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ABSTRACT: The aim of this study is to demonstrate how the
flow and diffusion of nanoplastics through a salinity gradient (SG),
as observed in mangrove swamps (MSPs), influence their
aggregation pathways. These two parameters have never yet been
used to evaluate the fate and behavior of colloids in the
environment, since they cannot be incorporated into classical
experimental setups. Land−sea continuums, such as estuaries and
MSP systems, are known to be environmentally reactive interfaces
that influence the colloidal distribution of pollutants. Using a
microfluidic approach to reproduce the SG and its dynamics, the
results show that nanoplastics arriving in a MSP are fractionated.
First, a substantial fraction rapidly aggregates to reach the
microscale, principally governed by an orthokinetic aggregation
process and diffusiophoresis drift. These large nanoplastic aggregates eventually float near the water’s surface or settle into the
sediment at the bottom of the MSP, depending on their density. The second, smaller fraction remains stable and is transported
toward the saline environment. This distribution results from the combined action of the spatial salt concentration gradient and
orthokinetic aggregation, which is largely underestimated in the literature. Due to nanoplastics’ reactive behavior, the present work
demonstrates that mangrove and estuarine systems need to be better examined regarding plastic pollution.

■ INTRODUCTION
Global hydrodynamic models estimate that hundreds of
thousands of tonnes of microplastics, that is, with sizes ranging
from 0.025 mm to a few mm, are likely floating in the oceans,
mainly in subtropical gyres where they continuously
accumulate, due to sea currents.1−4 It was recently
demonstrated that microplastics can be also generated in
terrestrial ecosystems before leaving land and reaching a
gigantic gyre through rivers and other hydraulic systems.5

Despite this better understanding of the source of plastic in the
oceans, we still only know where approximately 1% of the mass
of plastics deposited on land has ended up.6 Clearly,
microplastics (<5 mm) are lost somehow during their
transportation from lands to the oceans. It was recently
demonstrated that during their transportation, plastic debris
and microplastics are continuously weathered until they are
tiny nanoscale pieces, that is, nanoplastics.7,8 There is recent
proof of nanoplastics appearing in consumer products and in
environmental systems, such as oceans and soils.9−11 However,
due to the lack of appropriate analytical methods to identify
and characterize trace concentrations of nanoplastics in
environmental systems, generally rich in natural and colloidal
organic matter, there is very little data on the relative

distribution of nanoplastics in the global environment. As
with microplastics and other colloids, it is likely that
nanoplastics are transported through river and estuarine
systems as well.12,13

The main parameters that influence nanoplastic behavior in
saline environments are ionic strength, organic matter, and
pH.14−17 In typical experiments, a given quantity of salt, such
as NaCl or CaCl2, is added to a dilute dispersion of
nanoplastics, and their aggregation is monitored as soon as
the salt concentration becomes homogeneous.18,19 Using these
experimental approaches, the aggregation mechanisms of
nanoplastics and the stability of their ionic strength can be
characterized, principally through the critical coagulation
concentration (CCC). However, these results cannot be
extrapolated to environmental systems that are experiencing
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continuous spatial and temporal variations of natural features
(such as the ionic strength), so they cannot be considered at
equilibrium.20,21 In particular, most land−sea continuum
systems that nanoplastics are supposed to pass through are
characterized by large salinity gradients (SGs) and high flow
rates. These two parameters are never investigated together to
evaluate the fate of nanoplastics in the estuarine systems, since
they cannot be jointly incorporated and controlled in classical
experimental setups. Therefore, the major limitation of the
present experimental approach used to determine the stability/
aggregation of nanoplastics is the lack of environmental
representativeness.
The present work is focused on the fate of model

