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Abstract

Microplastic particles are ubiquitous pollutants in the marine environment, predominantly (i.e. > 90 %)
accumulating in sediments worldwide. Numerous studies on sources, occurrence and potential impact of
marine microplastics have been published, yet research on remediation is lacking. The aim of this work was
to identify, develop and optimize a separation technique that isolates microplastics from marine sediments,
while aspiring a synergy with the dredging industry. To that end, an explorative review of potential separa-
tion techniques was established. Based on this review as well as on a qualitative and quantitative character-
isation of the target mixture of sediment and microplastic particles, two promising separation technologies
were selected, namely centrifugal sedimentation and froth flotation. In order to appropriately evaluate their
separation performance, the sinking behaviour of microplastic particles obtained by fragmentation of mu-
nicipal plastic waste products was experimentally examined, and the drag model that best accounts for the
particularly irregular shape of the corresponding particles was identified. In addition, the effect of marine
biofouling on the surface of different plastic types was analyzed.

Separation by means of centrifugal sedimentation is concluded to be a potentially effective sediment
remediation technique for low-density microplastics (i.e. floating in seawater) but appears ineffective for
high-density microplastics (i.e. non-floating in seawater) based on theoretical calculations regarding a de-
canter centrifuge. These calculations included the newly identified drag model, which illustrates that both
sphericity and circularity are essential shape descriptors to account for the different shape classes of mi-
croplastics such as spheres, fibres and foils. Moreover, the decanter grade efficiency curves of sediment and
high-density microplastics revealed that centrifugal sedimentation seems to be an inappropriate separation
technique for the remediation of high-density microplastics from marine sediments. This is primarily due to
the significant overlap of the inherent particle diameter ranges of sediment and high-density microplastics,
which can not be compensated by their considerable difference in density. On the other hand, successful re-
mediation is expected for low-density microplastics. However, the phenomenon of marine biofouling might
reverse this prediction for low-density microplastics in case the biofilms would not detach from the surface
of bio-fouled microplastics during the separation process. This implies that in case low-density microplas-
tics end up on the seabed due to density-modification caused by marine biofouling, the initial density must
be restored during centrifugal operation to achieve successful remediation.

With respect to froth flotation, a novel installation is proposed and constructed primarily based on the
principles of a cyclonic-static microbubble flotation column (FCSMC) applied in the mining industry. A
microplastic recovery rate > 95 % is experimentally derived for high-density microplastics with a diameter
> 2 mm from sediment mixtures associated with the mud fraction (i.e. particle size < 63 µm) or the sand
fraction (i.e. particle size between 63 µm and 2 mm) at a concentration of 1000 microplastic particles/kg sed-
iment. The corresponding sediment entrainment is independent of the microplastic concentration and equals
less than 0.15 m% for the sand fraction, yet increases to approximately 5 m% for the mud fraction. For a
concentration of 100 microplastic particles/kg sediment, which corresponds to the global average concen-
tration of intertidal sediments, a microplastic recovery rate of approximately 85 % is found for high-density
microplastics. With respect to low-density microplastics, a consistent recovery rate of 100 % is obtained.
The results from the biofouling analysis show that bio-fouled microplastics shift from hydrophobic to hy-



drophilic behaviour (i.e. from contact angles > 90° to < 90°), which is undesirable for separation by means
of froth flotation. However, it is hypothesized that the corresponding biofilms will detach from the surface
of the microplastics during the separation process, similarly as assumed in the calculations regarding the
decanter centrifuge. Further research is required to experimentally examine the effect of marine biofouling
on the microplastic recovery rate of the novel flotation installation and evaluate its separation performance
in more detail.

The findings presented in this thesis provide fundamental information about the sinking behaviour of
representative microplastics and their most appropriate shape descriptors. As a result, the first extensive
evaluation of different drag models was performed and identified the shape-dependent drag law that best
predicts the settling velocity of microplastic particles. Furthermore, the unknown effect of marine biofouling
on the surface chemical properties of plastics was analyzed. These results are of paramount importance to
understand the dynamic behaviour and fate of microplastic particles in the marine environment, and might
serve as a stepping stone towards the development of promising remediation techniques, as demonstrated in
this work with the design of the novel flotation installation.

To conclude, this thesis illustrates that successful remediation of microplastics from marine sediments is
possible, yet further research is required to experimentally evaluate large-scale applications. Therefore, this
work might serve as the foundation to trigger the development of innovative solutions to answer the global
microplastic accumulation issue. In addition, the recognition of a potential synergistic collaboration with
the dredging industry might act as a catalyst for short-term international remediation operations to help cope
with the growing concerns about marine microplastic pollution.



Samenvatting

Microplastic deeltjes zijn alomtegenwoordige verontreinigende stoffen in het mariene milieu, die zich wereld-
wijd hoofdzakelijk (> 90 %) ophopen in sedimenten. Talrijke studies omtrent de oorsprong, het voorkomen
en de potentiële impact van mariene microplastics zijn reeds gepubliceerd, echter onderzoek naar de reme-
diatie ervan ontbreekt. Het doel van dit werk was het identificeren, ontwikkelen en optimaliseren van een
scheidingstechniek die microplastics isoleert van mariene sedimenten en tegelijkertijd een synergie met de
baggerindustrie beoogt. Daartoe werd een verkennend onderzoek naar potentiële scheidingstechnieken ge-
realiseerd. Op basis van deze beoordeling alsook van een kwalitatieve en kwantitatieve karakterisering van
het doelmengsel van sediment en microplastic deeltjes, werden twee veelbelovende scheidingstechnologieën
geselecteerd, namelijk centrifugale sedimentatie en schuimflotatie. Om hun scheidingsprestatie op gepaste
wijze te evalueren, werd het bezinkingsgedrag van microplastic deeltjes, die verkregen werden door frag-
mentatie van gemeentelijk plastic-houdend afval, experimenteel onderzocht en werd het drag model dat het
best de bijzonder onregelmatige vorm van deze deeltjes kwantificeert, geı̈dentificeerd. Daarnaast werd ook
het effect van mariene biofouling op het oppervlak van verschillende plastic soorten geanalyseerd.

Scheiding door middel van centrifugale sedimentatie blijkt een potentieel effectieve sediment remediatie
techniek te zijn voor lage-dichtheid microplastics (i.e. drijvend in zeewater), maar niet voor hoge-dichtheid
microplastics (i.e. niet-drijvend in zeewater) op basis van theoretische berekeningen met betrekking tot een
decanter centrifuge. Deze berekeningen omvatten het nieuw geı̈dentificeerde drag model, welke aantoont
dat zowel sfericiteit als circulariteit essentiële vormfactoren zijn voor het beschrijven van de verschillende
vormklassen van microplastics, zoals bollen, vezels en folies. Daarnaast onthulden de decanter grade effi-
ciency curves van sediment en hoge-dichtheid microplastics, dat centrifugale sedimentatie niet geschikt is
voor de remediatie van deze hoge-dichtheid microplastics uit mariene sedimenten. Dit is voornamelijk te
wijten aan de significante overlap van de inherente partikeldiameter ranges van sediment en hoge-dichtheid
microplastics, welke tevens niet gecompenseerd kan worden door hun aanzienlijk verschil in dichtheid. An-
derzijds wordt voor lage-dichtheid microplastics wel een succesvolle remediatie verwacht. Echter, het natu-
urlijk fenomeen van mariene biofouling kan deze verwachting voor lage-dichtheid microplastics omkeren
in het geval dat de biofilms tijdens het scheidingsproces niet zouden loskomen van het oppervlak van bio-
fouled microplastics. Dit houdt in dat wanneer lage-dichtheid microplastics op de zeebodem terechtkomen
als gevolg van dichtheidsmodificatie veroorzaakt door mariene biofouling, de initiële dichtheid moet worden
hersteld tijdens centrifugatie om succesvolle remediatie te bereiken.

