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Abstract1

Microplastics are ubiquitous pollutants within the marine environment, predomi-2

nantly (> 90 %) accumulating in sediments worldwide. Despite the increasing global3

concern regarding these anthropogenic pollutants, research into the remediation of mi-4

croplastics is lacking. Here, we examine those characteristics of microplastics that are5

essential to adequately evaluate potential remediation techniques such as sedimentation6

and (air) flotation techniques. We analyzed the sinking behavior of typical microplastics7

originating from real plastic waste samples and identified the best-available drag model8

to quantitatively describe their sinking behavior. Particle shape is confirmed to be an9

important parameter strongly affecting the sinking behavior of microplastics. Various10

common shape descriptors were experimentally evaluated on their ability to appropri-11

ately characterize frequently occurring particle shapes of typical microplastics such as12
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spheres, films and fibers. This study is the first in this field to include film particles in13

its experimental design, which were found to make up a considerable fraction of marine14

pollution and are shown to significantly affect the evaluation of shape-dependent drag15

models. Circularity χ and sphericity Φ are found to be appropriate shape descriptors16

in this context. We also investigated the effect of biofouling on the polarity of ma-17

rine plastics and estimated its potential contribution to the settling motion of initially18

floating microplastics based on density-modification. It is found that biofouling alters19

the polarity of plastics significantly, this is from (near) hydrophobic (i.e. water contact20

angles from 70 to 100 °) to strong hydrophilic surfaces (i.e. water contact angles from21

30 to 40 °) rendering them more difficult to separate from sediment based on polar-22

ity as primary separation factor. Thus, next to providing a better understanding of23

the fate and behavior of typical marine microplastics, these findings serve as a funda-24

mental stepping stone to the development of the first large-scale sediment remediation25

technique for microplastics to answer the global microplastic accumulation issue.26

Introduction27

The exponential increase in worldwide plastic production currently translates to an annual28

production of nearly 400 million metric tons.1 Combined with a poor waste management29

system this results in an estimated 4.8 - 12.7 million metric tons of plastic waste entering the30

oceans every year.2 Due to physical, chemical and biological processes, such as fragmentation31

and photodegradation, this plastic debris breaks down into small particles.3 Microplastics32

are those plastic particles that are smaller than 5 mm but larger than 1 µm. They are proven33

to be ubiquitous pollutants within the marine environment and predominantly (94 - 99 %)34

accumulate on the seafloor.4–6 Phenomena such as biofouling and marine snow are reported35

to be large contributors to the latter.7–9 To date, predictions estimate that the global average36

concentration of microplastics in intertidal sediments is 32 - 144 particles kg−1 and about37

1.5 - 6.7 particles kg−1 in deep sea sediments.10 Considering that microplastics have been38
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found in the digestive tract of over 300 different marine species, their environmental impact39

is of major concern worldwide.11 Next to severe blockage of feeding appendages, chemical40

leaching of potentially harmful additives may contribute to the detrimental effects of marine41

microplastic pollution.12 In addition, by contaminating the human food chain, considerable42

microplastic exposure can pose a threat to human food safety. However, at present, the43

associated risks are only marginally understood.1344

It was during the last decade that scientific interest led to a large number of publications45

analyzing the abundance, occurrence, sources and impact of microplastics.14–16 However,46

there is hardly any literature related to the remediation of these marine pollutants. Given47

the growing concern related to the microplastic pollution across the globe, research into the48

remediation of microplastics is imperative. Considering that seafloor sediment represents49

the most important sink for marine microplastics, separation techniques that can remove50

microplastics from sediment mixtures are particularly valuable in this context. Typically,51

one could consider 3 separation factors for a mixture of microplastics and sediment: size,52

density and polarity (Table 1). With respect to particle size, there is a significant overlap53

to be expected between sediment and microplastic particles. As stated before, microplas-54

tics are defined between 1 µm and 5 mm. Marine sediment particles vary greatly in size55

depending on their geographic location, yet they are mostly allocated to either the mud56

fraction or the sand fraction.17 The mud fraction involves particles smaller than 63 µm,57

while the sand fraction consists of particles between 63 µm and 2 mm.18 This implies that58

particle size is not a good separation factor in this context. Regarding density, sediment is59

generally characterized by a density of 2650 kg m−3, while the density of the most common60

plastic types, namely high density polyethylene (HDPE), low density polyethylene (LDPE),61

polypropylene (PP), polyamide (PA), polyvinyl chloride (PVC), polyethylene terephthalate62

(PET) and polystyrene (PS),1,19 rarely exceeds 1400 kg m−3. Furthermore, sediment is typ-63

ically considered as hydrophilic,20,21 while the polarity of plastics predominantly suggests64

(near) hydrophobic behavior.22,23 As a result, sedimentation and (air) flotation techniques65

3

Page 3 of 38

ACS Paragon Plus Environment

Environmental Science & Technology



appear to be promising remediation techniques since they involve density and/or polarity as66

their primary separation factor(s).2467

Table 1: Characterization of sediment and microplastics with respect to 3 typical separation
factors: size, density and polarity. The latter is represented by the water contact angle
expressed in degrees: water contact angles < 90 ° indicate a hydrophilic polarity, water
contact angles > 90 ° indicate a hydrophobic polarity.

Component Size range dp (mm) Density ρp (kg m−3) Water contact angle θ (°)

SEDIMENT

Mud fraction < 0.063 2400 – 2700 15 – 60Sand fraction 0.063 – 2

MICROPLASTICS

PP

0.001 – 5

890 – 920 90 – 117
LDPE 910 – 930 78 – 104
HDPE 930 – 970 78 – 104
PVC 1200 – 1450 80 – 94
PET 1300 – 1400 63 – 83
PS 1040 – 1100 73 – 91
PA 1020 – 1150 61 – 96
PC 1150 – 1250 73 – 88
PUR 870 – 1420 67 – 89

However, other factors such as particle shape strongly affect the sinking behavior,2568

which is essentially what determines the performance of the separation process. In addition,69

biofouling is expected to alter a particle’s density as well as its polarity, which in turn70

affects its sinking behavior and hence potentially changes the separation performance of71

potential remediation techniques. Considering particle shape, a lot of different geometries72

have been reported for microplastics such as spheres, granules, films and fibers.26,27 These73

typically irregular shapes strongly affect the sinking behavior of particles.25 Kowalski et al.74

(2016) were the first to acknowledge that experimental studies are indispensable to gain75

a better understanding of the sinking behavior of microplastics and the correlated effect of76

particle shape.28 The work done by Khatmullina et al. (2017) highlights the effect of particle77

shape on the sinking behavior of microplastics and argues the need for experiments with real78

microplastics of different shapes.29 Recent experimental studies by Waldschläger et al. (2019)79
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and Kaiser et al. (2019) contribute to the better understanding of the sinking behavior of80

microplastics by including particles of different shapes.30,31 However, these studies did not81

include films, which is a common and particular shape of plastic that is expected to have a82

large impact on sinking behavior. Packaging represents the most dominant market sector in83

the plastic industry (i.e. share of ± 40 %),32 implying a high significance of film particles in84

microplastic pollution, which is not addressed by current scientific research. Thus, next to85

adopting real plastic waste samples, film particles are included in this study, which adds an86

important layer to the experimental design. Regarding biofouling of (micro)plastics, research87

is also limited. The study by Fazey et al. (2016) provided the first estimates of the longevity88

of plastic debris at the ocean surface.33 Kooi et al. (2017) developed the first theoretical89

model to simulate the effect of biofouling on the fate of microplastics and predicted significant90

settling movement of initially floating microplastics.8 Kaiser et al. (2017) experimentally91

demonstrated that biofouling enhances the deposition of microplastics to marine sediments.792