nanoplastics under flow conditions and with the presence of
a SG. These two conditions are generally encountered in
mangrove swamps (MSPs), which are some of the most fragile
and essential ecosystems on earth. Mangroves are characterized
by a strong relationship with the ocean and land with both
direct and indirect high anthropogenic pressures.22,23 These
zones remain poorly investigated in terms of their aquatic
physical and chemical properties. Based on physical and
chemical parameter measurements in a MSP, the objective of
this experiment is to study the nanoplastic aggregation
dynamics under some of the specific initial conditions
encountered in MSPs when they pass through the SG. To
do so, microfluidic experiments were designed to determine
the behavior of nanoplastics under flow in the presence of a
SG. These experiments allow us to (i) control the flow
conditions of both the freshwater and the seawater, (ii)
establish a spatial salt gradient in the channel, and monitor the
diffusiophoretic drift of the nanoplastics due to this SG, and
(iii) determine some of the features of the particle aggregation
due to the shear flow, that is, the orthokinetic aggregation.
Indeed, it is demonstrated that the nanoplastic aggregation
process results from their collision and not from classical
diffusion mechanisms. The new experimental results presented
can be extrapolated to a MSP and open the door to new
questions concerning these estuarine and coastal systems
regarding the environmental behavior and impact of nano-
plastics.

■ MATERIALS AND METHODS
Chemical and Sample Preparation. Polystyrene nano-

plastics (PS nanoplastics) were synthesized to be a
representative (size and shape) of environmental nanoplastics,
as previously described.24 PS nanoplastics were formed using
PS pellets that are crushed by a ball-milling process. Such
hydrophobic materials generally form carbon-based nano-
plastics with a low surface charge. The z-average hydrodynamic
diameter (dzH) of the PS nanoplastics is centered at 380−400
nm, and they are highly polydispersed. Moreover, despite
having a zeta potential of −32 mV in an aqueous system at pH
7 and low ionic strength, a relatively low −COOH functional
concentration (0.5 mmol g−1) was measured.24 No surfactants
or other additives were present in the dispersing media.
Mangrove Observation and Analysis. Based on a

previous study, nanoplastics were identified on Guadeloupe
(a French Caribbean island) on beaches exposed to the North
Atlantic gyre.25 It has been identified that some of the debris
comes directly from the garbage of the inhabitants of the
island, as it comes from the largest open landfill on the island,
the Gabarre landfill. This landfill is located between the city of

Pointe-a-̀Pitres in the south and a large surrounding mangrove
area, as illustrated in Figure 1.

There is a landfill located near the MSP’s “rivier̀e saleé” or
saline estuary, which leaches anthropogenic colloids and other
landfill leachate into the estuary, which is the main channel of
the MSP. In addition, the mangrove area is the contact area
between the leached freshwater and the inundation of
seawater. However, there is no precise information about salt
distribution in the MSP, particularly inside the saline estuary
that flows across the mangrove area. The salinity was measured
(on October 30, 2019) using an in situ conductometer near
one arm of the river that is close to the landfill (Figure 2b, blue

point). The salinity and temperature profile of the mangrove
area water column were measured using in situ conductom-
eters (Ijinus, Quimperle,́ France). Briefly, eight conductometer
sensors were placed along a 1.5 m z-axis arm and fixed to a
boat. The total depth of the river arm was approximately 2 m.
Measurements were performed over half of a tidal cycle,
starting at the end of the afternoon and ending early the
following morning. The MSP current was analyzed using a

Figure 1. (a) Location of the sampling zone on the French Caribbean
island of Guadeloupe. (b) Details of the landfill in the MSP and the
sampling location point (GPS coordinates of the blue point:
16°15′20.2″N 61°32′39.6″W).

