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Abstract: Plastic fragmentation alters the size distribution of plastic waste in aquatic habitats, which
is accelerated by mechanical stress and weathering degradation processes. Microplastic pieces
constitute the vast bulk of plastic pollution in terms of quantity. Their size distribution has been
shown to follow a power-law for larger fragments. This work introduces a novel model inspired
by raindrop formation, incorporating local oceanographic processes and fragment size, aiming to
improve the understanding and prediction of plastic fragmentation in marine environments. Particles
can fragment when they reach a certain size, or when shear forces become too strong. Plastic aging’s
effect on size distribution is also investigated.
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1. Introduction

Plastic pollution is a worldwide environmental issue that has received substantial
attention due to its harmful effects on ecosystems and human health. According to [1,2],
the global plastic load on the open ocean surface is estimated to be in the tens of thousands
of tons, which is significantly lower than expected. Resolving the fate of the missing
plastic debris is critical for determining the nature and significance of plastic pollution’s
effects in the oceans. Fast fragmentation into nano- and micro-scale plastics may be behind
this phenomenon [3]. Based on field studies conducted in the global oceans, microplastic
fragments account for the majority of plastic pollution in terms of abundance [2,4-7].
Understanding and anticipating the fragmentation process is essential for assessing the
environmental impact of plastic trash. Fragmentation not only enhances the quantity and
distribution of plastic particles, but it also boosts their bioavailability, allowing them to
be absorbed by a wide range of species at all trophic levels. These particles can collect
and concentrate hazardous pollutants, posing substantial risks to both animal and human
health through trophic transmission [8].

The fragmentation process influences plastic transport, because smaller fragments
have a higher surface area than their volume, resulting in increased degradation rates
and decreased buoyancy. Removal mechanisms for microplastics include ingestion by
planktivorous animals and ballasting by biofouling, which results in the movement of
micro- and nanoplastics from the surface to the water, sediment, or column [4,8-10].

Despite numerous studies on plastic pollution, there is still a significant gap in our
ability to accurately model plastic fragmentation [11-13]. The existing research has primar-
ily relied on empirical observations and laboratory experimentation from the materials
science point of view; experiments on the brittle and crack fragmentation of objects with
different materials and shapes [14-17], the impact of single particles in a pneumatic con-
veying system [18], the impact of polypropylene particles of spherical shape against a hard
wall [19], the fragmentation of flexible and brittle fibers in a turbulent flow [20], photo
aging and fragmentation of food packaging materials in seawater [21], and degradation
and later fragmentation of plastics in the environment [22], among many others references
published during last decades.
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All of these laboratory experiments and ocean observations share a common particle
size distribution (PSD), which specifies the abundance or mass of particles for various size
classes. PSD data often shows a maximum for small pieces and a power law for bigger
fragments [2,4,7,23-25]. Experiments on the fragmentation of plastic materials demonstrate
that the size distribution of pieces produced by a plastic object follows a fractal process.
Numerical models rely on Turcotte’s 1986 work [26], which showed that the scale-invariance
of the fragmentation process, whether caused by weathering, explosions, or impacts,
produces such a power law. Statistical models of brittle fragmentation have been developed
to study fragment size distribution (see [27] for a review). More recently, other deterministic
models have been proposed to reproduce this power-law distribution [7,28-30]. These
models assume that a larger component of size r; divides into a smaller one r;;1 = pr;
with some probability p < 1. The division process is repeated over time in a cascading
fashion, satisfying a fractal distribution condition over a wide range of scales, resulting in a
geometric progression of fragment sizes yielding the power-law

N(r) «cr™® 1)

where N is the abundance, r is the particle characteristic size, and « is the power law slope.
These models do not account for differences in fragmentation probability based on fragment
size, nor do they take into account flow features that may influence fragmentation in certain
regions of the ocean more than others. Aoki and Furue (2021) [31] proposed a model
that takes into account the size of the plastic and the energy required for fragmentation,
under two assumptions: fragmentation into smaller pieces requires more energy, and the
occurrence probability of the energy decreases exponentially as energy values rise.

Marine litter plastic fragmentation is typically ignored in Lagrangian transport models
due to a lack of realistic models and /or numerical issues coping with the rapid growth
of particle numbers (dynamic memory allocation). Some Lagrangian models address the
microplastics input contribution from different sizes, assuming their number decreases
with size, following the prior power function [13,24,32].

This work provides a novel model for plastic fragmentation that addresses these issues
by drawing on the principles that underpin raindrop generation in clouds [33,34]. The
model incorporates the dependence on local oceanographic process, plastic aging and
fragment size as criteria for fragmentation that were not previously addressed.

