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Abstract

The impact of biofilm formation on marine mi-
croplastics in the upper layers of the ocean has been
investigated using direct numerical simulations with
an Eulerian-Lagrangian point-particle approach. The
influence of biofilm is modeled through the coales-
cence efficiency, also known as the stickiness param-
eter, which quantifies the probability of aggregation
after a collision event. The results indicate that, ow-
ing to the small size of the particles, both microplas-
tics and biogenic debris essentially behave as tracers,
following the fluid flow. Differences in features such
as aggregates formation and preferential concentration
weakly depend on the tendency of aggregation. While
this model simplifies the actual conditions of biofouled
microplastics in the ocean, it provides a robust founda-
tion for future numerical and experimental studies.

1 Introduction

The distribution and impact of marine microplas-
tics (MPs) is a growing concern in the field of en-
vironmental science and marine biology [Clark et al.
(2016)]. The term microplaplastic refers to small plas-
tic particles (and eventually residuals) which are char-
acterized by sizes smaller than 5 millimeters [Eriksen
etal. (2014)] and they have accumulated in oceans and
other bodies of water. They can come from a variety
of sources including discarded plastic products, fibers
from clothing and textiles, and microbeads from per-
sonal care products [Bashir et al. (2021)]. In particu-
lar, their presence and interaction with flora and fauna
have significant impacts on oceanic ecosystems. For
example, plastic particles can be ingested by fish and
other marine organisms, potentially leading to inter-
nal injuries and other health issues [Eerkes-Medrano
et al. (2015)]. Additionally, the accumulation of mi-
croplastics in ocean can contribute to the degradation
of marine habitats, and can even enter the human food
chain through the consumption of seafood.

Despite the growing awareness of the negative im-
pacts of marine MPs, the full extent of its distribution
and influence on marine environments remains largely
unknown. In this regard, research efforts are ongoing
to better understand the sources, distribution, and ef-

fects of MPs in marine ecosystems, with the ultimate
goal of finding ways to mitigate their consequences on
both marine life and human health [Eerkes-Medrano et
al. (2015)]. Out of the 8 metric tons of plastic entering
the ocean every year on average, only 1% have been
found and counted floating in the surface [Van Sebille
et al. 2015]. One of the fates of that called “miss-
ing plastic” is thought to be sinking to the deep ocean
sediments [Woodall et al. (2014)]. However, the trans-
portation and fate of MPs in oceanic environments is
far from trivial as a result of the presence of turbulence
flow motions and the interaction between themselves
and with biogenic entities, which can eventually result
in the formation of aggregates of different sizes and
compositions. Despite their small size and lower den-
sity compared to water, recent hypotheses suggest that
MPs can settle from the surface to deeper layers and
disperse throughout the entire ocean by aggregating
with biogenic particles (BP). These biogenic particles
include living and dead zooplankton and phytoplank-
ton. The aggregation processes are highly influenced
by the formation and characteristics of biofilms cover-
ing the MPs and biogenic particles. In detail, biofilms
are formed of complex communities of microorgan-
isms which have significant impact on the physical
and chemical properties of MPs [Kooi et al. (2017)].
Specifically, the accumulation of biofilm on marine
MPs may change their buoyancy, toxicity, “stickiness”
and persistence in the marine environment. Moreover,
biofilms can serve as a habitat for diverse microbial
communities, facilitating the transfer of harmful bac-
teria and other microorganisms between marine organ-
isms and ecosystems [Michels et al. (2018)]. There-
fore, understanding the formation and development of
biofilms on marine MPs is crucial because it is the first
step toward developing effective strategies to mitigate
their impact on ecosystems and human health.

The scientific community is tackling this chal-
lenge by investigating the factors that influence biofilm
formation and growth on microplastics, such as wa-
ter chemistry, microbial community composition, the
physical and chemical properties of the plastics them-
selves, and the flow conditions. However, there is no
common agreement regarding the effects of turbulence