However, research regarding the effects of biofouling on the polarity of plastic particles and93

the associated implications for the technological separation of typical microplastics is lacking.94

Therefore, in order to evaluate potential remediation techniques for the removal of mi-95

croplastics from marine sediments, a profound understanding of the sinking behavior of96

typical microplastics and an analysis of their relevant physiochemical characteristics are es-97

sential. To that end, we investigate the sinking behavior of microplastics originating from98

real plastic waste samples and analyze the effect of biofouling on the characteristics of dif-99

ferent plastic types, in particular on the polarity. To identify the most appropriate drag100

model to quantitatively describe the sinking behavior of typical microplastics, a comparison101

is made between different shape-dependent drag models such as those proposed by Haider102

et al. (1989), Ganser (1993), Dellino et al. (2005), Dioguardi et al. (2018) and Waldschläger103

et al. (2019) among others.30,34–37 The drag model that best fits our dataset may be used to104

evaluate potential remediation techniques and offers valuable insights into the fate of typical105

marine microplastics. Furthermore, the findings presented in this study may be incorporated106
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in future numerical modelling of the transportation behavior of marine microplastics.38107

In summary, the main objective of this paper is to provide new fundamental insights108

into the characteristics and sinking behavior of typical microplastics including the potential109

effects of biofouling with the aim to support the development of large-scale remediation of110

marine microplastics. For this purpose, four subobjectives are defined which will be reflected111

throughout this paper. First, to analyze the sinking behavior of typical microplastic particles,112

including films in particular. Second, to experimentally determine the best-available drag113

model for typical microplastics. Third, to examine the (potential) effects of biofouling on114

the characteristics of microplastics. And fourth, to reflect on the implications of our findings115

for the remediation of marine microplastics.116

Materials and methods117

Generation of microplastics from municipal plastic waste. Microplastics were gen-118

erated from municipal plastic waste gathered at a Flemish waste collection company that119

serves a population of 281,000 people and processes both domestic and commercial waste.120

Seven different plastic product types were chosen based on their frequency of occurrence,121

their main plastic type and their physical structure to account for the wide variety of plastic122

litter found in the marine environment: beverage bottles composed of PET, cleansing-liquid123

bottles composed of HDPE, flowerpots composed of PP, food containers composed of PS,124

beverage shrink wrap composed of PE, food packages composed of PE and pieces of broken125

construction pipes composed of PVC (Table 2). After cleaning and washing the plastic items126

with deionized water, each product type was shredded separately. For the two film prod-127

uct types, namely the beverage shrink wrap and the food packages, a Hellweg Granulator128

(340/150) was used in combination with liquid nitrogen to reduce the film’s flexibility. The129

other product types were milled using a Shini Granulator (16N/20N) with the exception130

of the broken construction pipes which were manipulated with a traditional miter saw to131
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produce fibers. All generated plastic particles were sieved by using an Endecott Sieve Shaker132

to target the microplastic size range (from 1 µm to 5 mm). Subsequently, 20 particles were133

selected per product type, which rendered a total of 140 different microplastic particles.134

Table 2: Overview of the plastic (waste) products used in the sinking experiments con-
taining information about the main plastic type and the dominating shape class of the 20
corresponding selected particles per product.

Product Plastic type Shape class

Beverage bottles PET Granular
Cleansing-liquid bottles HDPE Granular
Flowerpots PP Granular
Food Containers PS Granular
Beverage shrink wrap PE Film
Food packages PE Film
Construction pipe pieces PVC Fiber

The selected particles were individually characterized by mass with a Mettler Toledo135

AX105 analytical balance. The density was derived by means of a Precisa Density Kit (350)136

from the measurements of particles originating from the same products yet of greater mass137

(i.e. > 0.1 g) due to accuracy limitations. Afterwards, the volume of each particle Vp (m3)138

was calculated. The following expression was used to determine the volume-equivalent sphere139

diameter dp (m):140

dp =
3

√
6

π
Vp (1)

Subsequently, the volume-equivalent sphere surface area Asph (m2) was calculated. To quan-141

tify the irregular shape of the particles, a Keyence Digital Microscope (VHX-500FE) was142

used to generate high resolution 2D-images (SI1 of the Supporting Information). In com-143

bination with the image analysis software ImageJ, various common shape descriptors were144

calculated. The longest, intermediate and shortest principal axis of the best-fit ellipsoid as145

defined by Kumar et al. (2010)39 are often an intrinsic part of a particle’s shape analysis and146

are typically used to derive several shape descriptors. These principal axes were obtained147

by combining the measurements of a Mitutoyo Digimatic Indicator with the data gathered148
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from the 2D-image analysis to attain three-dimensional information. The complete stepwise149

calculation process for the (shape) characterization of a particular microplastic particle is150

included in SI2 of the Supporting Information.151

Measuring sinking rates of typical microplastics. To measure the terminal sinking152

velocity ut (m s−1) of the microplastic particles, a traditional cylindrical settling column of153

45 cm height and 10 cm in diameter was used. Depending on the density of the particle,154

deionized water (density ρf = 1000 kg m−3) or ethanol (density ρf = 790 kg m−3) was used155

as settling medium. The sinking experiments were performed in a temperature-controlled156

room to avoid fluctuations in viscosity of the medium between measurements. Prior to the157

sinking velocity measurements, the microplastic particles were submerged in a beaker filled158

with the corresponding medium at the same temperature to avoid electrostatic discharge at159

the surface of the particles.28 The latter might affect the sinking behavior of plastic particles,160

which is undesirable during the experiments. After submersion in the beaker, the particles161

were individually transferred to the top of the settling column and gently released in the162

fluid by using tweezers. Time recording started 20 cm below the surface of the medium to163

ensure that the particle reached its terminal velocity. More specifically, the time a particle164

needed to cross a distance of two times 10 cm was measured by means of an HDR Camera165

at 100 frames per second. Since the particles were not expected to be smaller than 0.5 mm,166

the use of backlit-imaging was deemed unnecessary. Given the measured sinking time and167

the predefined travelled distance, the terminal sinking velocity of each individual particle168

was calculated.169

To validate the measured sinking velocities, two different plastic types of perfectly round170

references spheres were used. PP spheres (PPS Cospheric) with a certified mean diameter of171

2.45 ± 0.05 mm and a density of 900 kg m−3 were used in combination with ethanol, while PS172

spheres (PSS Cospheric) with a certified mean diameter of 1.94 ± 0.05 mm and a density of173

1050 kg m−3 were used in combination with deionized water as the operating medium. The174

two average values of 10 successive sinking velocity measurements for both plastic types were175
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compared to theoretical sinking velocities ut,th (m s−1) calculated by using the reference law176

for spheres formulated by Dietrich (1982).40 This formula was recently verified for spherical177

microplastics by Kowalski et al. (2016)28 and represents a modification of the traditional178

