM Downstream
T - B PAF ts (500-1000 um)
1 e o PET-:tg)g:':rESSmm) o vegetated area
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Fig. 3. Horizontal distance A (in cm) up to where C/Cyax decreased in a factor e versus the non-dimensional vegetation patch (Lpatcu/hw) for all MP types studied.
The blue area represents the positions in x where the lagoon was situated. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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% followed a monotonous decreasing trend with the distance X,
with no positive values for either the with-lagoon or without-lagoon
cases (Fig. 4c¢).

Additionally, the normalized MP and suspended sediment (SS) con-
centrations inside the lagoon (C1/Cy, max) depended on both Lp and W of
particles (Fig. 5). In general, C/C;, max decreased as W increased, with
different trends with Lp for the different types of particles. Specifically,
the maximum concentrations of SS inside the lagoon were found for the
fine/medium silts with nearly a constant Cy/Cy, max for all the configu-
rations considered. An average decrease of 69 % in the Cr/Cy, max was
observed from fine/medium silts (with W = 6.77e10~° m/s) to the fine
sands (with W = 0.009 m/s). PA fragments for the two size ranges
144-170 pm and 201-280 pm had approximately the same Cp/Cy, max
(differing in a 1.5 %). However, C;/Ci, max for PA fragments in the
331-460 pm size range decreased by 36 % when compared to the
smallest PA fragments. A sharp decrease in C;/Cy, max (with an average
of 90 %) was observed for the largest PA fragments (in the size range of
500-1000 pm) when compared with the smallest ones. For the largest 5
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T o6 o
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_II
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\_J
O o4
0.2
0.0+ &
$ B
S @
o &
SEA
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mm-long PET fibers C1/Cy, max Was 0, whereas for PET fibers of 2 mm in
length C;/Cimax had a mean value of 0.1. For all PA fragments
considered, C;/Cy, max decreased as Lp increased. For the Lp/hy = 0, Cr/
Cr, max was the highest with C/Ci max ~ 1, decreasing down to an
average of 0.15 among all the size ranges of the PA fragments consid-
ered. However, neither fibers of 2 mm nor fibers of 5 mm presented a
clear trend with the different vegetation configurations tested. For
coarse silts and fine sands, Cr./Cy, max increased as Lp increased (average
increase of 34 % and 122 %, respectively), showing the maximum value
for the largest Lp/hy.

The mean velocity of the plume front (Vgont) decreased linearly as Lp
increased, ranging from 2.48 m/s (for Lp/hy = 0) to 1.66 m/s (for Lp/hy
= 10). Following the model proposed in Eq. (2), A/Lp decreased with
(W/Viront)eCSF (Fig. 6b) for all the MP particles and for all the config-
urations of vegetation surrounding the lagoon considered. Two different
regimes can be observed. For (W/Vgon)®CSF < 0.05, A/Lp presents a
power decrease with (W/Von)eCSF. However, for (W/Vgon)eCSF >
0.05 A/Lp presents a slower power decrease with (W/Vgon)eCSF

[ L/,=0
[L/m,=25
L, =5
WL, =75
ML, =10

- ¥~ Settling velocity W

Settling velocity W [cm/s]

Fig. 5. Normalized concentration (Cy./Cy, max) of both sediments (orange grid) and MP inside the lagoon for different Lp/hyy values. Red dots represent the calculated
settling velocity (W) for each type of particles using the Francalanci et al. [25] formula. The type of particles is ordered from left to right for increasing settling
velocities. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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compared to the case (W/Vgont)eCSF < 0.05 (Fig. 6b). In addition, for
(W/Vront)eCSF < 0.05, MP particles reached the lagoon, meanwhile for
(W/V¢ront)#CSF > 0.05 MPs did not reach the lagoon.