on the biofilm dynamics [Takeuchi et al. (2019), Mor-
eira et al. (2013), Teodosio et al. (2011)]. The core of
the problem is the antagonistic effects of shear stresses
(which increase with turbulent intensity) that enhance
the diffusion of nutrients but, at the same time, erode
the biofilm by means of mechanical stresses. More-
over, the presence of biofilm can also affect the tur-
bulent flow dynamics by altering the surface rough-
ness and hydrodynamic drag of the underlying sub-
strate. This complex interplay between turbulent flow
and biofilms has important implications, the better un-
derstanding of which can lead to developing more ef-
fective strategies to prevent and mitigate the impact of
microplastic-biofilms on aquatic ecosystems and hu-
man health. In this context, Figure 1 offers a visual
representation of the aforementioned discussion. This
aggregation phenomenon plays a significant role in the
transport and distribution of MPs in marine environ-
ments. In particular, the movement of MP particles
follows a complex and multifaceted process that de-
pends on several factors: (i) their initial characteris-
tics, including density, size, and shape; (ii) oceanic
flow conditions like wind, waves, currents, and turbu-
lence; and (iii) the mechanisms of aggregation with
BPs. In this regard, the paper is organized as follows.
First, Section 2 presents the mathematical framework
utilized to describe fluid flow and discrete phase. Next,
Section 3 presents the results and their discussion. Fi-
nally, in Section 4 , the conclusions, implications, and
possible future studies are reported.
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Figure 1: Schematic representation of the main processes
governing the fate of microplastics in oceans.

2 Physics modeling

The problem of marine MPs can be considered
as a paradigm of particle-laden turbulence, where a
fluid flow (carrier) contains solid particles (dispersed
phase) suspended within it. The behavior of this flow
can be described mathematically using various ap-
proaches, such as continuum models, kinetic theory,
or particle-based simulations [Subramaniam (2013)].
In the present analysis, the so-called Lagrangian-
Eulerian approach (LE) is utilized. In this scenario,
the dispersed phase is described as a stochastic phe-
nomenon in a Lagrangian system, while the carrier
phase is considered in an Eulerian frame. To conduct
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Table 1: Microplastic and biogenic particles considered.

the study, direct numerical simulations (DNS) with a
point-particle approach [Jofre et al. (2020)] is em-
ployed. This choice is motivated by the fact that parti-
cle dimensions are smaller than the smallest flow scale
(Kolmogorov scale). Despite the computationally ex-
pensive nature of DNS, they allow for the complete
resolution of the flow field and the particle interac-
tions. As a result, DNS provides valuable insights into
the intricate dynamics of particle-laden turbulence.

The flow field is described by means of the follow-
ing dimensionless conservation equations for mass and
momentum [Jofre et al. (2020)]
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where uy and p are the dimensionless fluid velocity
and pressure. Re; = UpnsA /Vy is the Taylor Reynolds
number with U, the root-mean-square velocity fluc-
tuations, A the Taylor microscale, and v = iy /py the
kinematic viscosity, and iy and py the dynamic vis-
cosity and density of the fluid, respectively. Addition-
ally, frwc is a two-way coupling term that accounts
for the effect of particle forces on the fluid, which is
defined as
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with u, representing the dimensionless fluid velocity
at particle locations, N denoting the number of par-
ticle classes, and & (x—x,,) as the Dirac delta func-
tion concentrated at the particle positions x,. In the
simulations conducted for this study, frwc was found
to be substantially small. The flow and particle re-
laxation times are defined as 7) = A /Uy and 7, =
p,,d; /(18uy), respectively, where p, and d,, are the
density and diameter of particles. By calculating the
Stokes number St) = 7,,/7) based on these timescales,
the response time of particles with respect to the flow
can be characterized. Finally, ®,, = p,®,/py rep-
resents the mass fraction of particles in the fluid,
where ®, = N,m,,/(p,A?) is the corresponding vol-
ume fraction. In connection to these dimensionless
numbers, the Reynolds number considered for this
work is Re) = 60, and Table 1 summarizes the Stokes
values considered.