2. Numerical Model

We assume that plastic items do not affect the flow. Thus, their evolution is identical
to that of passive point-like particles, and they follow the flow streamlines. Furthermore,
the plastics breakup occurs instantaneously when subjected to a hydrodynamic stress that
exceeds a critical value [33,34]. Thus, fragmentation takes place when the shear force acting
on the particle of mass m exceeds a critical value

Scrit = g ) 7’70 ()
where p € [0,1) is a uniformly distributed random number,  accounts for the effects of
plastic weathering and specific characteristics of the object (density, crystallinity, brittleness,
etc.) that may influence its fragmentation, rq is the largest particle size, and r < ry is the
actual size of the particle. The threshold shear becomes smaller for larger particles, since
larger particles are more susceptible to turbulent shear stresses. Including the term /7 in
Equation (2) aligns with experiments, demonstrating that smaller pieces are less prone to
break [20].

The shear force is calculated as

1(0ou; Juj
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where u; are the flow velocity components at the particle position x;. For simplicity, in this
paper, we use a two-dimensional sinusoidal-shear flow model [35] depicted in Appendix A.
Dimensionless time units (t.u.) and space units (s.u.) are used throughout.

If the shear force, calculated at the particles position, exceeds the threshold value given
by Equation (2), the particle of mass m is divided into Ny;.ces smaller pieces, with masses
m; = pim, Y ; pi = 1, and p; € [0,1) being uniform random numbers. The centers of the
pieces are located at a distance equal to the sum of their radii from the initial position of the
fractured particle. We consider inelastic collisions between particles as they are advected
by the flow.

For each particle, the splitting condition (2) is checked at a frequency rate ff,,,. New
primary particles are added randomly into the model at a frequency rate finput. Two
different sets of primary particles entering the system were analyzed: (i) all of them having
the same radius ry = 5 (s.u.), or (7i) their radii being selected uniformly randomly within
the interval ry € [1073,5] (s.u.).

3. Results

The fragmentation of particles leads to an exponential increase in the number of
particles into the system, as shown in Figure 1. Note that as time evolves, equal size
primary particles entering the system and older fragments break continuously if the shear
force exceeds the critical value given by Equation (2). Figure 2 shows the steady-state
histogram of the particle distribution as a function of the radius for two different values
of . The particle distribution exhibits a peak with a long tail towards larger sizes that
gradually approaches zero. The effect of randomness p is to broaden the dispersion function.
All distributions analyzed in this paper show a scaling form that follows Equation (1), as
is typically observed in the ocean plastic distributions [2,4] and in shear-fragmentation
experiments [20,36]. To estimate the power-law slope «, we maximized a log-likelihood
function [37], as fitting straight lines on log-log plots may induce large biases.

o

o X

Figure 1. Time evolution of particles in the model. Equal-sized particles entering the systems
fragment if the shear force at the particles position exceeds a critical value (2). Panels show a zoom of
the model grid at constant intervals of time. Set of parameters: Vinax = 1.4, T = 10, ffmg =5.107%,
finput = 1072, Npjeces = 2, and y = 0.5.

To determine the influence of the plastic degradation y on the particle size distribution,
the slope a(t) and the average particle radius (r(t)) = Y, N,(t)/ ¥, N:(t) were computed
as a function of time (see Figure S1 in the Supplementary Materials). Figure 3 shows the
asymptotic average slope a and particle size (r) for different values of 7. The stationary
values of « and (r) decrease with increasing degradation -y as the shear threshold diminishes
and favors fragmentation of particles with smaller sizes, as shown in the size distribution
(Figure 2). Note that, for equal size primary particles entering the system, the slope « is
smaller than for random size particles, whereas the opposite occurs for the mean radius.
As the number of larger particles grows, the size distribution shifts to greater values of the
radius. Similar results were achieved (see Figure S2 in the Supplementary Materials) by
increasing the number of fragments N;ecs a particle splits into, reinforcing the meaning of
7 as the plastic’s degradation or aging.
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Figure 2. Histogram of the particle size distribution for two values of . Equal size particles are
considered to enter periodically into the system. Dashed lines correspond to fittings to Equation (1).
Set of parameters as in Figure 1.
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Figure 3. Dependence of the power law slope a« and the mean radius (r) as a function of the
degradation 7y for two sets of primary particles entering the system; constant (blue solid line) and
random (red dashed line) size. Error bars correspond to different noise realizations for the particles
entering the system. Set of parameters as in Figure 1.

Power-law slopes can be compared to data from observations. Table 1 shows the
slopes derived from data on the abundance of microplastics as a function of plastic size for
observations made in various parts of the world. Modeled values of « are slightly higher
than observed values. We used a simple 2D flow model that does not simulate realistic
ocean conditions, making it difficult to compare the two types of data. Furthermore, the
size distributions shown in Figure S3 in the Supplementary Materials include all types of
plastics within the water column, regardless of shape or characteristics. Our model may
reproduce similar power-law behaviors, increasing 7, and increasing plastic degradation
and/or the ability to break into multiple pieces. This favors fragmentation, and leads to
smaller values of «, closer to what is observed.