Stokes equation.179

The average measured sinking velocity of the reference PS spheres in water was 31 ±180

3 mm s−1 and of the reference PP spheres in disolol 68 ± 8 mm s−1. By means of the181

reference law for spheres derived by Dietrich (1982), theoretical sinking velocities of 29.7182

and 63.7 mm s−1, respectively, were calculated. The theoretical values do not deviate more183

than 1 times the standard deviation of the average measured sinking velocity. Therefore, it184

is concluded that the applied methodology to measure the sinking velocity is valid and that185

the results obtained during the sinking experiments are reliable. A figure illustrating the fit186

of the measured sinking velocities of the certified calibration spheres to the reference law by187

Dietrich (1982) is provided in SI3 of the Supporting Information.188

Evaluation of shape-dependent drag models. Hydrodynamic drag is an important189

parameter affecting the sinking behavior of particles moving in a liquid.41 The dimensionless190

drag coefficient CD is used to quantify this drag force. For spherical particles, well-defined191

relationships have been derived linking the drag coefficient with the particle Reynolds num-192

ber.34,42 However, for non-spherical particles the drag coefficient depends on both the particle193

Reynolds number and the particle shape. The dimensionless particle Reynolds number Rep194

is a function of fluid properties (i.e. density and viscosity), the particle diameter and the195

terminal settling velocity of the particle, and provides information about the flow regime.196

Particle shape is a parameter that is more difficult to quantify. As previously discussed,197

dimensionless shape descriptors are used for this purpose. To determine which (combina-198

tion of) shape descriptor(s) describes the effect of particle shape on the sinking behavior of199

microplastics most accurately, 11 different drag models were compared and evaluated based200

on our dataset (Table 3). The following 7 shape descriptors are used in these drag models:201

circularity χ, sphericity Φ, Corey Shape Factor CSF, Powers Index P, particle aspect ratio ϕ,202
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particle flatness F and particle elongation e. More information on these shape descriptors203

can be found in SI2 of the Supporting Information and is available in the corresponding204

reference (Table 3). Each drag model is empirically derived for a particular range of particle205

Reynolds numbers (Table 3). In order to experimentally compare and evaluate the different206

drag models, the average error AE (%) and the root mean squared error RMSE (%) were207

calculated as measures of fit for the different drag models. The corresponding equations are208

presented in SI4 of the Supporting Information.209

Measuring contact angles of plastic sheets subjected to biofouling. The contact210

angle θ (°) of a solid surface provides a measure of polarity. It is the angle formed by the211

intersection of the liquid-solid interface and the liquid-vapor interface when a liquid droplet212

rests on a solid surface. In case the water contact angle is less than 90°, the solid surface is213

said to be hydrophilic, while a water contact angle greater than 90° indicates a hydrophobic214

surface. In other words, low contact angles are observed when the liquid spreads on the215

surface, while large contact angles are observed when the liquid minimizes its contact with216

the surface and forms a compact droplet.217

To investigate the effect of marine biofouling on the polarity of different plastic types, six218

of the most common plastic types were selected: HDPE, LDPE, PP, PVC, PET and PS.1,19219

Corresponding pellets were extruded to form long sheets of plastic, which were subsequently220

cut to produce 10 sheets of 2 by 4 cm for each plastic type. In addition, six different221

plastic consumer products composed of PP were added to the experiments to examine the222

effect of additives such as colorants. To induce biofouling, the plastic sheets and consumer223

products were fixated in a tank filled with seawater. To that end, the sheets were perforated224

with a soldering iron to allow strapping with thin wires. The plastic sheets with a density225

greater than the density of seawater were fixated at the top, while the plastic sheets with226

a lower density were fixated at the bottom of the tank. This was realized by means of227

water-resistant wires and sand-filled weights. The consumer products composed of PP were228

analogously perforated and held underwater. An image of the biofouling aquarium setup is229
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Table 3: Overview of the 11 shape-dependent drag models that were evaluated on their
applicability to typical microplastics containing information about the applied parameters
(expressed as a function of the used shape descriptors or the particle diameter dp), the
associated experimental particle Reynolds number range and the corresponding reference.
Seven different shape descriptors are used: Corey Shape Factor (CSF), Powers Index (P),
sphericity (Φ), circularity (χ), aspect ratio (ϕ), flatness (F) and elongation (e).

Drag model Parameters Rep range Reference

ut = 3

√
(ρp−ρf )

ρf
g ν R3 10R1+R2

R1 = f(dp), R1 = f(dp,
CSF), R2 = f(dp),
R3 = f(dp, CSF, P)

0.07 < Rep < 5 × 104 Dietrich (1982)40

CD = 24
Rep

(1 + A ReBp ) + C
1+ D

Rep

A = f(Φ, Φ2), B = f(Φ), C
= f(Φ, Φ2, Φ3), D = f(Φ,
Φ2, Φ3)

Rep < 2.6 × 105 Haider et al. (1989)34

CD =

[
48.5

(1+4.5 β0.35)0.8 Re0.64p
+
(

Rep
Rep+100+1000 β

)0.32
1

(β18+1.05 β0.8)

]1.25

β = CSF Rep < 1.5 × 105 Swamee et al. (1991)43

CD = K2

[
24

K1 K2 Rep
(1 + 0.1118 (K1 K2 Rep)

0.6567) + 0.4305
1+ 3305

K1 K2 Rep

]
K1 = f(Φ), K2 = f(Φ) Rep < 2.5 × 104 Ganser (1993)35

CD = 0.9297
Ψ1.6 Re0.0799p

Ψ = f(Φ, χ) Rep > 60 Dellino et al. (2005)36

CD =


24

Rep
ϕ−0.828 + 2

√
1− ϕ Rep ≤ 102

1− 1− CD(Rep = 100)

900
(103 −Rep) 102 < Rep ≤ 103

1 Rep > 103

ϕ 0.1 < Rep < 104 Pfeiffer et al. (2005)44

ut = ν
dp

[√
1
4

(
A
B

) 2
m +

(
4
3
d3∗∗
B

) 1
m − 1

2

(
A
B

) 1
m

]m
A = f(CSF, P), B =
f(CSF, P), m = f(CSF, P),
d∗∗ = f(dp)

Rep < 105 Camenen (2007)45

CD =


CD,sphere

Re2
p ΨRe−0.23

p

(
Rep

1.1883

) 1
0.4826

Rep ≤ 50

CD,sphere

Re2
p ΨRe0.05p

(
Rep

1.1883

) 1
0.4826

Rep > 50

Ψ = f(Φ, χ) 0.01 < Rep < 104 Dioguardi et al. (2015)46

CD = 24KS

Rep

[
1 + 0.125

(
Rep

KN

KS

) 2
3

]
+ 0.46KN

1+ 5330

Rep
KN
KS

KS = f(FS), KN = f(FN),
FS = f(F , e), FN = f(F , e)