Lagrangian Representation of Particles

One of the main hypotheses of this work is that
particle (and aggregate) diameters d,, are significantly
smaller than the Kolmogorov flow scale 1 = A/v/15,



ie., d,/n < 1. Moreover, the study of the settling
velocity of particles vy is neglected since these are
relatively small compared to U,,,;. Additionally, the
density ratio between particles and fluid is fixed at
pp/ps = 0.97 for microplastics and p,/py = 1.17
for biogenic. Particles are consequently modeled fol-
lowing a Lagrangian point-particle (PP) approach, in
which Stokes’ drag Fp is the most important force
[Maxey and Riley (1983)]. This assumption is asymp-
totically valid in the limit in which particles are dense
compared to the fluid. Otherwise, the history force
Fy of particles needs to be considered. However,
Fy: (i) becomes significant only when p,/ps < 10
[Pumir et al. (2016)], (ii) has been reported to scale as
l|Ful||/||Fpl| ~ dp/n, and (iii) typically has relatively
small impacts on the distribution of particles. As a re-
sult, the Stokes’ drag is retained as the dominant force,
and the description of particles in terms of dimension-
less positions and velocities is given by

dx
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Biofilm & Coalescence

This work aims to model the aggregation between
particles by employing the concept of coalescence ef-
ficiency, often referred to as the stickiness parameter
a [Burd and Jackson (2009)]. This parameter quan-
tifies the propensity of particles in a fluid to adhere
or stick to each other upon collision, and it represents
the dimensionless probability of a collision leading to
coalescence rather than bouncing or rebounding. The
stickiness parameter is typically calculated based on
various physical and chemical properties of the parti-
cles, such as their size, shape, and surface chemistry,
along with the properties of the fluid, including vis-
cosity and surface tension. In this study, to represent
different scenarios of bioufouled marine microplastics,
the following three stickiness values are considered
a = 0.33,0.66,1. In this scenario a more developed
biofilm is represented by higher stickiness and, ulti-
mately, a higher tendency to coalescence. The hy-
pothesis to maintain the o constant in time is sup-
ported by several experimental works which observe
a pseudo steady state behavior of this parameter for
several classes of biofilm [Kiorboe et al. (1990), Bal-
akin et al. (2012)] The goal is to perform a sensitivity
analysis to assess the impact of biofilms on statistical
features. Therefore, by investigating various stickiness
scenarios, insight can be gained regarding the aggrega-
tion behavior in particle-laden flows, and explore how
different biofilm-covered MPs may interact and affect
the overall dynamics of the system.

3 Results & Discussion

The first analysis performed in this study focuses
on the radial distribution function (RDF), which is

a measure used to describe the spatial arrangement
and distribution of particles around a reference parti-
cle. The RDF provides valuable insights into particle-
particle interactions and enables to quantify the prob-
ability of finding a particle at a specific distance from
a reference particle, normalized by the expected prob-
ability in a homogeneous random distribution. Mathe-
matically, the RDF is defined as follows

NV

g(r)
where the N, represents the average number of parti-
cles located in a shell of volume V, at a distance r from
the reference particle. The volume of the sphere con-
taining the total number of particle pairs is denoted by
V. In this volume, the total number of particle pairs
can be calculated as N = M(M — 1)/2, where M is
the number of particles in the domain. To provide a
clear understanding of the physical meaning, Figure 2
schematically illustrates the aforementioned concepts.

Figure 2: Illustration of the computational domain compris-
ing the total cubic region, the spherical area where
the RDF is computed (enclosed within the grey
sphere of volume V), and the yellow shell repre-
senting the volume V.

In Figure 3, RDF normalized by particle radius is
depicted for the three stickiness parameters at time
t/ty = 4. In the top panel, it is observed the MP-
MP RDF, which exhibits a standard shape with an
asymptotic unitary value for r,/(r,) > 10. This in-
dicates that MPs do not show a preferential concen-
tration with respect to each other. However, for BP,
as shown in Figure 3(b), a clear peak is observed at
rp/(rp) =5, indicating a slight concentration, espe-
cially for larger stickiness values. This observation is
reasonable since higher stickiness enhances the coa-
lescence tendency of particles, leading to their clus-
tering. In contrast to the homogeneous distribution of
microplastics among other microplastics, a preferen-
tial concentration of biogenic particles is evident, as
depicted in Figure 3(c).
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Figure 3: Radial distribution function for MP-MP (a) MP-
BP (b) and BP-BP (c).