Met betrekking tot schuimflotatie is een nieuwe installatie voorgesteld en opgebouwd die hoofdzakelijk
gebaseerd is op de werkingsprincipes van een cyclonic-static microbubble flotatiekolom (FCSMC) toegepast
in de mijnindustrie. Een microplastic recuperatiegraad > 95 % is experimenteel bepaald voor hoge-dichtheid
microplastics met een diameter > 2 mm voor sedimentmengsels behorende tot de modderfractie (i.e. par-
tikelgrootte < 63 µm) of de zandfractie (i.e. partikelgrootte tussen 63 µm en 2 mm) bij een concentratie
van 1000 microplastic deeltjes/kg sediment. Het overeenkomstig percentage aan sediment entrainment is
onafhankelijk van de microplastic concentratie en blijkt minder dan 0.15 m% voor de zandfractie, maar
neemt toe tot ongeveer 5 m% voor de modderfractie. Voor een concentratie van 100 microplastic deelt-
jes/kg sediment, hetgeen overeenkomt met de gemiddelde globale concentratie in intergetijde sedimenten,



is een microplastic recuperatiegraad van ongeveer 85 % vastgesteld voor hoge-dichtheid microplastics. Wat
betreft lage-dichtheid microplastics, wordt een consistente recuperatiegraad van 100 % verkregen. De re-
sultaten van de biofouling analyse tonen aan dat bio-fouled microplastics verschuiven van hydrofoob naar
hydrofiel gedrag (i.e. van contacthoeken > 90° naar < 90°), hetgeen ongewenst is voor scheiding met
behulp van schuimflotatie. Er wordt echter verondersteld dat de overeenkomstige biofilms tijdens het schei-
dingsproces loskomen van het oppervlak van de microplastics, naar analogie met de gestelde aannames in
de berekeningen van de decanter centrifuge. Verder onderzoek is vereist om het effect van mariene biofoul-
ing op de microplastic recuperatiegraad van de nieuwe flotatie installatie experimenteel na te gaan en de
scheidingsprestatie uitvoeriger te evalueren.

De bevindingen gepresenteerd in deze thesis bieden fundamentele kennis over het bezinkingsgedrag van
representatieve microplastics en over hun meest geschikte vormfactoren. Bijgevolg kon de eerste exten-
sieve evaluatie van verschillende drag models worden uitgevoerd die de vormafhankelijke drag law identi-
ficeerde welke het best de bezinkingssnelheid van microplastic deeltjes voorspelt. Bovendien werd het tot
noch toe ongekende effect van mariene biofouling op de chemische eigenschappen van plastic-oppervlakken
geanalyseerd. Deze resultaten zijn van cruciaal belang om het dynamische gedrag en het lot van microplastic
deeltjes in het mariene milieu te begrijpen. Daarnaast kunnen ze fungeren als een opstap naar de ontwikke-
ling van veelbelovende remediatie technieken, zoals aangetoond in dit werk met het ontwerp van de nieuwe
flotatie installatie.

Tot slot toont deze thesis aan dat succesvolle remediatie van microplastics uit mariene sedimenten
mogelijk is, doch verder onderzoek vereist is om grootschalige toepassingen experimenteel te evalueren.
Bijgevolg kan dit werk fungeren als basis voor de ontwikkeling van innovatieve oplossingen als antwoord
op de wereldwijde problematiek omtrent microplastic accumulatie. Bovendien kan de erkenning van een
potentiële synergetische samenwerking met de baggerindustrie een katalysator zijn voor korte-termijn in-
ternationale remediatie activiteiten om zodoende gevolg te geven aan de toenemende bezorgdheid omtrent
mariene microplastic verontreiniging.
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Introduction

The thriving story of the plastic industry finds its origin in the early 1900s with the development of the
first fully synthetic polymer, bakelite, by the Belgian-American chemist Leo Baekeland (Powers, 1993).
Further improvements in chemical technology during World War I and World War II set the dawn of mass
production in the 1950s. Henceforth, the die was cast for an extraordinarily rapid growth of global an-
nual plastic production, from 15 million tons in 1964 to 335 million tons in 2016 (MacArthur Foundation,
2016; PlasticsEurope, 2018). The widespread use of this man-made material found its way to an increasing
number of applications. Currently, the main market sectors are packaging (±40 %), building and construc-
tion (±20 %), as well as textiles (±15 %), followed by consumer and institutional products, transportation
and electrical and electronic equipment, each representing under 10 % of the global market share (Biron,
2013; PlasticsEurope, 2018). At present, an estimated 8.3 billion tons of virgin plastics are produced world-
wide since 1950. This remarkable trend led to approximately 6.3 billion tons of cumulative plastic waste
generated up to 2015. Of this, only a small portion is recycled or incinerated, while the dominant fraction
(79 %) is discarded and accumulating in landfills or the natural environment. Without improvement in waste
management, this fraction will contribute to roughly 12 billion tons of plastic waste by 2050 (Geyer et al.,
2017). In terms of the marine environment, current practices add approximately 12 million tons of plastic
every year of which the largest fraction (> 90 %) ends up on the seabed (Eunomia, 2016).

This inherent chain of events makes it reasonable to acknowledge that plastics form a permanent mark
of human presence on Earth. Several scientists are even convinced of plastics’ importance as a technofossil1

to be used as a practical indicator of the Anthropocene epoch (Zalasiewicz et al., 2016). A strong signal
revealing the persistent characteristics of plastic and the urge to recognize and act appropriately to the
global plastic accumulation issue. To that end, a growing awareness matured in the general public over
the past decade. In particular, the highlighted impact and concerns about the marine environment gave life
to numerous organizations making efforts to counteract the expanding accumulation of plastic litter. For
instance, the “Plastic Attack Days” initiative rapidly became a global movement since its modest kick-off in
London early 2018. Furthermore, the occurrence of “Beach Clean-ups” or “Coastal Clean-ups” rise every
year and gather more voluntary participants as their concept gains attention. Perhaps the most famous yet
arguable effort to solve the marine plastic accumulation is known as “The Ocean Clean-up” idealized by
the Dutch entrepreneur Boyan Slat. And the list goes on: “Beat the Microbead”, “Plastic-Free Tuesdays”,
“International Bag-Free Days”, and many more environmentally oriented initiatives. Distasteful pictures
of marine animals suffering the harsh consequences of marine litter are no longer an exception (Bergmann
et al., 2015). They serve as truthful, eye-catching tools aiding these organisations in their objective to raise

1The preservable material remains of the technosphere (Haff, 2014), driven by human purpose and transmitted cultural memory,
with the dynamics of an emergent system (Zalasiewicz et al., 2014).
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public awareness and obtain the necessary political and financial support. Hence, in addition to revealing
the drawbacks of a blooming plastic industry, the general recognition of the oceans as one of Earth’s most
valuable natural resources was rightfully emphasized. The oceans provide food sources, mineral sources,
energy sources, transportation possibilities, recreation opportunities, and act as a climate buffer as well as
an oxygen generator (European Union, 2018). They should under no circumstances operate as a sink for the
end-of-life stage of man-made materials.