Figure 2. (a) Sketch of the experimental conditions in the MD. After
the nanoplastics flow through the MD, they flow through the tubing
and are eventually collected in vials. (b) DLS allowed us to determine
the evolution of the aggregate size over time. (c) View of the interface
between the nanoplastic suspension (left) and a patent blue V dye
suspension with the same diffusion coefficient as that of the saline
suspension. The variation in the gray level across the channel allowed
us to determine the salt concentration profile averaged over the height
of the MD after a calibration experiment. This profile image is from an
experiment with Q = 2 mL h−1 and was taken in the middle of the
straight part of the MD.
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current meter (homemade setup). Due to their high affinity
with colloids, the colloidal Cu(II) concentration was measured
as a proxy of the colloid presence in estuarine systems such as
the MSP.26,27 It was demonstrated that the size distribution of
Cu(II) with colloids varied between marine systems and fresh
water.28 A change in the relative size fraction of Cu(II) is
therefore a relevant proxy of nanoplastics, especially since they
are expected to be disseminated/mixed through the movement
of natural and other anthropogenic colloids. Water samples
were collected at different depths, and Cu(II) was analyzed
after preliminary sequential ultrafiltration using an Amicon cell
(Millipore, France) and a polyethersulfonated membrane
(NADIR, Alting, France) with a molecular weight cutoff of
10 kDa. Cu was analyzed by inductively coupled-plasma mass
spectrometry (7700x, Agilent Technologies, France).
Size and Charge Characterization. Hydrodynamic

diameters (dH) were determined by in situ dynamic light
scattering (DLS) using a Vasco-Flex model particle size
analyzer (Cordouan Technologies). Each DLS measurement
corresponded to an average of six measurements of 60 s each.
Each sample was assigned a z-average hydrodynamic diameter
(dzH) using a cumulant algorithm. Additionally, the sparse
Bayesian learning algorithm was used to obtain the size
distribution. All results presented have less than a 1%
difference between all the points of the raw and fitted
autocorrelation function. The size of large aggregates deposited
on top of the microfluidic device (MD) was also evaluated
using optical microscopy (Leica, France). The aggregate sizes
were measured using ImageJ software.
Transport in the Microfluidic Devices. In the present

work, to simulate the fate of nanoplastics that were initially
transported by the fresh water that enters the MSP from
inland, an experimental approach was based on a microfluidic
setup. As previously described, a MD was developed to mimic
a SG.29 The working principle is summarized in Figure 2. Two
inlet and outlet arms 5 mm long and 200 μm wide were
connected to a 1.7 cm-long, 800 μm-wide channel. The height
of the arms and channels was 75 μm. Aqueous dispersions of
nanoplastics and NaCl solution were injected together in the
two different inlets of the MD using syringe pumps (KDS 200
scientific) at the same flow rate Q (from 0.5 to 10 mL h−1).
This range of average fluid velocity in the MD corresponds to
the average fluid velocity within the water column that was
measured at our sampling site and in the greater mangrove
area.30 Concerning the inlets, PS nanoplastic dispersion (in
deionized water) is injected into inlet A, named Ain, while the
NaCl solution is injected through inlet B, named Bin. The
outlets are named Aout and Bout. Aout and Ain are arranged on
the same side of the device, where PS nanoplastics are
principally eluted, and the same is true of Bout and Bin for the
NaCl solution. According to the MD dimensions and the flow
rates investigated, all experiments were performed at a low
Reynolds number (0.02 < Re < 0.4) and with a Pećlet number
higher than 104, meaning that the nanoplastics did not diffuse
around the fluid streamlines more than a few micrometers
transverse to the flow direction over the whole length of the
device. The liquids flowed through 20 cm tubing with an inner
diameter of 360 μm before being collected in two vials
connected to each outlet for 1 h. Then, the flow was stopped,
and the evolution of the dzH for the nanoplastics was
monitored over 100 min using the in situ DLS probe. The
device was first saturated with pure water and then filled with a
500 mM NaCl concentration from one inlet and PS-

nanoplastic dispersion from the other. The final conductivity
and NaCl concentration were measured at both outlets, Aout
and Bout, for the different flow rates. The NaCl concentration
ranged from 30 to 108 mM in Aout for decreasing Q (mL
min−1), while it ranged from 390 to 470 mM in Bout for
increasing Q (see Supporting Information, Figure S3c). The
evolution of the salt concentration in the vials indicates that
salt diffusion occurred in the Aout.