An additional useful tool for analyzing the proba-
bility of collision events is the joint probability den-
sity function (PDF) of the invariants of the velocity-
gradient tensor of particles. Given that the Stokes
number of the particles is significantly low, i.e., they
act like tracers, the hypothesis that u, ~ v, is uti-
lized, meaning that particles follow the flow motion.
The velocity-gradient tensor A;; = du;/dx; can be de-
composed into symmetric and skew-symmetric parts,
which respectively read
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and

Notice that A;; = S;; + €;;. The coefficients (Py, Qa,
Ry4) multiplying the eigenvalues A; of the characteristic
equation of A;;, satisfy the following relation

2,[3 + P,L\l,-2 + Qi+ Ry =0, )
whose components explicitly are

Py = —Aii = —(Si + Qi) =0, (10)
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The results in terms of the second (Q4) versus third
(R4) tensor invariants are presented in Figure 4 for two
different stickiness parameters: o = 0.33 and o = 1.
Interestingly, there are no substantial differences ob-
served between the behavior of MPs and BPs, nor be-
tween the two different stickiness values. This be-
havior reflects the fact that the simulated regime is
characterized by small Stokes numbers. Consequently,
particles behave like tracers, resulting in the typical
tear-shaped pattern shown in Figure 4. The similar-
ity in their behavior indicates that both particle types
are largely influenced by the underlying fluid flow, be-
having in a similar manner, despite differences in their
stickiness properties.

In Figure 5, the contour plot of the axial vorticity
alongside the distribution of MPs (blue points) and ag-
gregates (red points) are shown. Several notable fea-
tures stand out: (i) particles tend to occupy regions
of lower vorticity, in line with the theory that lighter
particles have a preference for such regions; (if) ag-
gregates, on the other hand, are randomly scattered
throughout the domain, indicating less influence from
vorticity on their distribution; and (iii) the contour
lines of the fluid flow exhibit varying magnitudes and
shapes, suggesting that particles with different stick-
iness parameters have distinct impacts on the flow
field. These observations offer valuable insights into
the behavior and interactions of particles and aggre-
gates within the flow, shedding light on the complex
dynamics influenced by particle properties and the sur-
rounding fluid environment.

The final analysis of this work focuses on the ag-
gregates. In particular, Figure 6 shows the time evolu-
tion of the number of aggregates. It is interesting to ob-
serve that, regardless of the coalescence efficiency, the
aggregates formed appear to be quite similar in com-
position, and constituting an extremely small percent-
age compared to the total number of initial particles.
These findings reveal that aggregate formation is a rel-
atively rare event. This suggests that in the simulated
conditions, the aggregation process is limited, and in-
dividual particles mostly remain dispersed within the
flow. Therefore, further investigation into the factors
influencing aggregates formation could provide valu-
able insights into the dynamics of particle interactions
and their impact on the overall system behavior.
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Figure 4: Joint PFDs for the second tensor invariant Q4 and
third tensor invariant Ry at¢/7; =4. Utilizing o =
0.33 for MPs (a) and BPs (b), and utilizing ot = 1
for (¢) MPs and (d) BPs.

4 Conclusions & Perspectives

A preliminary study of the influence of biofilm
formation, represented by the stickiness coefficient
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Figure 5: Contour of axial vorticity @; on a x —y plane lo-
cated at z = 0.4 for ¢ /1), = 4 with oo = 0.33 (a) and
a =1 (b). MPs are represented by blue dots, and
aggregates by red dots.
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Figure 6: Number of aggregates normalized by the number
of total MPs+BPs as a function of time.

a, on marine microplastics in the upper layer of the
ocean has been conducted. By simulating two parti-
cle classes - microplastics and biogenic particles - in



a setup of homogeneous and isotropic turbulence, it is
intended to understand the role of stickiness in parti-
cles interaction behavior. In particular, the simulations
have revealed that for particles of small size (smaller
than the Kolmogorov scale), stickiness does not sig-
nificantly impact the spatial distribution, and the for-
mation of aggregates. Regardless of the value of «, all
cases exhibit typical tracer behavior. Moreover, aggre-
gates formation is rather rare. Therefore, to better ob-
serve the effects of coalescence, higher particle num-
ber densities or larger particle sizes need to be studied.

Moving forward, next simulation campaigns will
incorporate these insights with the ultimate goal of ex-
amining the indirect role of biofilm in aggregate for-
mation. The upcoming plans include: (i) to refine the
coalescence model towards a more physics-based ap-
proach, and (ii) to calibrate the models by means of
experimental data.

In conclusion, this preliminary study has provided
valuable initial findings regarding the influence of
biofilm and stickiness on the distribution and inter-
action of marine microplastics in turbulent environ-
ments.
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