This renewed understanding of the importance of the oceans gave life to the 6th Belgian spearhead-
cluster2 in June 2018. It was founded as a central organ joining the knowledge and expertise of government
institutions, scientific institutions and high-end companies. This Blue Cluster aims to boost innovative
projects that support the growth of the maritime sector in a sustainable way (De Blauwe Cluster, 2018).
Such blue growth initiatives, as labelled by the European Union in their policy to achieve the goals of
the Europe 2020 strategy, include ideas that encompass the marine plastic accumulation (European Union,
2017). In this regard, the ideal setting is shaped for the outset of this thesis dealing with the widespread
occurrence of marine microplastic particles and their frightening impact on marine life.

In recent years, new scientific interest led to numerous publications indicating the ubiquity of microplas-
tic particles, while the first reports proving their existence date back to the early 1970s (Carpenter and Smith,
1972; Moore et al., 2001; Thompson et al., 2004; Law et al., 2010; Claessens et al., 2011). Consequently,
the milestone is reached where the worldwide presence of microplastic particles, particularly in the marine
environment, is undeniable. Yet very little research is performed on the removal of these pollutants. To
that end, the objective of this thesis is to propose and engineer a technology that will separate, rather than
analyse, microplastic particles from marine sediment. In particular, dredged sediment is suggested as target
mixture. Since the displacement of sediment is part of the core business of dredging companies, this might
prove to be an economic opportunity and allow for an interesting synergy. Particularly, considering that
maintenance dredging in the Belgian coastal zone contributes annually to the relocation of approximately
10 million tons of dry material containing on average more than 4 trillion microplastic particles (Van den
Eynde et al., 2015; Claessens et al., 2011). This sediment is mainly originating from the harbours and access
channels of Zeebrugge, Ostend, Blankenberge and Nieuwpoort (De Brauwer et al., 2005). Combining those
routine dredging operations with an ingenious and efficient technique that successfully isolates microplastic
particles from the dredged mixture, holds an elegant and promising vision. This thesis entails that vision by
exploring, engineering and optimizing separation techniques by means of a theoretical and an experimental
approach.

2Demand-driven, large-scale innovation platform that stimulates the collaboration between companies, knowledge institutions
and government (triple-helix) to develop and implement long-term strategies regarding important domains within Flanders, which
are internationally oriented (VLAIO, 2018).
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Literature review

2.1 Plastics in general

2.1.1 Composition and production

Plastics are synthetic or semi-synthetic organic compounds, composed of a wide range of different polymers.
These polymers are usually formed from chains of carbon atoms which can be connected to other atoms such
as hydrogen, oxygen, nitrogen, chloride or sulphur (American Chemistry Council, 2005; Brazel and Rosen,
2012). Considering that plastics typically have a large molecular weight, this chain can easily consist of
thousands of chemical bonds often with repeated characteristic groups of atoms. These groups are called
repeating units and are not to be confused with monomers, which refer to the molecule(s) from which a
polymer is synthesized (Figure 2.1). The polymer itself is classified as a thermoplastic when its atom-
connections result in a linear or branched long chain, and is classified as a thermoset when its connections
establish a two- and three-dimensional network (Ebewele, 2000). A more commonly used term for the long
chain is the backbone of the polymer. In case this backbone exhibits a continuous link of carbon-to-carbon
atoms, the structure is called homogenous. Heterogenous structures contain intermittent interruptions of
the backbone carbon atoms by other atoms such as oxygen or nitrogen. In addition, a distinction is made
between polymers consisting of identical monomers, namely homopolymers, and polymers produced by
combining distinctive monomers, called copolymers (Ebewele, 2000; Brazel and Rosen, 2012). All these
diversifications, together with the possibility of attaching different elements to the backbone as side-chains
(e.g. fluorine addition in Teflon) and many more, permit the generation of tailor-made plastics with the
desired properties and modify the intrinsic production process (Nicholson, 2017).

0

BBBBBB@
C

H

H

C

H

H

1

CCCCCCA

n

Monomer (of ethylene)

0

BBBBBB@
C

H

H

C

H

H

1

CCCCCCA

n

Repeating unit (of polyethylene)

Figure 2.1: The structural difference between monomers and repeating units.
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The monomers utilized in the polymer or plastic production typically originate from petroleum, natural
gas or coal. Routine manufacturing of plastics knows its outset with the distillation of crude oil in an oil
refinery, as visually illustrated in Figure 2.2. This brings about different fractions of hydrocarbon mixtures
with distinguishable chain size and structure. A reasonable illustrative sequence of the separated fractions
with increasing boiling point starts with methane, ethane, propane, butane on through to naphtha, gasoline,
kerosene, diesel, light mineral oils, heavy oils and paraffins to end with asphaltenes and carbon coke. The
main raw material in plastic industry is naphtha that is subsequently treated in a steam cracker, where it is
heated to very high temperatures (850°C) in the presence of water vapour. This reduces the molecular weight
of the hydrocarbons and results in olefins (e.g. ethylene and propylene) and aromatics (e.g. benzene, toluene
and xylene) (Ulrich, 1988; Elias, 2003; Karak, 2009). Thereafter, two main catalyst-driven processes are
exploited, namely polyaddition and polycondensation. Polyaddition reactors are typically used with olefins
(i.e. unsaturated hydrocarbons) and a peroxide catalyst to link monomers together to form long polymer
chains and produce for instance polyethylene (PE), polystyrene (PS) or polyvinylchloride (PVC) without
by-products. The objective of the catalysts used during a polycondensation process consists of making
all monomers react with any adjacent monomer to form dimers. In the next stage, the dimers combine
to form trimers and so on. Unlike in the polyaddition process, there is the constant generation of by-
products (e.g. water) which have to be removed or recycled in order to produce the desired products in an
efficient and sustainable way. Polyesters and polyamides (i.e. nylons) are two plastic-types constructed by
polycondensation (Ebewele, 2000; Cowie and Arrighi, 2007; Nicholson, 2017).
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Figure 2.2: Conceptual illustration of the cradle-to-gate production process of plastic products
(Adapted from NOVA Chemicals, 2017).