Rep < 3 × 105 Bagheri et al. (2016)47

CD = 24
Rep

(
1−Ψ
Rep

+ 1
)0.25

+ 24
Rep

(0.1806Re0.6459
p ) Ψ−Re0.08p + 0.4251

1+ 6880.95
Rep

Ψ5.05 Ψ = f(Φ, χ) 0.03 <Rep < 104 Dioguardi et al. (2018)37

CD =


3

CSF × 3
√
Rep

non-fibers

4.7√
Rep

+
√
CSF fibers

CSF 0.1 < Rep < 104 Waldschläger et al. (2019)30

included in SI5 of the Supporting Information.230

The tank comprises an aquarium of 120 cm length, 50 cm height and 40 cm width. It was231

filled with seawater originating from the coast of Flanders and supplemented with biomass232

scraped from breakwaters nearby. In addition, a concentrated algae batch of 1 L was added.233
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The latter was obtained by capturing algae with a plankton net dragged over surface water234

of the North Sea by means of a Belgian research vessel. Salinity and temperature were235

kept constant in a control room at 25 °C. Oxygen supply and circulation of the water were236

managed by means of an aeration stone. Time-controlled TL-lamps (OSRAM 36W/840)237

provided the system with sufficient light and simulated the day/night pattern of natural238

solar radiation. These conditions were managed to reach the point of adequate biofilm239

formation (i.e. surface coverage of at least 90 %) on the surface of the plastic sheets and240

consumer products.241

Once the biofilm formation appeared to be sufficiently advanced, the plastic sheets were242

removed from the tank and subsequently dried at room temperature. Afterwards, the sheets243

were individually mounted on a fixation bench to create a flat, horizontal surface. To measure244

the contact angle, a Krüss Drop Shape Analyzer 10 Mk2 was used following the sessile drop245

method where a single drop of distilled water was dosed on the surface of the solid sample.246

By means of an HD camera, the integrated software was able to automatically fit an ellipsoid247

to the curvature of the sessile water droplet. From that, the value of the contact angle was248

calculated. By repeating this process three times for each sample, the average contact angles249

of both the bio-fouled and the blanco plastic sheets, including the consumer products, were250

determined. The blanco measurements were taken prior to submersion in the aquarium and251

after cleaning with distilled water.252

Prediction of density-modification caused by biofouling. Considering that ap-253

proximately 60 % of the total worldwide plastic production is associated with low-density254

plastics (i.e. buoyant in seawater)1 and that over 90 % of marine microplastics end up on255

the seafloor,5,6 the role of biofouling in the settling behavior of initially floating microplastics256

has gained scientific interest.8,33,48 To explore the significance of density-modification caused257

by biofouling on the sinking behavior of microplastic particles in the marine environment,258

theoretical calculations were performed to predict the required biofilm thickness Tb on the259

surface of low-density microplastics to induce settling. To that end, two extreme shapes were260
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considered, namely a perfect sphere and a thin film. For the density ρp of the corresponding261

microplastic particles, a value of 925 kg m−3 is assumed, which is derived by calculating the262

average density of the two most produced and littered low-density plastic types, namely PE263

and PP.1,19 Furthermore, a biofilm density ρb of 1100 ± 100 kg m−3 is assumed,49 which is in264

line with density measurements performed on the bio-fouled plastic sheets described above.265

The expression derived to describe the average density of the bio-fouled particle ρbp (kg m−3)266

is given by:267

ρbp =
mp +mb

Vp + Vb
(2)

where mp (kg) is the mass of the microplastic particle, mb (kg) is the mass of the biofilm on268

the surface of the particle, Vp (m3) is the volume of the microplastic particle and Vb (m3) is269

the volume of the corresponding biofilm. Rearranging the formula and considering that mb270

equals the product of Vb and ρb yields the following expression for the volume of the biofilm271

Vb:272

Vb =
mp − ρbp Vp
ρbp − ρb

(3)

Assuming that the density of seawater equals 1025 kg m−3, the density of the bio-fouled273

particle ρbp is stated to be greater than or equal to 1025 kg m−3 in order to induce settling274

in the marine environment as a direct result of biofouling.275

For the case of a spherical microplastic particle, the values of Vp and mp can be calculated276

for a given particle diameter dp. Therefore, the minimum required biofilm volume Vb to induce277

settling can be determined. Afterwards, the thickness of the required biofilm Tb (m) can be278

derived as follows:279

2 Tb = dbp − dp (4)

where dbp (m) is the diameter of the bio-fouled particle. The factor 2 accounts for the fact280

that this diameter includes two times the thickness of the biofilm layer on the surface area281

of the sphere. Considering that the diameter of a sphere can be determined by six times the282
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ratio of its volume over its surface area, substitution of dbp in Equation 4 yields:283

2 Tb =
Vbp
Abp

6− dp (5)

where Abp (m2) is the surface area of the bio-fouled particle. The volume of the bio-fouled284

particle Vbp (m3) is equal to the sum of Vp and Vb. The surface area of a sphere is determined285

by π times the diameter squared. However, by assuming that Abp = π d2
p the surface area286

of the bio-fouled particle is considered to be independent of the biofilm thickness Tb. Given287

that the surface area of a sphere increases with the square of its diameter, this assumption288

would be a significant overestimation of the required biofilm thickness. Moreover, for a given289

biofilm thickness Tb, the sphere diameter dp will increase with two times Tb. Therefore, the290

following expression is derived to approximate Tb:291

2 Tb =
(Vp + Vb)

π (dp + 2 Tb)
2 6− dp (6)

This equation yields a third-degree polynomial or cubic polynomial in Tb, where the real292

solution (as opposed to the complex solution) was approximated by using the extended293

mathematical Solve packages of Matlab R2018b.294

For the case of a thin film microplastic particle, a similar approach is proposed starting295

from Equation 3 which provides an expression for the biofilm volume Vb. For simplification,296

the film particle is represented as a flattened cube with sides lp (m) and a fixed thickness hp297

(m). Analogously, the corresponding bio-fouled particle is represented as a flattened cube298

with sides lbp (m) and thickness hbp (m). Given a constant film thickness hp = 0.040 mm,299

which is an assumption deduced from the physical characterization of the microplastics in300

our dataset, and a value for lp, the minimum required biofilm volume Vb can be calculated301

for ρbp ≥ 1025 kg m−3. Furthermore, the thickness of the required biofilm Tb can be derived302

as follows:303

2 Tb = lbp − lp (7)
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where the factor 2 accounts for the fact that the side lbp of the bio-fouled particle includes304

two times the thickness of the biofilm layer. Considering the volume and surface area of a305

flattened cube, the volume of the bio-fouled particle Vbp equals l2bp hbp and the corresponding306

surface area Abp equals 2 l2bp + 4 lbp hbp. As a result, lbp can be expressed as a function of Vbp307

and Abp, namely lbp =
4 Vbp hbp

Abp hbp−2 Vbp
. Therefore, Equation 7 becomes:308

2 Tb =
4 Vbp hbp

Abp hbp − 2 Vbp
− lp (8)

where Vbp can be substituted for the sum of Vp and Vb. Furthermore, hbp is determined as309

hp + 2 Tb and lbp as lp + 2 Tb, analogous to the case of the spherical microplastic particle.310