Aggregation Kinetics: Theory and Batch Experi-
ments. Nanoplastic aggregation kinetics were determined
using the classical approach developed by Smoluchowski
(Smoluchowski 1917). According to this theory, this is a two-
step process: collision and attachment, which are determined
by the collision rate constants and the attachment efficiency α,
respectively. The evolution of the PS-nanoplastic concen-
tration over time can be expressed as

N
t

NN N N
d
d 2

k

i j k
ij i k k

i
ik i∑ ∑α β α β= −

+ → (1)

where k is the mass of the aggregate and N is the number of
particles in the aggregate. βij is the collision frequency between
two nanoplastics of different sizes with masses of i and j. For
the colloidal population, βij is directly controlled by Brownian
diffusion. In the case of homoaggregation, the equation is
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The aggregation rate is determined by the slope in the linear
part of the aggregation curve dzH = f(t). The attachment
efficiency α can be obtained by calculating the aggregation rate
under different electrolyte concentrations. The ratio between
the aggregation rate under favorable conditions (kfast, generally
at high ionic strength, >CCC) and unfavorable conditions
(kslow), normalized by the initial particulate concentration N0,
allows the determination of α31 and is expressed as
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In the case of total aggregation, the attachment coefficient
(α = 1) and the aggregation rate are solely dependent on the
efficiency of transport. In batch-mode experiments, NaCl is
periodically injected into a closed and finite volume containing
the nanoplastics. By measuring the z-average hydrodynamic
diameter (dzH) over time, it is therefore possible to determine
the aggregation kinetics. As illustrated elsewhere,32,33 steric and
physical rearrangements lead to the formation of compact
aggregates even for the diffusion-limited aggregation (DLA)
mode.

■ RESULTS AND DISCUSSION
Persistence of the Salinity Gradient in the MSP. Figure

3 shows the temporal variation in the salinity and the
temperature profile along the depth of the column. As
expected, these variations are not the same in a rising tide
and in a falling tide. For the rising tide, two depth zones were
distinguished that had distinct salt concentrations (Figure 3,
zone 2). In the first zone, in the first 0.5−0.75 m below the
surface, there is a SG, while deeper in the second zone, over 1
m, the salt concentration is rather homogeneous. These
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changes in salt concentration are directly linked to the
incoming flows in this arm of the “rivier̀e saleé” (saline
estuary) during the rising tide. While there is a continuous flux
of fresh water from the east to the west, the seawater flows in
the opposite direction. It invades the river arm below the
surface at a depth of approximately 0.5−0.75 m below the
surface, the depth at which the salt concentration is hence the
highest. Further into the river and farther from its connection
to the saline estuary, the slope of the SG decreases (Figure S1).
During the inundation process, the salt contained in this finger
of seawater diffuses into the two zones: from the surface to
−50 cm depth and from −50 to −150 cm. Since the flow rate
of freshwater in the first zone is faster than that in the second
zone, the diffusion of salt is less important in this zone and
leads to the formation of the SG that spreads throughout the
first zone. In the second zone, salt diffusion occurs more
quickly, the flow rate is slower, and a more or less
homogeneous salt concentration develops rapidly.
During the falling tide (Figure 3, zone 1), as less seawater

gushes in, the amount of salt coming from the seawater
decreases rapidly, which leads to a broadening of the SG to
almost 1.5 m. The SG of the falling tide is smoother than that
in the rising tide, with a maximum salt concentration (MSC) of
approximately 28 g L−1, instead of 36 g L−1. It is worth noting
that in both tide phases, the salt profile oscillates periodically,

Figure 3. Temporal evolution of the SG along 1.5 m of water from
the surface of the water. HT and LT correspond to high and low tide,
respectively, while zones 1 and 2 are the falling and rising phases of
the tide.