Considering the success of plastics across different industries, the manufacturing process has to cope
with the versatile properties required for each individual application. To that end, additives can be incorpo-
rated to alter, improve or provide visual, mechanical, physical and chemical properties. Types of currently
used additives are among others antioxidants, colorants, foaming agents, plasticizers, lubricants, anti-stats,
antimicrobials and flame retardants (Saunders, 1988; Bolgar et al., 2015).

Prior to delivering finished end-products, the manufactured polymers need to undergo a sequence of
transformations (Figure 2.2). Afterwards, they will possess the colour, shape and precise properties ac-
cording to its final application. The polymers leaving chemical factories as a result of the polymerisation
reactions are usually shaped as granules, pellets or powders (Ebewele, 2000). This material can be subjected
to numerous processing methods as described by, among others, Richardson (1974); Weir (1975); Ebewele
(2000); Rosato et al. (2004) and NIIR Board of Consultants and Engineers (2006). Typically, an extruder
is an essential part of the transformation process. For instance, extrusion is a continuous process where the



2.1 PLASTICS IN GENERAL 5

plastic material is fed into a long, heated cylindrical chamber (i.e. the extruder), which is equipped with
one or two revolving screws. Melting of the plastic material is induced by the heat and the mechanical
action of the screw(s). The molten plastic is forced out through a small opening (i.e. the die), forming its
desired shape as it extrudes from the die. Subsequently, the material is cooled by immersion in water or by
feeding onto rollers or belts. It is applied to produce plastic films, sheets, profiles, tubes and pipes. Other
commonly applied transformation methods include injection moulding, blow moulding, rotational moulding
and thermoforming.

As specified above, the vast majority of manufactured plastics are derived from virgin fossil feedstock
claiming 6 % of the global oil consumption. Of this, approximately 50 % is utilized as material feedstock
while the other 50 % is assigned to fuel the manufacturing process. Since the use of crude oil by the plastic
industry is expected to increase equivalently to the growth of plastic production (i.e. 3.5 – 3.8 % annually),
the share of global oil consumption attributed to the plastic industry will increase significantly (MacArthur
Foundation, 2016). Notice the growth in overall oil demand is expected to increase by only 0.5 % annually
(IEA and OECD, 2015). By 2050, estimations predict that the plastic industry will claim 20 % of the total oil
consumption (MacArthur Foundation, 2016). This renders plastic products and their fate (Subsection 2.1.3)
strongly dependent on the fluctuating, unpredictable oil prices. According to analysts, low oil prices suggest
an economic advantage for manufacturing new plastic products rather than recycling the existing ones (WM,
2015).

2.1.2 Types and applications

The word plastic is derived from the Greek word plastikos which means “capable of being shaped or
moulded”. It relates to the physical property of plasticity which allows materials to be manipulated into
a variety of shapes. This characteristic implies a first important classification in the permanence of plastics,
namely the aforementioned diversification into thermoplastics and thermosets. When heat is applied to ther-
moplastics, their chemical composition remains identical thus allowing them to be transformed or moulded
repeatedly. This renders them mechanically recyclable and enables reprocessing. In contrast, an irreversible
chemical reaction takes place when heating thermosetting plastics during the shaping process, which makes
them unable to be re-melted or re-formed. Therefore, thermosets are more resistant to high temperatures,
but unsuitable for mechanical recycling (Ebewele, 2000; Nicholson, 2017).

A more familiar classification is given in Table 2.1 listing the different polymer types of plastic along
with their abbreviations, densities and some discussed characteristics. The seven largest non-fibre polymer
types according to the total worldwide primary plastic production up to 2015 are polypropylene (21.1 m%),
low density polyethylene (19.8 m%), high density polyethylene (16.1 m%), polyvinylchloride (11.8 m%),
polyethylene terephthalate (10.2 m%), polyurethane (8.4 m%) and polystyrene (7.7 m%). When taking
polyester, polyamide and acrylic fibres into account, this fraction mounts up to 18.3 m%, indicating the
significant share of fibrous polymers in the global primary plastic production (Geyer et al., 2017).

Each polymer type holds unique physical and chemical properties as summarized in Appendix Table A.1.
Due to this exceptional versatility, plastics are entrenched in nearly every industrial use sector as stated by
Geyer et al. (2017). Examples of common applications relating to the plastic types along with their corre-
sponding recycling codes are listed in Appendix Table A.2. Packaging industry is by far the largest indus-
trial use sector, with 35.9 % of the total worldwide market share. Five other dominant sectors are building
and construction (16.0 %), textiles (14.5 %), consumer and institutional products (10.3 %), transportation
(6.6 %) as well as electrical and electronic equipment (4.4 %) (Geyer et al., 2017).
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Table 2.1: Overview of the most common plastic types along with their corresponding abbreviation, density range,
chemical classification and prevailing polymerisation mechanism (Adapted from Andrady, 2011; Edmondson and

Gilbert, 2017).

Polymer type Abbreviation Density [kg/m3] Chemical
structure

Polymerisation
mechanism

Polypropylene PP 890 – 920 Thermoplastic Polyaddition
Low-density polyethylene LDPE 910 – 930 Thermoplastic Polyaddition
High-density polyethylene HDPE 930 – 970 Thermoplastic Polyaddition
Polyvinyl chloride PVC 1200 – 1700 Thermoplastic Polyaddition
Polyethylene terephthalate PET 1300 – 1400 Thermoplastic Polycondensation
Polyurethane PUR 870 – 1420 Thermoset

or thermoplastic
Polyaddition

Polystyrene PS 1040 – 1100 Thermoplastic Polyaddition
Polyamide PA 1020 – 1150 Thermoplastic Polycondensation
Polycarbonate PC 1150 – 1250 Thermoplastic Polycondensation

2.1.3 Fate

Durability and resistance to degradation are both properties largely contributing to the versatility and success
of plastics, yet making them nearly impossible for nature to assimilate. This enables three common scenarios
for the fate of these polymers: different types of recycling, incinerating or discarding (Geyer et al., 2017).
Considering the leading plastic industrial use sector (i.e. packaging; Subsection 2.1.2), merely 14 m%
of the worldwide plastic packaging material, which is predominantly single-use, is collected for recycling.
Value losses during sorting and reprocessing plummets the fraction of recycled plastic utilized for secondary
applications down to 5 m% (MacArthur Foundation, 2016). In general, 9 m% of global cumulative plastic
waste up to 2015 was collected for recycling (Geyer et al., 2017). By means of comparison, the estimated
global recycling rate of paper equals 58 m% and that of steel 85 m% (ICFPA, 2015; BIR, 2018). Remarkably,
the limited fraction of plastics that successfully gets recycled, usually yields lower-end applications thus
rendering them unrecyclable in a next stage (i.e. downcycling). Furthermore, contamination and mixing
of different types of polymers (and their individual additives) lowers the technical and economic value of
secondary plastic products (MacArthur Foundation, 2016). Next to recycling, 12 m% of the cumulative
plastic waste is incinerated (with or without energy recovery) and 79 m% is discarded in landfills or in the
natural environment. Quantitatively, this last fraction represents 4.9 billion tons of plastic waste accumulated
up to 2015 (Geyer et al., 2017). A summarizing illustration is given in Figure 2.3.