Considering the expression for the surface area of a flattened cube described above, the311

equation for the required biofilm thickness on the surface of a thin film particle to induce312

settling in seawater is derived:313

2 Tb =
4(Vp + Vb) (hp + 2 Tb)

[2 (lp + 2 Tb)
2 + 4(lp + 2 Tb) (hp + 2 Tb)] (hp + 2 Tb)− 2 (Vp + Vb)

− lp (9)

This equation yields a fourth degree polynomial or quartic polynomial in Tb, where the314

physically meaningful solution was also calculated by using the extended mathematical Solve315

packages of Matlab R2018b.316

By varying dp and lp for the case of a spherical and a film microplastic particle respectively,317

two graphs were constructed that express the predicted biofilm thickness required to increase318

the density of the bio-fouled particle to a value of 1025 kg m−3 (i.e. the assumed density of319

seawater) in function of a measure of particle size, in particular dp or lp.320

Results and discussion321

Sinking behavior of typical microplastics. The volume-equivalent sphere diameter dp of322

the microplastics used in the sinking experiments ranged between 0.63 and 3.48 mm (Table 4).323
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HDPE particles originating from the cleansing-liquid bottles exhibited the largest particle324

size between 1.57 and 3.48 mm. The PET, PP, PS, PE (i.e. both beverage shrink wrap and325

food packages) and PVC microplastics had a particle size between 1.00 - 2.80 mm, 1.62 -326

2.61 mm, 1.25 - 2.13 mm, 0.63 - 1.98 mm and 0.64 - 1.61 mm, respectively. The terminal327

sinking velocity ut of the microplastics ranged from 5 to 105 × 10−3 m s−1, both extremes328

measured in water as medium, similar to the range reported by Kowalski et al. (2016).28329

The terminal sinking velocities of the microplastics were consistently lower than predicted330

by the reference law for spheres by Dietrich (1982)40 (Table 4). On average, the theoretically331

predicted values were 3 to 4 times greater than the measured values. The reason for this332

discrepancy lies in the fact that typical microplastics, as used in the sinking experiments, are333

not spherical. This clearly conflicts with the assumptions made in the reference law. Hence,334

particle shape is an important parameter strongly affecting the sinking behavior of typical335

microplastics. In particular, the sinking velocities of film and fibrous microplastics (i.e. the336

PE and PVC microplastics (Table 2), respectively, in this study, represented by the beverage337

shrink wrap, food packages and construction pipe pieces) are significantly suppressed by their338

shape considering that they deviate 3 to 7 times from the theoretical predictions for spheres.339

This indicates that the drag coefficient CD of film and fibrous microplastics will be higher340

compared to spherical or granular microplastics for a given particle Reynolds number Rep.341

Therefore, the importance of appropriately accounting for the shape of microplastics in342

order to quantitatively describe and predict their sinking behavior is confirmed. Given the343

number of distinct and irregular shapes of typical microplastics, assessing the shape descrip-344

tors in order to identify the most fitting ones is fundamental to the subsequent evaluation345

of shape-dependent drag models. Table 5 summarizes the results of the shape characteri-346

zation of the considered microplastics by means of the discussed shape descriptors. From347

these seven different shape descriptors, it is found that circularity χ makes a good distinc-348

tion between fibrous and non-fibrous microplastics considering that 85 % of the fibrous PVC349

particles have a circularity > 3 with an average of 6, while 100 % of the non-fibrous particles350
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Table 4: Summary of the results of the sinking experiments containing information about the
mass m (mg), density ρp (kg m−3), size dp (mm), measured sinking velocity ut,meas (mm s−1)
and theoretical sinking velocity ut,th (mm s−1) for spheres as proposed by Dietrich (1982)40
of the considered microplastic particles. Intervals indicate the minimum and maximum
observed values, respectively, of the particles associated with a particular plastic product
type.

Producta m (mg) ρp (kg m−3) dp (mm) ut,meas (mm s−1) ut,th (mm s−1)

BB 0.71 – 15.67 1370 ± 1.51 1.00 – 2.80 18.4 – 104.7 56.7 – 152.2
CLB 1.94 – 21.05 952 ± 0.85 1.57 – 3.48 23.6 – 47.8 51.7 – 114.6
FP 2.12 – 8.92 953 ± 1.18 1.62 – 2.61 26.1 – 44.3 53.4 – 88.7
FC 1.09 – 5.30 1054 ± 1.81 1.25 – 2.13 5.1 – 16.4 18.2 – 34.5
BSW 0.21 – 3.76 950 ± 20.18 0.76 – 1.98 7.0 – 19.9 38.5 – 103.0
FPS 0.13 – 1.63 1013 ± 15.70 0.63 – 1.45 4.5 – 9.1 21.3 – 65.8
CPP 0.20 – 3.11 1432 ± 0.63 0.64 – 1.61 8.0 – 24.8 21.9 – 59.9

aBB = Beverage bottles; CLB = Cleansing-liquid bottles; FP = Flowerpots; FC = Food Containers;
BSW = Beverage shrink wrap; FPS = Food packages; CPP = Construction pipe pieces

have a circularity < 3 with an average of 1.5. Next to circularity, also elongation e and aspect351

ratio ϕ are found to be appropriate shape descriptors to characterize the shape of fibrous352

microplastics since 90 % of the fibrous PVC particles have an elongation < 0.2 and an aspect353

ratio < 0.1, while 100 % of the non-fibrous particles have an elongation > 0.2 and an aspect354

ratio > 0.1. To distinguish film particles from non-film particles, it appears that sphericity Φ355

is a good shape descriptor considering that 90 % of the film PE particles have a sphericity <356

0.2 with an average of 0.1, while 96 % of the non-film particles have a sphericity > 0.2 with357

an average of 0.5. The flatness shape descriptor F is also found to be suitable to characterize358

film particles since 98 % of the film PE particles have a flatness < 0.1 with an average of359

0.03, while 89 % of the non-film particles have a flatness > 0.1 with an average of 0.3. The360

Corey Shape Factor CSF is not able to distinguish between film and fibrous microplastics361

(i.e. no significant difference is found between the correlation of the CSF of film and fibrous362

microplastics), but successfully differentiates them from the granular microplastics (i.e. the363

PET, HDPE, PP and PS microplastics in this study (Table 2)) considering that 98 % of the364

film and fibrous particles have a Corey Shape Factor < 0.05 with an average of 0.04, while365
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95 % of the granular particles have a Corey Shape Factor > 0.05 with an average of 0.2.366

The Powers Index P is significantly lower for fibrous particles compared to the non-fibrous367

particles, but does not display any meaningful characterization to successfully differentiate368

different shapes (i.e. no significant differences in correlation are found between the Powers369

Index values of the different shape classes). The latter shape descriptor is particularly prone370

to error considering that it requires visual comparison with a preset number of images. In-371

terestingly, no shape descriptor seems to be able to adequately characterize and differentiate372

all included particle shapes. Only sphericity Φ appears to properly distinguish granular, film373

and fibrous particles from each other to some extent: 75 % of the film PE particles have a374

sphericity < 0.15, 75 % of the fibrous PVC particles have a sphericity between 0.15 and 0.40,375

and 70 % of the granular particles have a sphericity > 0.40.376

Table 5: Summary of the shape characterization of the considered microplastic particles by
means of the dimensionless shape descriptors discussed in this study: Corey Shape Factor
(CSF), Powers Index (P), sphericity (Φ), circularity (χ), aspect ratio (ϕ), flatness (F) and
elongation (e). Intervals indicate the minimum and maximum observed values, respectively,
of the particles associated with a particular plastic product type.