4. Discussion

Natural and constructed wetlands are heterogeneous aquatic systems
composed of bare soil areas, vegetated areas, and interspersed deep
zones or lagoons, providing complex local hydrodynamics that can be
crucial in determining their role in providing ecological services.
Emerging contaminants like microplastics are not usually transported
alone, instead they are transported along with other particles by river
plumes, flooding events, surface run-off, meltwater run-off, glacial
drainage, etc. [57]. Besides, they are also vectors for the transport of
chemicals associated to the production of plastic materials [58]. In
constructed wetlands, wastewater flows with a mixture of sludge and
MP particles [59,60]. In the current study, the transport of MP by a
particle laden sediment plume was studied. The combination of lagoons
interspersed within vegetated areas has been found to retain the
migration of MP depending on the characteristics of the MP (shape, size,
and density) and the length of the vegetated patches surrounding the
lagoon.

4.1. Effect of the vegetation in protecting the lagoon from microplastics

Lagoons retained MP originating from particle laden sediment/MP
plumes. However, the presence of vegetation surrounding lagoons pro-
vides an additional mechanism in the capacity of retaining MP migra-
tion. The presence of the vegetation increased the dispersion of the
plume in the lateral direction (compared to the case without plants),
therefore increasing the path length of MP and enhancing sedimenta-
tion. Lateral dispersion was observed through a reduction in the velocity
of the front of the sediment/MP plume as it traveled through the vege-
tated region. The longer the vegetated patch, the greater the reduction in
the velocity of the front. The lateral diffusion of a fluorescent dye in a
vegetated area has also been observed in a vegetated model flume where
the dispersion increased with the vegetation density [49,61].

4.2. Retention of MP in the lagoon

MP with very high settling velocities (> 1 cm/s, for instance 5 mm
PET fibers or PA fragments of sizes over 500 pm), independent of their

shape and of the presence of the vegetation, did not reach the lagoon
because they settled to the bottom near the injection point. This in-
dicates that MP with high settling velocities will settle close to their
sources [21,62]. PA fragments with d < 500 pm had a lower settling
velocity compared to large MP and their concentration decreased
exponentially along the flume, reaching the lagoon in the cases where
the vegetation patch was small (Lp/hy, < 5). Therefore, small, vegetated
patches were not able to completely retain small PA fragments of d <
500 pm. In addition, the presence of suspended sediments found in the
lagoon was also regarded as an additional factor in explaining the
retention of slow-settling MP by fast-settling sediment particles through
the scavenging mechanism [21]. However, the concentration of PA
fragments inside the lagoon decreased as Lp/hy increased, with a mean
reduction rate of 80 % between Lp/hy < 2.5 and Lp/hy > 5. This implies
that vegetated patches play an important role in retaining PA fragments,
with an optimal Lp/hy = 5 value beyond which the lagoon could be
considered protected from the arrival of PA fragments and all the
chemicals that might be bonded to their surface. However, in this study,
only a vegetation density was considered for all the experiments per-
formed. The velocity of the front of the plume decreased with the
vegetated patch length. Therefore, the presence of vegetation produced
an increase in the path length of the plume, as was also described by
Nepf et al. [49] for the diffusion of a plume of dye. Furthermore, it
should be noted that the type of emergent vegetation used in this work is
composed of stems without leaves or emerging roots. The presence of
leaves or roots is expected to enhance the capture of MP particles.

The smallest PET fibers (2 mm in length) were mainly retained by the
vegetated patch but, unlike the PA fragments, they did not accumulate
in the lagoon (only 10 % reached the lagoon). This different behavior
can be attributed to the greater settling velocity of PET fibers compared
to that of PA fragments. Likewise, vegetated patches increased the
lateral dispersion, i.e., increased the path length of migrating particles,
retaining PET fibers at the bottom before reaching the lagoon. In the
case of Lp/hy = 0, the fact that PET fibers did not accumulate within the
lagoon was attributed to the fact that they were more advected due to
the high velocities of the front. Likewise, Mancini et al. [21] observed
that low distances in certain cases correlated with a high concentration
of floating fibers not being able to settle. In their study, this holds when
fibers are transported alone, without suspended sediments. In contrast,
in the present work, the velocity of the front for the without-plants case
transported fibers far from the source, reaching the end of the second
platform; probably because there was less dispersion, and the paths of
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particles were reduced compared to the vegetated cases.