To illustrate, the efforts done in producing bio-based and biodegradable plastics led to a global capacity
of 2.05 million tons in 2017, which translates to less than 1 m% of the global annual plastic production
(European Bioplastics, 2017). In addition, a significant portion of the currently biodegradable plastics are
typically only biodegradable under controlled conditions as in specialized industrial composters. Conse-
quently, the environmental advantage of biodegradable plastics when leaked into the natural environment
is questionable (MacArthur Foundation, 2016). In particular, the noticeable lack of an effective and sus-
tainable waste management system to cope with the growing accumulation of plastics, is raising concerns
regarding the marine environment. Tiny plastic fragments appear to infiltrate and interact with the aquatic
ecosystems. These particles form the subject of the next section.
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Figure 2.3: Global production, use and fate of plastic polymers from 1950 to 2015 expressed in million metric tons.
The indicated percentages illustrate the corresponding mass-balance for the total worldwide plastic production,

taking into account the in-use stocks but excluding secondary plastics (Adapted from Geyer et al., 2017).

2.2 Microplastic particles

2.2.1 Definition

Since the exponential increase in scientific publications dedicated to marine plastic litter, a variety of def-
initions have been proposed to physically describe microplastic particles. Most of them propose a lower
boundary that is dependent on the sensitivity of the applied sampling and extraction technique. This ex-
plains why Arthur et al. (2009), among others, have defined a lower boundary of 333 µm, the exact mesh
size of the commonly used nets for sampling of plankton and debris in the water column. This causes an
underestimation of the occurrence of microplastic particles during assessments based on in situ measure-
ments. It was repeatedly illustrated that the number of microplastic particles smaller than 1 mm represents
an important fraction (i.e. up to 35 to 90 %) of all present microplastics, presuming a size range between 1
µm and 5 mm (McDermid and McMullen, 2004; Browne et al., 2010; Eriksen et al., 2013; Song et al., 2014;
Zhao et al., 2014). The Joint Group of Experts on the Scientific Aspects of Marine Protection (GESAMP,
2015) suggests an interval of 1 nm to 5 mm. Considering that the definition by GESAMP (2015) includes
the dimensions of what has been defined as nanoparticles (Koelmans et al., 2015), a more recognized lower
boundary is that of 1 µm. The upper boundary of 5 mm originates from the definition described by Arthur
et al. (2009) and is universally accepted (Lassen et al., 2015). Therefore, this research will physically char-
acterize microplastic particles within the range of 1 µm to 5 mm. This implies that macroplastics are those
plastic particles that are larger than 5 mm (Figure 2.4).

A possible sub-classification distinguishes between small microplastics (i.e. from 1 µm to 1 mm) and
large microplastics (i.e. from 1 mm to 5 mm), as proposed by MSFD Technical Subgroup on Marine
Litter (2013) and illustrated in Figure 2.4. The 1 mm cut-off is justified by proving it to be the upper size
boundary of particles that are readily available for planktonic species. Since those species constitute the base
of the marine human food chain, lot of concern evolves around these small microplastics (Moore, 2008; Van
Cauwenberghe, 2015).
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Figure 2.4: Definition of the plastic particle terminology applied in this thesis. The overall term microplastic is
divided in small and large microplastic to differentiate between two other frequently used definitions of microplastics.

A complementary classification can been made between primary and secondary microplastic particles.
Essentially, the former are plastics that are intentionally manufactured in the previously discussed size cat-
egory (i.e. 1 µm – 5 mm) for direct use. For example, in facial-cleaners and cosmetics (Zitko and Hanlon,
1991), as air-blasting media (Gregory, 1996) or in medicine as vectors for pharmaceuticals (Patel et al.,
2009). Along with that, raw materials known as virgin plastic pellets are typically considered primary
microplastic particles since their diameter usually fluctuates in the size range of 2 to 5 mm. Yet the allo-
cation of virgin plastic pellets as primary microplastic particles is criticized (Costa et al., 2010; Andrady,
2011). Contrarily, secondary microplastic particles originate from fragmentation and degradation processes
of larger plastic products due to the cumulative effect of physical, biological and chemical mechanisms
(Browne et al., 2007). For example, prolonged exposure to ultraviolet radiation of sunlight causes pho-
todegradation which reduces the structural integrity of the plastic material making it more susceptible to
physical fragmentation by abrasion or wave-action (Barnes et al., 2009).

2.2.2 Morphology

Aside from size, other parameters exist to describe microplastic particles (e.g. morphology, shape, colour
and degree of erosion). Typically, the particles are categorized in 6 to 8 morphological groups: pellets (a.k.a.
nibs, nurdles or mermaid tears), fragments, granules, filaments (a.k.a. sheets or flakes), films (a.k.a. foils),
fibres and foams (Hidalgo-Ruz et al., 2012). In some cases, a distinction is made between polymer foams
and sponges (Zhou et al., 2018). Every category will exhibit different physical and/or chemical behaviour,
which highlights the importance of recognizing the morphological distinctions when considering (analytical)
separation techniques. Figure 2.5 illustrates the aforementioned categories of microplastic particles. Note
that for simplification purposes, granules are commonly described as fragments or pellets, depending on the
sphericity of the particle.

Figure 2.5: Images of different shapes of microplastic particles: (a) mixed, (b) pellets, (c) foams, (d) fragments, (e)
flakes, (f) films, (g) fibres and (h) sponges (Zhou et al., 2018).
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2.2.3 Sources

This subsection will briefly discuss the major sources of marine plastic litter and their direct and indirect
pathways by which they enter the Earth’s oceans. The emphasis will be on microplastic particles where a
clear distinction is made between primary and secondary microplastics as described in Subsection 2.2.1.

The main sources of marine plastic litter hold a land-based origin making up approximately 80 % of
the total plastic inflow into the world’s oceans (Andrady, 2011; Eunomia, 2016). This includes primary
microplastic particles originating from (i) cosmetics such as microbeads used in toothpastes or exfoliating
beads used in hygiene products (UNEP, 2015), (ii) abrasive media used as plastic blasting agents (McDevitt
et al., 2017), (iii) different types of paints (CCB, 2017), (iv) vectors used for pharmaceutical active ingredi-
ents (Cole et al., 2011), and (v) virgin pellets used for the manufacturing of plastic products (Sundt et al.,
2014). However, many other applications further promote the release of primary microplastic particles into
the marine environment (Lassen et al., 2015). The secondary microplastic particles can be traced back (i) to
city dust in part from the abrasion of automobile tyres (Sundt et al., 2014), (ii) to textile fibres from, among
other things, the washing of synthetic clothing (Browne et al., 2011), or (iii) to general use and handling
of plastic (waste)products, such as the wear and tear of agricultural films (Lassen et al., 2015). To illus-
trate, Browne et al. (2011) found that cleaning 1 synthetic garment in a conventional laundry machine can
discharge over 1900 microplastic fibres in the drain effluent. Considering that half of the world’s popula-
tion settles within 50 miles of the coast, microplastic particles that are daily used in personal care products
or frequently released through washing activities of synthetic clothing, have a high potential to enter the
marine environment (Cole et al., 2011). Indeed, many researchers reported the significant contribution of
rivers and wastewater effluents as pathways for marine plastic pollution. Despite the fact that a large fraction
of domestic and industrial sewage enters wastewater treatment plants (WWTPs), an important fraction of
the present microplastic particles escapes with the effluent, which will be elaborated in Subsection 2.2.4
(Magnusson and Norén, 2014; Talvitie and Heinonen, 2014; Gall and Thompson, 2015; Estahbanati and
Fahrenfeld, 2016; Murphy et al., 2016; Dyachenko et al., 2017; Mintenig et al., 2017). Furthermore, this
implies that extreme weather conditions such as storms or floods can induce an elevated microplastic release
into the marine environment. This hypothesis was repeatedly confirmed by in situ measurements (Barnes
et al., 2009; Moore, 2002; Lattin and Moore, 2004).