Producta CSF P Φ χ ϕ F e

BB 0.071 – 0.832 1.32 – 3.00 0.22 – 0.97 1.130 – 1.890 0.21 – 0.89 0.092 – 0.879 0.336 – 0.961
CLB 0.110 – 0.364 1.26 – 2.28 0.43 – 0.87 1.274 – 1.815 0.18 – 0.54 0.155 – 0.621 0.284 – 0.939
FP 0.120 – 0.271 1.20 – 4.68 0.43 – 0.90 1.227 – 1.852 0.22 – 0.55 0.144 – 0.477 0.311 – 0.897
FC 0.042 – 0.113 1.14 – 2.88 0.23 – 0.47 1.130 – 2.222 0.17 – 0.46 0.052 – 0.179 0.290 – 0.870
BSW 0.012 – 0.048 1.08 – 2.10 0.10 – 0.28 1.250 – 2.146 0.12 – 0.45 0.015 – 0.069 0.233 – 0.872
FPS 0.004 – 0.061 1.08 – 2.82 0.04 – 0.14 1.163 – 2.174 0.14 – 0.41 0.006 – 0.120 0.261 – 0.818
CPP 0.021 – 0.162 0.42 – 1.38 0.16 – 0.58 1.761 – 14.286 0.02 – 0.20 0.075 – 0.733 0.030 – 0.341

aBB = Beverage bottles; CLB = Cleansing-liquid bottles; FP = Flowerpots; FC = Food Containers;
BSW = Beverage shrink wrap; FPS = Food packages; CPP = Construction pipe pieces

The aim of these shape descriptors is to effectively and conveniently quantify the shape of377

a particle so that they can be part of an empirical equation to describe and predict the sinking378

behavior of non-spherical particles, such as typical microplastics, in different fluids. Deriving379

such shape-dependent empirical equations has been done by many different scientists, each380

for a particular type or range of particles, but seldom for microplastics. In the next section,381

we investigate whether these empirical drag models are applicable to typical microplastics382
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and if so, which drag model performs best.383

Determination of best-available drag model for microplastics. The particle384

Reynolds numbers Rep of the microplastics used during the sinking experiments ranged from385

1 to 300, which corresponds to a non-laminar flow regime considering that Rep does not drop386

below 1.25 The latter is important considering that particle shape affects the terminal sink-387

ing velocity ut in a laminar flow regime only marginally.25 This explains the similar trend of388

standard drag curves in the laminar region when comparing different shape-dependent drag389

models. A standard drag curve gives the relationship between the drag coefficient and the390

particle Reynolds number. Based on the average error AE and the root mean squared error391

RMSE, the drag model of Dioguardi et al. (2018) is found to best fit the dataset from the392

11 different evaluated shape-dependent drag models (Table 6). The average error of 13.20 %393

indicates that on average the deviation of the theoretical sinking velocity predicted by the394

drag model equals 13.20 % of the measured sinking velocity. This deviation is comparable to395

the performance of drag models within their field of application.37 The RMSE is an absolute396

measure of fit of the model to the applied dataset that indicates the standard deviation of397

the unexplained variance. As a result, a low value of the RMSE corresponds to a good fit.398

The shape factor Ψ used in the drag model of Dioguardi et al. (2018) (Table 3) is defined399

by the quotient of the shape descriptor sphericity Φ divided by the shape descriptor circu-400

larity χ. This is in alignment with our previous findings which indicated that sphericity is401

a good shape descriptor to characterize film microplastics and partially distinguish between402

the different geometries of microplastics, and that circularity is a good shape descriptor to403

characterize fibrous microplastics.404

So far, no other studies used different types of real plastic waste samples to investigate the405

effects of particle properties on the sinking behavior of microplastics. Particularly films are406

interesting, with a distinct shape and accounting for an important fraction of microplastic407

pollution in marine sediments.50–55 It is found that including films in the analysis, signifi-408

cantly impacts the results related to the best-available drag model. To illustrate, the most409
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Table 6: Overview of the average error (AE) and root mean square error (RMSE) values of
11 different drag models used to compare and evaluate their performance with respect to the
microplastic dataset assembled in this study.

Drag model author(s) AE [%] RMSE

Dietrich (1982)a 19.43 28.46
Haider et al. (1989) 23.30 30.89
Swamee et al. (1991) 17.44 27.08
Ganser (1993) 20.11 25.75
Dellino et al. (2005) 23.88 30.61
Pfeiffer et al. (2005) 48.46 59.78
Camenen (2007) 29.09 33.04
Dioguardi et al. (2015) 32.49 40.20
Bagheri et al. (2016) 21.44 26.22
Dioguardi et al. (2018) 13.20 19.09
Waldschläger et al. (2019) 29.92 38.32

aThe corresponding drag model was applicable to only 30 % of the data

recent shape-dependent drag model by Waldschläger et al. (2019),30 which is a function of410

CSF as single shape descriptor, performs below average as can be seen from Table 6, despite411

its unique focus on microplastics. This can be explained by recalling that sphericity Φ is a412

good shape descriptor to distinguish films from non-film particles and that the Corey Shape413

Factor CSF is inadequate to make a distinction between film and fibrous particles whereas it414

is able to successfully differentiate them from the other granular particles. In addition, it was415

concluded that besides sphericity Φ, no shape descriptor is able to adequately characterize416

all particle shapes. However, when excluding films from the dataset, the model performance417

of the expressions by Waldschläger et al. (2019) reaches the top three of the evaluated drag418

models, i.e. from an AE of 29.92 % to 25.95 %, while the performance of the model by419

Dioguardi et al. (2018)37 remains relatively stable, i.e. from an AE of 13.20 % to 14.90420

%. Furthermore, Waldschläger et al. (2019) propose two different expressions to distinguish421

between granular (i.e. pellets and fragments) and fibrous particles by means of CSF, which422

corresponds to our findings regarding that particular shape descriptor.423

In general, all the other shape-dependent drag models used for comparison in this study424
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(Figure 1) perform inferior to the model proposed by Dioguardi et al. (2018).37 In addition,425

it can be seen from Figure 1d that the performance of the drag model by Waldschläger et al.426

(2019),30 represented by the solid yellow line at the bottom of the graph, significantly drops427

for film particles to a corresponding AE of 39.80 %. In contrast, the drag model by Bagheri et428

al. (2016)47 performs particularly well when applied to film particles exclusively, approaching429

the best performance of the model by Dioguardi et al. (2018) with an AE of 8.76 % versus430