The last important parameters that typically vary a lot in natural systems are the
frequency rates of fragmentation fy,,, and number of primary particles entering the model
finput. Thus, for example, the first one could be related to the influence of tides and waves
on plastics hitting rocky shores, whilst the second one corresponds to the rate at which
plastics are dumped into the ocean from rivers or the coast. Figure 4 shows the stationary
values of « and (r) as a function of fi,pus/ ffrag- Increasing fr,q, (left of the images) increases
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particle fragmentation, especially for larger particles, shifting the size distribution to smaller
radius values.

Table 1. Power law slopes « obtained for different domains from observations in the Mediterranean
Sea during the MEDSEA campaign in 2013 [38], around the globe during the Malaspina 2010 Cir-
cumnavigation [4], and around the Balearic Islands [39]. See their original papers for the detailed
locations, and Figure S3 in the Supplementary Materials for a combined graph of abundance versus
plastic size for all three cases.

Domain «
Mediterranean Sea 1.45 + 0.03
Around Globe 1.84 4+ 0.08
Balearic Islands 212 +£0.11
2.7 0.125 A
+ 0.100 A
2.6
A
S + v 0.075 A
2.51 V' 0.050
2.4 + 0.025
100 10! 100 10!
finput/ ffrag finput/ ffrag

Figure 4. Dependence of the power law slope a and the mean radius (r) as a function of finput/ ffrag-
Error bars correspond to different noise realizations for the particles entering the system. Set of
parameters as in Figure 1.

4. Discussion

We devised a fragmentation model based on the flow’s dynamical features (rate-
of-strain tensor), particle size, and aging or degradation. This model does not intend
to accurately replicate all the mechanisms of plastic fragmentation, but it does include
some processes that lead to the observed size distribution. Specific characteristics of
the different types of plastic (density, crystallinity, brittleness, etc.) or the presence of
additives, which may influence the fragmentation, were not considered in this study. The
parameter 7y aims to account for the average characteristics of plastics and the effects of
plastic weathering. The size distributions resulting from this model are congruent with
observations in nature. The shear threshold dependency on the ratio ry/r turns out to be
critical for achieving this type of particle dispersion. Recently, George et al. (2024) [30] also
introduced a threshold plastic length below which fragments will “almost never” break,
resulting in the establishment of a PSD peak for intermediate-sized fragments. Aoki and
Furue (2021) [31] introduced the concept of crush energy to account for the effect of the
flow into the fragmentation process, considering that smaller pieces require larger energy.

The slope « of the power-law (1) and the mean radius of the steady size distribution
were studied in relation to plastic aging, fragmentation rate, and primary particle release
frequency rate. We showed that increasing particle degradation (or the amount of pieces a
particle breaks into) promotes particle fragmentation of all sizes. However, increasing the
fragmentation rate or decreasing the input of primary particles decreases the amount of
bigger particles.

The fragmentation model should be extended to more complex three-dimensional
physical models that account for the spatial and temporal variability of plastic transport in
marine environments. While fragmentation may be the primary cause of the observed size
distribution, other physical processes, such as vertical mixing, may have a size-dependent
effect on plastic particles. Fragmented particles have different settling velocities, hence
shear forces change with depth, influencing the critical threshold (2). Furthermore, the fate
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of micro- and nano-sized particles is not correctly predicted in numerical hydrodynamic
models, because their motion is regulated by sub-grid scale phenomena such as turbulence
and collision, which are poorly understood and computationally expensive.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jmse12071213/s1, Figure S1: Time evolution of the power-law slope
a(t) (left panel) and the average size (r(t)) (right panel); Figure S2: Dependence of the power law slope
« (left panel) and the mean radius (r) (right panel) as a function of the number of fragments Np;ces a
particle splits into; Figure S3: Size distribution of plastic items found in the Mediterranean Sea during
the MEDSEA campaign 2013 (blue dots), around the globe during the Malaspina circumnavigation in
2010 (black stars) and around the Balearic Islands (red squares).
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Appendix A. Sinusoidal-Shear Flow Model

This is a simple demonstrative two-dimensional flow [35], displaying repeated stretch-
ing and folding and mimicking turbulent flow. In this flow, particles move in the domain
0 < x; < L, with periodic boundary conditions.

For the first half of the period (nT <t < nT + T/2), the particles move horizontally,
with a velocity which depends on their vertical position. Specifically,

[u1, 2] = [Vmax sin(27tx /L + ¢y), 0] (A1)

During the second half of each period [nT + T/2 < t < (n + 1)T], the particles move
vertically, with a velocity that depends on their horizontal position,

[u1, 2] = [0, Vimax sin(27tx1 /L + ¢y)] (A2)

The constant Vimax sets the overall magnitude of the flow, and the phase ¢, is drawn
randomly from the interval [0,277) at the beginning of each half period.
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