The remaining ±20 % of the total marine plastic inflow is associated with direct sources caused by
coastal tourism, commercial and recreational fishing, marine industries such as aquaculture and oil-rigs,
and by the loads of marine vessels. A typical source of secondary microplastic particles in this scenario
originates from fishing gear, such as nets, lines and ropes. In the 1970s, the contribution of marine vessels
was –in proportion to the global population– arguably larger, with an estimation of over 23,000 tons of
plastic packaging material dumped by commercial fishing fleet (Pruter, 1987). The international agreement
(MARPOL 73/78 Annex V) that was enacted in 1988 aimed to reduce dumping activities among fishermen
and other marine parties. However, a lack of education and enforcement causes the marine fleet to remain
a significant source of plastic pollution. Next to that, accidental spillages of microplastic particles used for
manufacturing, such as virgin pellets and microbeads, are rather frequently reported. This partly explains the
elevated levels of virgin pellets near harbours adjacent to plastic production facilities (Lozano and Mouat,
2009). Fair to mention is that a growing number and effect of initiatives are being observed that aid and
support these companies to prevent plastic pellet losses during their operations (Law et al., 2010; American
Chemistry Council, 2011).

Table 2.2 provides a brief overview of the dominant sources of marine microplastic particles, including
those mentioned above for both primary and secondary microplastic particles and their estimated main
release pathways to the marine environment.
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Table 2.2: Dominant sources of marine microplastics along with their estimated main release pathways to the marine
environment. A distinction is made between primary and secondary microplastic particles (Adapted from Sundt

et al., 2014; Essel et al., 2015).

Source Description Pathway

PRIMARY MICROPLASTIC PARTICLES

Virgin pellets Losses of plastic pellets by transportation, reloading,
processing, etc.

Surface water, municipal
sewage, industrial
sewage, urban run-off

Cosmetics Release of exfoliating microbeads by face and body
wash with cosmetic scrubs and by using certain
toothpastes

Municipal sewage

Abrasive media Release due to plastic blasting at shipyards, offshore
maintenance sites, bridges, etc. by atmospheric drift
or cleaning of surfaces

Surface water, municipal
sewage, industrial
sewage, urban run-off

Paints Release during usage of certain paints e.g. by
cleaning brushes and other painting tools

Municipal sewage

Rubber granules Release due to wear and tear of certain artificial turfs,
running lanes, playgrounds, etc.

Soil, sewage

Pharmaceutical
vectors

Release and losses of plastic vectors widely used in a
range of medical and biological applications

Municipal sewage,
industrial sewage

Others Releases of microplastic particles used in
professional dishwashing machines, as ironing beads
for children and in printer toner.

Sewage

SECONDARY MICROPLASTIC PARTICLES

Industrial and
professional use

Release of plastic dust from cutting, polishing, and
moulding plastic products e.g. in reparation works on
boats or cars

Surface water, sewage

Household use Release of plastic dust from abrasion, wear and tear
or weathering of floor coverings, furniture, kitchen
utensils, footwear, roof coverings, piping and tyres.
Release of plastic fibres ripped loose from textiles as
clothing, carpets and furniture e.g. in laundry
machines.

Soil, surface water, urban
run-off, sewage

Agriculture and
aquaculture use

Releases due to weathering and abrasion of
agricultural plastic films and fishing gear such as
nets, ropes and other tools.

Soil, surface water

Painted surfaces Release of plastic dust from paint application,
abrasion and maintenance work

Soil, surface water, urban
run-off, sewage

Waste handling Release of plastic particles from shredding, dumping
and fragmenting plastic waste and plastic
contaminated waste

Soil, surface water, urban
run-off, sewage

Environmental
fragmentation

Fragmentation of macroplastic debris of terrestrial
and maritime origin by biological, physical and
chemical processes

Soil, surface water, urban
run-off, sewage
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2.2.4 Occurence

At present, the global omnipresence of microplastic particles in the marine environment is undeniable (Der-
raik, 2002; Lozano and Mouat, 2009; Ryan et al., 2009). Numerous studies reported aquatic microplastic
pollution, rendering huge amounts of data (e.g. Norén (2007); Claessens et al. (2011); Dubaish and Liebezeit
(2013); Strand et al. (2013); Cole et al. (2014); Lusher et al. (2014) and Song et al. (2014)). However, com-
paring and extrapolating published results can be challenging since there is a lack of standardization in both
sampling methods and measuring units (Claessens et al., 2011; Lassen et al., 2015). In addition, the incon-
sistency in terms of size-range defining microplastic particles (Subsection 2.2.1) yields discrepancies across
studies (Nerland et al., 2014). This is especially true due to the finding that small microplastics particles
(i.e. < 1 mm) are much more abundant than the bigger ones (McDermid and McMullen, 2004; Browne
et al., 2010; Eriksen et al., 2013; Song et al., 2014; Zhao et al., 2014). Measurements by Norén et al. (2014)
indicate that using a mesh size of 50 µm instead of the common sampling nets of 333 µm yield abundance
concentrations 2 to 5 orders of magnitude greater (Kang et al., 2015). The importance of recognizing and
resolving the missing plastic debris (i.e. the fraction of plastic particles that is not sampled) is described by
Cozar et al. (2014). Therefore, estimated quantities of microplastic abundances should always be interpreted
with caution.

2.2.4.1 Marine water

Regardless of the absence of uniformity in the methodological approach, valuable observations prove that
microplastic particles are ubiquitous contaminants of the marine environment (Collignon et al., 2012; Des-
forges et al., 2014; Liebezeit and Dubaish, 2014). An average, rather conservative, theoretical concentration
of 1.36 kg/m2 is calculated by Everaert et al. (2018), representing the total amount of free-floating mi-
croplastics in the global sea surface layer (i.e. upper 5 m layer of the water column). This aligns with the
concentration of 0.75 kg/m2 provided by Eriksen et al. (2014) based on in situ observations, considering the
previously described issues concerning sampling methods. Translated to a range expressed in number of
particles per volumetric unit, 0.2 to 0.9 particles/m3 was obtained (Everaert et al., 2018). However, in situ
observations are highly dependent on the geographical sampling site. For instance, Cole et al. (2014) iden-
tified a concentration of 0.27 particles/m3 in the Western English Channel, while Desforges et al. (2014)
reported a concentration of 7630 particles/m3 in Queen Charlotte Sound near the South Island of New
Zealand. The latter high level of microplastic particles appears to be the result of oceanographic conditions,
which will be discussed in more detail in Subsection 2.2.5. Another rather recent study by Obbard et al.
(2014) demonstrated that even the most remote marine areas are infiltrated by anthropogenic microplas-
tic pollution. Analysis of ice cores taken from the Arctic Ocean revealed concentrations between 38 and
234 particles/m3 (Obbard et al., 2014). Successive studies suggest that Arctic sea ice might function as a
temporal sink for microplastic particles due to in situ observations that exceeded the usual concentrations
by several orders of magnitude (Bergmann et al., 2017; Tekman et al., 2017). Research examining the
microplastic concentration in the Antarctic region is limited, yet on the rise (Waller et al., 2017).