4.3. Implications of the combined effects of vegetation and interspersed
lagoons in retaining MP

Floating PET fibers were more likely to be trapped within the
vegetated area due to the increase in the path length compared to the
without-vegetation case and also because of their high settling velocity.
In contrast, small PA fragments (d < 500 pm) did not settle within the
shallow vegetated area, but rather accumulated in the lagoon instead as
a result of the low flow velocities inside the lagoon. Only in some cases
with short vegetation patches (Lp/hy, < 2.5) did the smallest PA frag-
ments of d < 280 pm cross over the downstream edge of the lagoon. The
presence of the downstream vegetated region after the lagoon produced
an additional retention of particles, demonstrating that the combination
of deep-water areas interspersed within aquatic vegetation can reduce
the percentage of MP migrating from a particle-laden flow. The per-
centage of MP reduction was calculated as the area below the curve of C/
Cmax with the progressive distance X (Table 2). Small PA fragments (d <
500 pm) were reduced by >85 % (88 + 3 %) at the end of the simulated
wetland (lagoon + vegetated areas), and 2 mm PET fibers presented a
99 % (99 + 1.5 %) reduction. In contrast, without the presence of the
lagoon, MP retention was expected to be reduced by 74 + 6.4 % for
small PA fragments and by 93 + 2.1 % for 2 mm PET fibers. However,
for the without-vegetated patches case, PA fragments were reduced by
74 + 15 % and by 98 + 1.5 % for 2 mm PET fibers.

Combining the results of all the experimental runs, two different
regimes in the transport of MP along the model wetland could be
identified: with a threshold between regimes at (W/Vont)#CSF = 0.05.
For (W/Vgont)eCSF < 0.05, A/Lp strongly increased as (W/Viont)eCSF
decreased, indicating that MPs in this regime would be those transported
to further distances. This behavior would correspond to MP with low
settling velocities compared to the velocity of the front, or likewise to
low CSF MP. Low CSF MP corresponds to the case of fibers that, due to
their elongated shape, might be oriented with the streamlines of the flow
and travel farther. In the current study, however, the fibers used had
high settling velocities as so counteracted the effect of CSF. This explains
why fibers settled near the source despite having low CSF values. Con-
trary to this, for (W/Vgont)#CSF > 0.05 A/Lp decreased with (W/Vgont)e
CSF, corresponding to those MPs that had been deposited near the
source. This would correspond to MPs with high settling velocities
compared with the velocity of the front or high CSF.

In summary, vegetated patches are expected to retain particles with
high sedimentation rates, whereas lagoons are expected to retain par-
ticles with lower sedimentation rates. The combination of vegetated
areas and deep-water zones (or lagoons) was found to maximize not only
microplastic but also sediment retention. It must be noted that the
interaction between sediments and microplastics is crucial in enhancing
the flux of MP to the bed [21]. These findings provide information that
may help future management strategies for constructed wetlands. In
other words, lagoons surrounded by vegetation are potential Nature-
Based Solutions (NBS) for reducing MP contamination in streams or
rivers. It should be noted that the different mechanisms of particle
retention in lagoons compared to vegetated regions produced a differ-
ential settling of MP, with different types of MP in each compartment.

Table 2
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4.4. Comparison with other MP retention methodologies

Findings also showed that the MP elimination rates in the combined
system tested in this work (88 + 3 % - 99 + 1.5 %) are comparable to - if
not better than - those of the most common filtration systems used for
wastewater treatments (Table 3). For example, membrane bioreactors
(MBR) produced MP elimination rates of 82 % for MP particles and MP
fibers in the 500-5000 pm size rage [63], while sand filtration methods
produce elimination rates in the range of 73.8-99.2 % [64]. MP elimi-
nation rates for horizontal subsurface flow treatment systems have been
reported to be 88 % [48], supporting the fundamental role vegetation
has in increasing MP retention in constructed wetlands [65]. In their
work, Cole et al. [66] proposed a NBS based on the use of mussels
(M. galloprovincialis) to filter polystyrene microbeads which resulted in
an elimination rate of about 80 %, nevertheless they found that mussel
filtration rates were affected by the age, size, and health of the in-
dividuals and by most of the environmental parameters making further
improvements to the technique necessary.