Figure 4. MD experiment. (Top left) Image of the main straight part of the MD and the two outlet arms. Tubing connects the outlet to the vial.
(A) Salt concentration profile along the width of the MD. The two yellow and green lines (color online) correspond to the lateral walls of the MD
and to the SG in which the salt concentration is higher than the CCC, respectively. (B) Size distribution of the aggregates deposited on the top wall
of the MD. (C) Concentration profile of the nanoplastics in the Bout arm and tubing. (D) Image of the colloidal deposit in the Aout arm and tubing.
The blue arrows in 1 and 3 indicate the flow direction.
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approximately every 40 min, which changes the position of the
MSC. As a result, the SG is alternately stretched and
compressed, a phenomenon for which no physical explanation
has been reported in the literature yet. From all these results, in
the river arm, there is always a SG above the first 0.5−1 m in
depth, and thus, there is no global mixing phenomenon that
would lead to a homogeneous salt concentration.
This is the first time that such a salinity profile for a MSP has

been obtained, opening new ways of thinking about the fate of
colloidal suspensions that are present in the study area. In
particular, it is interesting to study what will happen when
nanoplastics produced in the landfill are transported through
the soil34 and reach the MSP. The colloidal Cu(II)
concentrations were measured at 3.2, 7.7, and 2.7 ng g−1 Cu
at depths of 0, 50, and 100 cm, respectively (see Supporting
Information, Figure S1). Clearly, a relative increase in the
colloid concentration in the SG zone (30−50 cm) was
observed, raising key questions about the fate and transport of
nanoplastics from the land to the sea and through the
mangrove area in between them.
Prior to microfluidic experiments, aggregation kinetics

experiments were performed under batch-mode conditions
for the PS nanoplastics, as detailed in the Supporting
Information (Figure S2). All these dispersion conditions and
physical−chemical properties can explain the low CCC value,
which was around 30 mM. In the experiments, a salt
concentration higher than the CCC was always used and
only the concentration of the nanoplastics was varied. As
expected, the mean aggregate size increased with the particle
concentration (Figure S2). The aggregate size varied linearly
over time for particle concentrations from 1 to 11 mg L−1. The
dependence of the aggregation rate on the particle
concentration is coherent with eq 2 and is explained by the
probability of collision between nanoplastics and aggregates.
Under these experimental conditions, the aggregation is driven
by particle diffusion, that is, the DLA mode for which the
attachment coefficient α is strongly dependent on the collision
frequency βkk. At lower concentrations, the aggregation is
rather limited, and the largest aggregates are doublets or
triplets, while most of the nanoplastics remain isolated. Under
these conditions, as expected, the aggregate size varied linearly
over time.
Based on these batch experiments, different investigations

have been tried using MDs, with the same nanoplastics
concentration variation as summarized in Figure 4. During all
the MD experiments, nanoplastic deposition was observed near
the middle of the main channel along the flow direction
(Figure 4a), and the deposited nanoplastics included relatively
large micrometric aggregates (Figure 4b). This deposition
occurred inside a band whose width corresponded to the
extension of the SG perpendicular to the flow direction. The
position of this gradient depended on the flow rate and the
Brownian diffusion of salt across the flow stream lines. The
relevant length scale for this diffusion process for the salt was
the saturation mixing length, ls = w2. U/Ds, with w as the width,
h as the height of the MD, U as the average velocity of the
flow, and Ds as the diffusion coefficient of the salt (Ds = 1.52
10−9 m2 s−1). Here, the channel is much wider than its height,
w ≫ h, so the salt diffuses first across the height of the channel
as it enters the main channel and flows over the first
micrometers. Thereafter, it diffused across the width of the
channel, perpendicular to the flow direction, until the salt
water had reached the entire channel width. During this

diffusion process, the salt moved by advection in the flow
direction over a distance equal to ls from the entrance. Beyond
this distance, the profile of the salt concentration in the MD
cross section did not continue to change further downstream.
Under our experimental conditions, the smallest value of ls was
equal to 0.78 m, which is much greater than the length of the
main channel of the MD for all the flow rates. Therefore, the
salt had not moved across the whole width of the MD as it
came out of the main channel. As a result, there was a constant
broadening of the deposition band further downstream up to
the exit zone of the main channel (Figure 4). Inside this
deposition band, the salt concentration was higher than the
CCC of the nanoplastics, which thus enhanced their
aggregation and successive deposition (Figure 4a).
Nanoplastic deposition also occurred in both outlet arms.