2.2.4.2 Freshwater

Although the majority (i.e. > 90 %) of the current microplastic pollution research is focused on the marine
environment (Wagner et al., 2014; Wagner and Lambert, 2018), increasing numbers of studies indicate that
microplastic particles are equally ubiquitous in fresh (and brackish) waterbodies. In the Laurentian Great
Lakes of the United States an average concentration of 43,000 particles/km2 was reported by Eriksen et al.
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(2013) in 2013. Similarly, one year later an average concentration of 20,300 particles/km2 was derived
by Free et al. (2014) for Lake Hovsgol in Mongolia. According to Mani et al. (2015), the river Rhine
holds an average concentration of 893,000 particles/km2. And another rather recent study found an average
concentration of 193,000 particles/km2 for Lake Winnipeg in Canada (Anderson et al., 2017). In general, the
reported averaged values in fresh water systems vary greatly from almost zero to several millions of particles
per cubic meter (Li et al., 2018). These differences are mainly attributed to the sampling locations, present
human activities, inherent natural conditions and the applied sampling methodology (Eerkes-Medrano et al.,
2015). Remarkably, the effluent of wastewater treatment plants (WWTPs) seems to be a dominant “source”
of microplastics (Magnusson and Norén, 2014; Talvitie and Heinonen, 2014; Gall and Thompson, 2015;
Estahbanati and Fahrenfeld, 2016; Murphy et al., 2016; Dyachenko et al., 2017; Mintenig et al., 2017).
Even though some wastewater treatment facilities can remove up to 95 % of the microplastics (Talvitie
and Heinonen, 2014; Talvitie et al., 2017), a substantial amount escapes with the effluent. A conservative
estimation of 8 billion microplastic particles being discharged through WWTPs every day in the USA was
reported by Rochman et al. (2015). Considering that globally only 60 % of the municipal wastewater is
being treated (Mateo-Sagasta et al., 2015), each year an enormous amount of microplastic particles enter
the natural environment through discharges from WWTPs. In that sense, WWTPs function as a collection-
pool, rather than a source, of microplastic particles and currently fail to efficiently capture them.

2.2.4.3 Sediment and beaches

Next to floating microplastic particles, a substantial fraction settles, ends up on the seabed or washes up
ashore. Several effects can cause a microplastic particle to vertically transport to the sediment surface. The
most apparent reason is attributed to its intrinsic density. In case the intrinsic density of the polymer type
(Table 2.1) exceeds the density of the surrounding seawater (i.e. 1020 – 1030 kg/m3), the particle will nat-
urally settle. However, even when the polymer’s intrinsic density is strictly lower than the density of the
surrounding water, the phenomenon of density-modification can cause a particle to settle. A common pro-
cess of density-modification is bio-fouling, where biomass accumulates on the surface of the (micro)particle.
This in turn induces settling behaviour of formerly floating particles. The latter process is believed to be one
of the main reasons of the dominant presence of microplastic particles in marine sediments (Andrady, 2011;
Reisser et al., 2013; Zettler et al., 2013; Kooi et al., 2017). Furthermore, severe weathering in marine en-
vironments can cause leaching of additives, which likewise alters the microplastic’s density (Talsness et al.,
2009). Recently, also the role of marine snows (i.e. organic-rich aggregates of faecal pellets, phytoplankton,
particulate organic matter, etc.) in the vertical transport of buoyant polymers was quantitatively analyzed.
Porter et al. (2018) found that the sinking rates of microplastic particles were enhanced when incorporated
into marine snows. For common polyethylene particles the increase appeared to be 9.468 mm/s, which
is very significant considering that these particles were formerly floating with a negative sinking rate of
-0.002 mm/s (Porter et al., 2018).

All these mechanisms lie at the core of the scientifically agreed upon estimation that at least 94 % of the
total amount of plastic in the oceans (including microplastics) accumulates on the seabed (Eunomia, 2016).
This translates to a global average microplastic concentration between 32 – 144 particles/kg dry sediment
for intertidal (beach) areas and between 1.5 – 6.7 particles/kg dry sediment for deep sea areas (Everaert
et al., 2018). However, one has to acknowledge the strong spatial variation in sediment contamination
(Subsection 2.2.5), but also the variation in applied cut-off size for microplastic particles during analysis.
For instance, sediments in the North-East Atlantic held an average concentration of 421 particles/kg dry
sediment using a lower boundary of 1 µm (Maes et al., 2017), while Claessens et al. (2011) reported an
average concentration of 97.2 particles/kg dry sediment for the Belgian Continental Shelf using a lower
boundary of only 38 µm. The fraction that ends up on the beaches is approximately 5 % of the total amount
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of marine plastic litter, yet the corresponding global average concentration is significantly higher compared
to deep sea areas, as previously indicated (Eunomia, 2016; Everaert et al., 2018).

As elaborated above, the fraction of marine microplastic particles that share the seabed as their final sink
is dominating. Furthermore, since this thesis targets sediment as carrier of microplastic pollution, examining
the major microplastic constituents of marine sediment regarding polymer type and physical characteristics
seems appropriate. To that end, a table was constructed expressing the best available findings of scientists
and researchers covering different marine areas. The results are translated to percentages where possible,
as the main objective aims to illustrate distribution trends in the occurrence of microplastic particles in
sediments (Appendix Table A.3). In addition, Hidalgo-Ruz et al. (2012) managed to put together a frequency
of occurrence of different polymer types across 42 studies. Beside sediment samples also water samples
containing microplastic particles were considered. Nonetheless, 79 % of the studies reported the presence
of PE, 64 % of PP, 40 % of PS, 17 % of PA, 10 % of PES and 10 % of AC (Hidalgo-Ruz et al., 2012).