8.50 %. Scatter plots of the measured terminal sinking velocity ut,meas versus the terminal431

sinking velocity predicted by the drag models ut,calc visually illustrate their performance (SI6432

of the Supporting Information). The scatter plot of the drag model proposed by Dioguardi433

et al. (2018) is given in Figure 2. Note that the trendline is constructed by means of434

linear regression and is forced through the origin. Therefore, the corresponding equation is435

of the type y = ax. Consequently, the performance of the drag models can be evaluated436

based on the ability to reproduce the measured terminal sinking velocities, rather than solely437

from the correlation coefficient R2. In that regard, the best possible fit is associated with R2
438

approximating a value of 1 and a trendline equation given by y = x. The drag model proposed439

by Dioguardi et al. (2018) shows a high correlation coefficient (R2 = 0.96) with y = 0.99 x,440

which indicates an excellent model performance for the considered dataset with a slight441

tendency to underestimate the actual terminal sinking velocities. This tendency is for the442

most part attributed to the fibrous microplastics included in the dataset. Thus, it appears443

that the drag model consistently underestimates the terminal sinking velocity of fibrous444

microplastics, but predicts the terminal sinking velocity of granular and film microplastics445

very well (Figure 2).446

Potential contribution of biofouling to the sinking behavior of floating mi-447

croplastics. The predicted required thickness of a biofilm Tb on the surface of a floating448

microplastic particle in order to increase its density to where it matches the density of the449

surrounding seawater is represented as a function of particle size in Figure 3. In the case450

of the spherical microplastic particle, the measure of particle size is its diameter dp, while451
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(a) (b)

(c) (d)

Figure 1: Settling velocity of microplastic particles as a function of particle diameter. The
solid grey line represents the reference law for spheres proposed by Dietrich et al. (1982).
The colored solid lines represent the shape-dependent drag laws evaluated in this study cal-
culated for the average corresponding shape descriptors as example. Subfigures are included
to distinguish between the two different liquid media used during the experiments and ad-
ditionally isolate film particles from the dataset. (a) Representation of all measurements
conducted in this study. (b) Representation of the measurements conducted in water as
liquid medium. The corresponding particles show an average density of 1285 kg m−3 and the
following average values for the shape descriptors: CSF = 0.152, P = 1.515, Φ = 0.374, χ
= 0.551, ϕ = 0.275, F = 0.239 and e = 0.434. (c) Representation of the measurements
conducted in ethanol as liquid medium, excluding film particles. The corresponding parti-
cles show an average density of 953 kg m−3 and the following average values for the shape
descriptors: CSF = 0.202, P = 1.775, Φ = 0.606, χ = 0.672, ϕ = 0.336, F = 0.288 and e =
0.527. (d) Representation of the measurements regarding film particles. The corresponding
particles show an average density of 982 kg m−3 and the following average values for the
shape descriptors: CSF = 0.018, P = 1.563, Φ = 0.126, χ = 0.624, ϕ = 0.267, F = 0.026
and e = 0.522.
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Figure 2: Scatter plot of ut,calc versus ut,meas to evaluate the terminal sinking velocity pre-
dicted by the shape-dependent drag model proposed by Dioguardi et al. (2018)37 applied to
the microplastic dataset assembled in this study. The dotted grey line represents the linear
regression line of the type y = ax with R2 the corresponding correlation coefficient. Black
squares represent granular particles, green dots film particles and orange triangles fibrous
particles as parts of the dataset.

in the case of the film microplastic particle, which is represented by a flattened cube with452

a fixed thickness hp of 40 µm, the used measure of particle size is its side lp. For spherical453

microplastic particles, the required biofilm thickness is predicted to increase linearly with454

the particle diameter following Tb = 0.88 dp (R2 > 0.99). Consequently, it is expected that455

a spherical microplastic particle with density ρp = 925 kg m−3 and diameter dp = 20 µm456

requires a biofilm thickness Tb of at least 18 µm to induce settling in seawater as a result457

of density-modification, while a similar particle with diameter dp = 2.0 mm would require a458

biofilm thickness Tb of at least 1.8 mm. For film microplastic particles with thickness hp = 40459

µm and density ρp = 925 kg m−3, the required biofilm thickness Tb increases logarithmically460

with the particle side lp. Considering the microplastic size range, it is found that a biofilm461

thickness Tb = 35 µm will induce settling of a film microplastic particle, irrespective of the462

length of its sides lp.463

Predicting the average thickness of a marine biofilm is challenging considering that it464
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Figure 3: Graphical representation of the predicted biofilm thickness Tb required to increase
the density of a microplastic particle with ρp = 925 kg m−3 to match the density of seawater
(i.e. 1025 kg m−3). Two plots are provided with Tb versus dp (i.e. particle diameter) for a
spherical microplastic particle (left) and Tb versus lp (i.e. flattened cube side) for a thin film
microplastic particle with a fixed thickness hp = 40 µm (right). Biofilm thickness values that
are assumed to be realistic are highlighted in green, while biofilm thickness values that are
assumed to be unlikely to occur in the marine environment are highlighted in red.

depends, among others, on medium composition, substrate nature, present microbial strains465

and physicochemical properties of the surrounding seawater.56 For instance, the rate of466

biofouling is typically higher close to the shore and decreases with increasing depth, while467

temperature and seasonal changes affect the composition of the corresponding biofilm.56468

In addition, biofilm thickness is generally not homogenous. However, based on existing469

literature, it is assumed that an average marine biofilm has a thickness ranging from roughly470

1 to 500 µm.56–60 This suggests that spherical microplastics with density ρp = 925 kg m−3
471

and a diameter dp larger than approximately 600 µm are unlikely to reach an average bio-472

fouled density of 1025 kg m−3 as a direct result of marine biofouling. To illustrate, common473

plastic resin pellets are typically 1 to 5 mm in diameter. However, it is found that small474

microplastics (i.e. < 1 mm) represent an important fraction (i.e. 35 to 90 %) of all marine475

microplastics.61–65 Furthermore, it appears that biofouling is able to increase the average476

bio-fouled density of all film microplastic particles with a thickness of 40 µm and a density477

of 925 kg m−3 to where it reaches the density of the surrounding seawater, which is assumed478

to be 1025 kg m−3. In addition, many rigid plastic applications such as trays and bottles479
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generate primarily film-alike microplastics (i.e. the longitudinal axis is significantly greater480

than the thickness axis). These findings potentially explain why more than 90 % of marine481

microplastics accumulate on the seabed5,6 despite the fact that approximately 60 % of the482

total worldwide plastic production is associated with plastic types having a density smaller483

than 1025 kg m−3.1 Yet other processes such as the phenomenon of marine snow can also484

contribute to the sinking behavior of floating microplastics9 but are less relevant to consider485

in the case of remediation. Furthermore, biofouling could induce bioflocculation, which in486

turn may affect the sinking behavior by increasing particle size or altering particle density487

among other factors.66 Experiments to confirm this hypothesis could be interesting for future488

research.489

Polarity of marine plastics. Contact angle measurements of the blanco plastic sheets490

lie within the range of 70 to 100 ° (Table 7), which is in accordance with existing litera-491

ture.22,23,67,68 This indicates that the polarity of plastic is situated near the boundary point492

between hydrophilic (i.e. water contact angle < 90 °) and hydrophobic (i.e. water contact493

angle > 90 °) behavior. The water contact angles of the six different blanco PP consumer494

products were very similar yet significantly lower compared to the pure PP sheets, namely495

on average 81 ° for the consumer products versus 96 ° for the sheets. This suggests that ad-496

ditives such as colorants or surface treatments such as printing inks have a tendency to make497

the surface of a plastic product more hydrophilic. The bio-fouled plastic surfaces displayed498

a consistent and significant drop in water contact angle towards values between 30 and 40 °499

(Table 7). It also appears that the contact angle of bio-fouled plastic sheets is independent of500

the plastic type (Table 7). The water contact angles of the bio-fouled PP consumer products501

were again very similar with an average of 34 °, which lies within the range of the bio-fouled502

PP plastic sheets. Hence, the addition of additives such as colorants appears to have little503

effect on the contact angle of bio-fouled plastics. Therefore, it is expected that biofouling504

will cause microplastics to exhibit an increased hydrophilic behavior and thus more difficult505

to separate from a sediment mixture.506
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Table 7: Summary of the water contact angle measurements performed on pure plastic sheets
derived from the extrusion of the corresponding pellets, both on blanco plastic sheets and
after adequate biofouling. This to examine the effect of marine biofouling on the polarity of
plastics.