This process is more important in the outlet arms than in the
main channel, since the salt concentration is consistently
higher than the CCC and the particle concentration is higher.
Since the Pećlet number, Pe, with this Q range was always
higher than 104, nanoplastics scarcely diffused as they flowed
through the MD. Hence, particle aggregation in the whole MD
was not due to particle diffusion but rather due to particle
collisions that are transported to adjacent fluid streamlines
with different velocities. If the collisions are caused by
hydrodynamic motions (e.g., convection or sedimentation),
this is then referred to as orthokinetic aggregation. This
process, called orthokinetic aggregation, is enhanced since the
nanoplastics have no electrostatic barrier due to the high salt
concentration.
However, the internal diameter of this tubing is equal to 360

μm, and the associated Pe number is comparable to that of the
MD; therefore, there was also particle aggregation due to
collisions and subsequent deposition in the tubing. The length
of the tubing is approximately 20 cm, 10 times longer than the
length of the main channel and the outlet arm of the MD; thus,
most of the nanoplastics that exit the MD float and are
deposited at the top of the tubing. From the ratio between the
length of the MD and that of the tubing, it was found that 90%
of the particle aggregation takes place in the tubing. It is worth
noting that nanoplastic deposition in the outlet, where only the
saline solution is supposed to flow, is the result of the coupling
of the salt migration and the diffusiophoretic drift of the
nanoplastics.35 The diffusiophoresis is defined as the
spontaneous motion of colloidal particles or molecules in a
fluid induced by a concentration gradient of a different
substance, as previously explained in controlled microfluidic
experiments but not yet observed and characterized in the
environment.36 This result suggests that there will be
significant aggregation of nanoplastics in such places if the
salt concentration is locally high enough to completely or
partially screen the surface charge of the PS nanoplastics.
Indeed, nanoplastics tended to accumulate near the region

where the salt concentration is the highest. Due to the salt
diffusion in the part of the channel where the nanoplastics
flowed, the MSC was not located at the middle of the channel
in the flow direction but inside the saline part of the channel
(Figure 4a). Therefore, the accumulated nanoplastics near the
MSC will eventually come out of the MD through outlet Bout
and not by Aout. Since the salt diffusion across the channel is
higher at lower flow rates (Figure S3), the location of the MSC
is further inside the saline part of the channel, and thus, even
more nanoplastics flow through the outlet Bout.
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The impact of the particle aggregation and deposition in the
MD and in the tubing was measured in the vials through DLS
measurements (Figure 5). It is worth noting that there was no

fluid agitation in the vial. Therefore, if particle aggregation
takes place in the vials, it is only due to Brownian diffusion. In
the Aout vial, since the ionic strength was always higher than
the CCC, regardless of the flow rate, the particle concentration
is assumed to be high enough to observe particle aggregation,
as in the batch experiments. However, the aggregation process
in the vial was much more limited than that in the batch
experiments (Figure S2b). There was almost no aggregation
for 2 < Q < 10 mL/h and a slight increase in the aggregate size,
up to 1.3 Di, for the two lowest Q values (0.5 and 1 mL/h),
with Di being the initial particle size (i.e., before injection to
the MD), while in the batch experiments, the mean aggregate
size was approximately 3 Di at a similar concentration and
constantly increased.
The results for vial Bout are even more surprising, since

aggregation occurred irrespective of the flow rate (Figure 5),
even if nanoplastics were not supposed to be present in this
vial. Again, with a salt concentration well above the CCC (I >
470 mmol L−1) for all Q values, the mean aggregate size was
smaller than in the batch experiments, except at the lowest flow
rate. In this last case, the aggregate size ranged from 1.5 to 3 Di
after 120 min. Together, these measurements of the aggregate
size in the vials suggest that the amount of nanoplastics that are
lost in the MD and in the tubing is determined by a two-step
process. First, there is a massive aggregation process that takes
place in the bulk of the fluid, due to the collisions either
between individual nanoplastics or between nanoplastics and
aggregates, since the Pe number is high enough to consider
that the aggregation is mostly orthokinetic, and the particle
diffusion is negligible. In the second step, the aggregates that
are close to the surface either migrate toward the wall due to
the higher salt concentration near the surface,37 or are captured
by physical interception by other immobile aggregates that lie
on the surface. Based on a previous study on PS nanoplastics,24