MP accumulation in wetlands represents a negative ecological ser-
vice that should be considered when implementing wastewater treat-
ment plants based on CW. On the other hand, CW can retain MPs and
reduce their release into rivers and, consequently, into oceans, which is
highly beneficial for these water receptors. However, this also implies
that these CW will become highly MP-contaminated areas, storing MP
particles coming from both wastewater and stormwater also for a long
time [67]. Removal processes of such MPs retained in these shallow
engineered water systems could become difficult given that MP degra-
dation and fragmentation break down the particles into smaller and
smaller sizes, making them harder to intercept. Moreover, larger MP that
is not able to infiltrate deep down into sediment under low water heights
[21], might then be resuspended during high flow events. Therefore,

Table 3
Comparison of MP retention percentages for different wastewater treatment
systems.

MP type Kind of removal process Retained Reference
percentage
[%]

PA fragments CW (deep water zone + 88 +£3-99 &+ Present
(125-1000 pm) and vegetation) 1.5 study
PET fibers (2 mm, 5
mm)

PET, PS, PE, PP Membrane bioreactor 95 [63]
(fragments, fibers, (MBR)

65.5-500 pm)

PE,PP,PET,PS Sand filtration methods 73.8-99.2 [64]
(particles, fibers,

50-5000 pm)

Fibers, particles, films Horizontal subsurface 88 [48]
(40-5600 pm) flow treatment systems

PP,PET,PS,PES,PA,PE,  Rural domestic 42-84 [65]
POM (fragments, wastewater treatment
fibers, granules, facilities (RC-WWTFs)

0.03-5 mm)

PS and PE-S spheres, M. galloprovincialis 80 [66]
PA-S and PA-L fibers,

PE-L and PP granules
(10-100 pm)

Percentage of MP retained in the system combining the effects of the lagoon and vegetation by varying Lp/hy. Percentages were calculated as the area below the curve
C/Cmax with the progressive distance X. * In this case particles remained floating along the flume (see the discussion section for more details).

Mean MP percentage retained [%] in the model wetland

PA Fragments (125-500 ym)

PET fibers (2 mm)

Lp/hy 0 2.5 5 7.5
Shallow vegetated zone 64.9 69.0 79.3 80.7
shallow zone + lagoon 87.9 87.9 90.8 90.7

10 0 2.5 5 7.5 10
68.6 95.6 91.3 91.2 95.4 94.3
84.3 100* 99.1 96.3 99 100
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future ad-hoc management procedures should be designed, investigated
and applied to maintain the good ecological status of CWs and their
efficiency.

In addition, as natural wetlands have been proven to trap MP from
the sea into inland areas or from the rivers to the sea, they are expected
to be plastic pollution hot spots. Considering that they are valuable areas
in terms of biodiversity, this might represent a threat to all the organisms
living in these areas.

5. Conclusion

In this study, a simulated lagoon interspersed between two vegetated
shallow water areas was found to accumulate MP fragments, with
relatively low sedimentation rates, from a particle-laden sediment
plume. This work has proved that when a lagoon is surrounded by
emergent aquatic vegetation (here Juncus maritimus), the concentration
of MP fragments in the lagoon decreased as the length of the vegetated
area increased. The concentration of MP fragments presented a mean
reduction rate of 80 % between Lp/hw < 2.5 and Lp/hw > 5. Moreover,
vegetated patches were also able to trap MP fibers and this increased as
the patch length increased indicating that in natural wetlands, aquatic
vegetation plays a fundamental role in protecting lagoons from MP
pollution.

Additionally, findings from this study reveal that wetlands with
interspersed lagoons sheltered by vegetation are suitable to be used as
nature-based solutions for treating contaminated water with MP
released from punctual sources, and that only a combination of deep-
water areas and aquatic vegetation is required to maximize the reten-
tion rates of different MP types. The percentages are comparable to those
of the most common filtration systems.

The outcomes highlight the significance of the present work in
developing more efficient strategies for maintaining and preserving
natural wetlands from plastic pollution, and in providing guidance to
optimize nature-based solution systems encompassing constructed
wetlands.
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