Plastic type Water contact angle θ (°)

Blanco Bio-fouled

LDPE 90.0 ± 2.6 32.3 ± 2.3
HDPE 81.3 ± 2.7 31.8 ± 2.2
PVC 71.5 ± 2.7 31.2 ± 1.8
PET 73.3 ± 1.0 32.4 ± 2.9
PS 83.3 ± 1.1 33.3 ± 2.5
PP 96.1 ± 1.2 35.4 ± 2.7

Implications for remediation of microplastics. Our findings regarding the sinking507

behavior of typical microplastics contain fundamental information to predict the perfor-508

mance of potential remediation techniques for microplastics. In particular, the identified509

best-performing drag model may be used to quantitatively estimate the recovery rate of510

microplastics and compare it to the recovery rate of sediment particles in a sedimentation511

technique such as centrifugal separation. Typically, particles are assumed to be spherical512

when evaluating such solid-liquid separation techniques since characterizing particle shape513

is often time-consuming and/or the impact on the separation performance is assumed to514

be negligible. However, here we highlight the importance of including a measure of par-515

ticle shape when evaluating sedimentation techniques for the remediation of microplastics.516

This because reported particle shapes of microplastics strongly deviate from spheres26,27 and517

typical microplastic particle shapes were found to significantly affect the sinking behavior:518

decreasing the terminal sinking velocity by a factor 3 to 4 on average. By means of compar-519

ison, accounting for the significant difference in density between sediment (i.e. 2400 kg m−3
520

– 2700 kg m−3) and microplastic particles (i.e. 890 kg m−3 – 1450 kg m−3) typically decreases521

the terminal sinking velocity by a factor 2 to 3. Hence, it can be seen that particle shape522

is not be overlooked when evaluating separation technologies in the context of microplastic523

remediation as it typically affects the terminal sinking velocity of microplastics even more524
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than the change in density compared to traditional sediment particles. Furthermore, by525

adopting real plastic waste samples, including films, the identified drag model allows for a526

more accurate prediction of the microplastic recovery rate of various remediation techniques.527

Analysis of marine biofouling on the surface of plastics indicated that bio-fouled mi-528

croplastics will become more hydrophilic compared to unfouled microplastics. Hence, it is529

found that biofouling closes the difference in polarity between sediment and microplastic530

particles. Froth flotation techniques make use of the difference in polarity between solids to531

separate the most hydrophobic particles from the mixture in a froth layer by selectively ad-532

hering air bubbles to the surface of the particles. Consequently, (froth) flotation techniques533

become less attractive as potential remediation techniques when dealing with bio-fouled mi-534

croplastics, unless the installation provides a sufficient amount of friction to (partly) detach535

the corresponding biofilms from the surface of the bio-fouled microplastics. The latter is ex-536

pected to occur during the pumping stage of the sediment mixture (as part of the remediation537

process) due to the rather low adhesion of the biofilms to the plastic surfaces experienced538

during the biofouling experiments. Nevertheless, the degree of biofilm-detachment associated539

with marine sediments polluted with (micro)plastics requires further research.540

In summary, centrifugal separation and (froth) flotation appear to be promising remedi-541

ation techniques for the removal of microplastics from marine sediments, taking into account542

the aforementioned complexity with respect to particle shape and biofouling. The effect of543

particle shape on the remediation process can be evaluated using the drag model of Dioguardi544

et al. (2018) identified in this study. Biofouling potentially increases the (average) density545

of microplastics and induces a dominant hydrophilic polarity to the microplastics’ surfaces.546

As a result, biofouling diminishes the difference in density between microplastics and sed-547

iment particles, which is particularly unfavorable for centrifugal separation as remediation548

technique, and closes the difference in polarity between microplastics and sediment particles,549

which is particularly unfavorable for (froth) flotation as remediation technique. Hence, the550

development of a large-scale sediment remediation technique for microplastics will prove to551
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be challenging. However, considering the undeniable benefit such a technique can bring to552

our environment on a global scale, this study seeks to drive research into the remediation of553

microplastics by sharing scientific reflections dedicated to this matter.554

General discussion The main objective of this paper was to provide new fundamen-555

tal insights into the characteristics and sinking behavior of typical microplastics including556

the potential effects of biofouling with the aim to support the development of large-scale557

remediation of marine microplastics. To that end, four subobjectives were aimed at.558

First, the sinking behavior of typical microplastics originating from real plastic waste559

samples was analyzed, including films in particular. This confirmed the importance of parti-560

cle shape and identified appropriate shape descriptors to quantitatively characterize the most561

frequently occurring microplastic shapes. We found that the terminal sinking velocity of typ-562

ical microplastics is on average 3 to 4 times smaller than predicted by the reference law for563

spheres, and up to 7 times smaller for fibrous microplastics particularly. Circularity is found564

to be an appropriate shape descriptor to distinguish fibrous microplastics from non-fibrous565

microplastics and sphericity is found to be an appropriate shape descriptor to distinguish film566

microplastics from non-film microplastics. In general, sphericity (as defined in this study)567

appears to be a recommended shape descriptor to include in the shape characterization of568

typical microplastics.569

Second, the best-available, shape-dependent drag model for typical microplastics was570

experimentally identified, providing fundamental information for the exploration of potential571

remediation techniques. The drag model of Dioguardi et al. (2018)37 is concluded to be the572

most accurate with respect to typical microplastics and can therefore be used to theoretically573

predict and evaluate the separation performance of potential remediation techniques.574

Third, the effects of biofouling on the characteristics of microplastics were examined575

indicating the potential impact of biofouling on the remediation and fate of microplastics.576

Biofouling is found to render plastic surfaces more hydrophilic, this is from a water contact577

angle between 70 and 100 ° to a water contact angle between 30 and 40 °, making them578
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more difficult to separate from sediment mixtures based on polarity. Marine biofouling is579

also found to be a potential contributor to the settling motion of low-density microplastics580

(i.e. intrinsically floating in seawater), in particular of film microplastics.581

And fourth, a reflection was presented on the direct implications of our findings for582

the remediation of marine microplastics, demonstrating the opportunities to technologically583

answer the global microplastic accumulation issue, yet highlighting the associated difficulties.584

Hence, this study serves as an important step in the development of large-scale remediation585

techniques for the removal of microplastics from marine sediments.586
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