large micrometric aggregates of PS nanoplastics mainly float
and therefore are located near the top walls. Nanoplastics may
also sink into the sediment at the bottom, since a substantial
fraction of plastics are heavier than the seawater, as
demonstrated in a previous study with fullerenes.29 Since the
mean size of the deposited aggregates was quite large, this
result may suppose that the flow does not fragment many of
the aggregates, meaning that they have both great internal
cohesion and strong adhesion on the surface of the PDMS,
which the MD is made of,38 preventing them from being
broken by shear forces.

This deposition process mainly occurred inside the tubing,
and it is so important that there were not enough nanoplastics
in the vials to observe significant aggregation by diffusion. Even
though aggregation can occur, the nanoplastics can form only
very small aggregates (doublets and triplets) that are far from
each other, and the DLS signal is still dominated by the
individual nanoplastics. By comparing with the aggregate size
evolution in the batch with a low particle concentration, it was
estimated that the maximum amount of nanoplastics obtained
at the lowest flow rate was approximately 1−2 and 10% in Aout
and Bout, respectively, of the number of nanoplastics that were
initially injected into the MD (Figure S3).
In order to extrapolate these results to MSPs, two relevant

time and length scales of particle transport in the MD were
considered. First, the residence time inside the MD, and
thereafter in the tubing, for the PS nanoplastics that eventually
reached the vials was between 4 and 80 s, depending on the
flow rate. Everything happens on this short time scale where
the aggregation induced by the SG is much faster than in the
batch. Over longer times, this phenomenon will integrate all
these aggregations throughout an MSP. As a result, only a
small fraction of PS nanoplastics, those which have not
aggregated or slightly aggregated, will be released into the
ocean, and the majority will remain flocculated (either floating
or sunk to the sediment in various forms) in the mangroves
(associated with natural colloids, sediment, etc.). Indeed, the
results suggest that PS nanoplastics will remain in the
mangrove area for a much longer time, even though the
average flow rate may be faster than that in the MD, since the
MSP is much larger than the MD. This longer residence time
will greatly increase the probability of the PS nanoplastics to
become involved in aggregation processes with either other PS
nanoplastics of the same type or, more likely, with the rest of
the colloidal matter in suspension, in particular, with organic
matter. This longer residence time will also favor NP
aggregation, since it will increase the diffusiophoretic drift of
the PS nanoplastics toward the high salt concentration zone in
the water column, which will lead to a decrease in the surface
charge of the nanoplastics.
Second, the growing aggregates cannot move more than 35−

180 μm before becoming attached to the MD or the tubing
walls. Therefore, aggregates cannot substantially grow in size
before becoming immobile on a wall, that is, they do not
encounter more than one or two other nanoplastics/aggregates
during their floating/sedimentation. In the mangrove area, the
salt concentration is high at depths from tens of centimeters up
to a few meters, which is at least three orders of magnitude
deeper than the depth of the microfluidic experiment.
Therefore, it is expected that in a MSP, the average mean
size of the aggregate can become much greater than in the MD,
since the aggregate can encounter many other aggregates as
they either sediment or float. In addition, the collision rate
increases as the mean aggregate size increases, since larger
aggregates have a greater surface area and thus a higher chance
of colliding with another aggregate.
The results obtained demonstrate that the SG, and therefore

MSPs, acts as a separator for nanoplastics according to their
aggregation pathways. However, contrary to classical ap-
proaches, it was demonstrated that nanoplastic aggregation is
driven by an orthokinetic process induced by the flow and the
SG together. Indeed, all the aggregates formed in the SG will
eventually either float to the surface or settle down to the
sediment in the MD or in the tubing, and only single

Figure 5. Variation in the mean aggregate size, scaled by the initial
size of the nanoplastics, with the flow rate for the two outlets.
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nanoplastics and small aggregates are able to reach the vials.
This rough analysis seems to suggest that PS nanoplastics and
especially nanoplastics that enter the MSP from land-based
sources would be filtered and that only a small fraction would
reach the oceanic system as either nanoscale or microscale
floating aggregates of nanoplastics. However, ongoing studies
on the aggregation mechanisms of PS nanoplastics in the MSP
are performed considering the implication of turbulence and
the natural organic matter in the MD. Indeed, such parameters
could definitely play a role in the ortho-kinetic aggregation
process along their transportation in the SG of the MSP. New
sampling strategies need to be developed to detect (hetero-)
aggregates of PS nanoplastics, taking into account the specific
characteristics of these substances that lead to their different
reactivities with contaminants and the other natural
components. Finally, the results show the importance of
protecting coastal mangrove ecosystems, since, apart from
protecting the coast from possible storms and acting as a
habitat for terrestrial and aquatic species, they also act as
natural filters and concentrator sinks for nanoplastics.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.est.0c07545.

Description of the sampling points in the Mangrove; size
and stability evaluation of the nanoplastics model; size
evolution of the nanoplastic model in the MD; NaCl
distribution in the MD; and size evolution of spherical
PS nanoparticles in batch and microfluidic experiments
(PDF)

■ AUTHOR INFORMATION
Corresponding Authors
Hervé Tabuteau − IPR, UMR6251, CNRS/Université de
Rennes 1, Rennes 35042, France; Email: herve.tabuteau@
univ-rennes1.fr

Julien Gigault − Géosciences Rennes, UMR6118, CNRS/
Université de Rennes 1, Rennes 35042, France; TAKUVIK,
UMI3376, CNRS/Université Laval, Québec G1V 0A6,
Canada; orcid.org/0000-0002-2988-8942;
Email: julien.gigault@takuvik.ulaval.ca

Authors
Zélie Venel − Géosciences Rennes, UMR6118, CNRS/
Université de Rennes 1, Rennes 35042, France; EPOC,
UMR5805, CNRS/Université de Bordeaux, Bordeaux
33000, France

Alice Pradel − Géosciences Rennes, UMR6118, CNRS/
Université de Rennes 1, Rennes 35042, France; orcid.org/
0000-0002-2078-9016

Pierre-Yves Pascal − UMR 7138 Evolution Paris-Seine,
Equipe Biologie de la Mangrove, Laboratoire de Biologie
Marine, Université des Antilles, Pointe-a-Pitre 97157, France

Bruno Grassl − IPREM, UMR5254, CNRS/Université de Pau
et des Pays de l’Adour, Pau 64053, France; orcid.org/
0000-0002-1554-1411

Hind El Hadri − IPREM, UMR5254, CNRS/Université de
Pau et des Pays de l’Adour, Pau 64053, France

Magalie Baudrimont − EPOC, UMR5805, CNRS/Université
de Bordeaux, Bordeaux 33000, France

Complete contact information is available at:

https://pubs.acs.org/10.1021/acs.est.0c07545

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We acknowledge funding and support from the French Agency
for ResearchANR (ANR-17-CE34-0008). We acknowledge
Sebastien Cordonnier for technical support in the mangrove
swamp.

■ REFERENCES
(1) Eriksen, M.; Lebreton, L. C. M.; Carson, H. S.; Thiel, M.;
Moore, C. J.; Borerro, J. C.; Galgani, F.; Ryan, P. G.; Reisser, J. Plastic
Pollution in the World’s Oceans: More than 5 Trillion Plastic Pieces
Weighing over 250,000 Tons Afloat at Sea. PLoS One 2014, 9,
No. e111913.
(2) Andrady, A. L. Microplastics in the Marine Environment. Mar.
Pollut. Bull. 2011, 62, 1596−1605.
(3) Cózar, A.; Echevarría, F.; Gonzaĺez-Gordillo, J. I.; Irigoien, X.;
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