2.2.5 Spatial and temporal trends

Aside from the lack in standardization as elaborated in Subsection 2.2.4, both spatial and temporal hetero-
geneity of microplastic abundances render extrapolation of local monitoring data very challenging (Gold-
stein and Goodwin, 2013). Therefore, it seems of high importance to assess the spatial scales at which
microplastic particles enter, travel and accumulate in the marine environment with respect to the temporal
trends (Nerland et al., 2014). To that end, the role of major ocean currents was the topic of many publica-
tions. Kubota (1994) was one of the first to report the remarkable oceanic accumulation zones of floating
marine debris and proposed a three-step process as explanation. The model used during this study was fur-
ther improved and pinpointed a debris hotspot northeast of Hawaii, a location near the area currently known
as the Great Pacific Garbage Patch (Kubota et al., 2005). This plastic island holds abundance concentra-
tions of plastics (in particular microplastic particles) that can be several orders of magnitude greater than
in other areas of the marine environment (Law et al., 2010; Doyle et al., 2011; Maximenko et al., 2012).
Related studies concluded that the three-step process, as first described by Kubota, was responsible for the
existence of the 5 notorious garbage patches (a.k.a. plastic–gyres or –islands; Figure 2.6) in the oceans
(Martinez et al., 2009). This three-step mechanism is strongly related to surface currents (i.e. Ekman drift
and geostrophic current) and predominantly valid for all present garbage patches. Van Sebille et al. (2012)
suggest the existence of a 6th garbage patch in the Barents Sea by including, among other things, seasonal
variation in their model. Furthermore, on a smaller scale, spatial variation can be equally significant. As
briefly mentioned in Subsection 2.2.4, local point sources are frequently reported. For instance, near densely
populated coasts, WWTPs or plastic production facilities (Norén, 2007; Collignon et al., 2012; Dubaish and
Liebezeit, 2013).

Due to the fact that the microplastic concern is a relatively new area within marine research, very few
long-term studies have been performed. In order to gain valuable insights into the temporal variation of ma-
rine microplastic particles, global standardization in the applied methodology is an urgent necessity (Nerland
et al., 2014). Recently, Beer et al. (2018) explored the long-term temporal changes of microplastic particles
in the marine environment covering three decades from 1987 to 2015. Surprisingly, no significant concentra-
tion differences were reported in the Baltic Sea. However, analysis of the marine organism samples showed
a clear seasonal correlation, suggesting an elevated microplastic level during spring months, most-likely as-
sociated with seasonal differences in feeding activity. A previous attempt to examine the temporal changes
in microplastic abundance was done by Law et al. (2010). Analogously, no significant temporal changes
were reported, this time regarding the Caribbean accumulation zone and the North Atlantic, over a timespan
of 20 years. On the contrary, Thompson et al. (2004) were able to demonstrate a significant increase in the
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Figure 2.6: Representation of the oceanic garbage patches by indicating plastic litter concentrations for 4 different
particle size ranges (Adapted from Eriksen et al., 2014).

abundance of microplastic particles in Scottish surface waters from the 1960s to the 1990s. Similar to the
recent study by Beer et al. (2018), results were based on continuously archived samples of plankton. This
suggests an insufficiency in qualitative data and underscores the need for better understanding of possible
parameters influencing the spatial and temporal distribution of microplastic particles and their cycle through
the marine environment (Thompson, 2015; Beer et al., 2018).

2.2.6 Potential impact

Acknowledging the fact that horrifying pictures of marine animals impacted by the (mechanical) adverse
effects of macroplastic particles triggers global awareness and concern adequately, a growing number of
scientists believe that microplastic particles pose a greater threat to marine habitats and potentially even
human health (Derraik, 2002; Thompson et al., 2004; Ng and Obbard, 2006; Barnes et al., 2009; Fendall
and Sewell, 2009; Lozano and Mouat, 2009). As microplastic abundance and omnipresence in both pelagic
and benthic ecosystems further increase, so will the probability of encounter and interaction of these small
particles with marine organisms (Figure 2.7).

Although many factors influence the bioavailability of microplastic particles to marine organisms, par-
ticle size is a crucial one. Since small microplastic particles (SMPs) are similar in size to planktonic or-
ganisms, they become available for ingestion by lower trophic species (Van Cauwenberghe, 2015). These
include zooplankton, but also other invertebrates such as amphipods (i.e. detrivores), lugworms and sea
cucumbers (i.e. deposit feeders), and barnacles (i.e. filter feeders), which all have been reported to hold
microplastic particles in their digestive system (Thompson et al., 2004; Graham and Thompson, 2009; Cole
et al., 2011; Besseling et al., 2013; Ugolini et al., 2013; Wright et al., 2013; Chua et al., 2014). Voluntary
uptake due to the organism’s wrongful identification of microplastics as food is believed to be the main
reason for these observations (Blight and Burger, 1997; Tourinho et al., 2010; van Franeker et al., 2011).
However, trophic transfer of microplastic particles has been demonstrated on several occasions (Eriksen
et al., 2013; Murray and Cowie, 2011; Farrell and Nelson, 2013; Setälä et al., 2014). Despite the currently
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Figure 2.7: Conceptual illustration of the interaction pathways of many different organisms with marine
microplastics (Lusher et al., 2014).

unknown significance of this phenomenon, trophic transfer bears great concern. It allows infected organ-
isms that make up the base of the food chain to introduce microplastic particles in its predator species, hence
working its way up the food chain towards humans as apex predator (a.k.a. top or alpha predator), as illus-
trated in Figure 2.8. In other words, it potentially increases the exposure rate of aquatic organisms and all
related predators (Carbery et al., 2018).

Once ingested, microplastic particles may cause mechanical adverse effects, similar to those observed
with macroplastic particles (e.g. blockage of feeding appendages, pseudo-satiation or hindered passage
through intestinal tract) (Derraik, 2002; Thompson, 2006; Tourinho et al., 2010). Furthermore, the poten-
tially harmful particles can be egested or translocated within the organism (Browne et al., 2008; Von Moos
et al., 2012). The ability to egest, and therefore avoid or greatly reduce detrimental effects, was demon-
strated in lugworms by Thompson et al. (2004). However, research shows that microplastic particles have
the potential to enter the circulatory system by translocating from the digestive system (Browne et al., 2008;
Fendall and Sewell, 2009). This was first observed by Browne et al. (2008) who used blue mussels to,
among other things, indicate that small microplastic particles (SMPs) undergo translocation more readily
than larger ones. A more recent study by Von Moos et al. (2012) was able to detect adverse biological
effects (e.g. inflammatory response) due to the ingestion and subsequent translocation of microplastics in
blue mussels.

Another aspect of concern relates to the phenomenon that is currently described as pollution vectoring.
Since several toxic contaminants (e.g. PCB, PAH and DDT) have a hydrophobic nature, the affinity of these
contaminants is greater for plastics than for seawater (Frias et al., 2010; Hirai et al., 2011; Heskett et al.,
2012; Antunes et al., 2013). In addition, considering the large surface-area-to-volume ratio of microplastic
particles, contaminant levels on its surface can reach up to several orders of magnitude greater compared to
the ambient seawater (Mato et al., 2001; Hirai et al., 2011). In the event of ingestion of such heavily polluted
microplastic particles, the process of biomagnification (a.k.a. bioaccumulation) comes into play. This mech-
anism leads to elevated contaminant concentrations in the tissues of the infected organism, posing a threat
to the organism and potentially even human food safety (Van Cauwenberghe, 2015). Experimental trials
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Figure 2.8: Conceptual model of microplastic pathways and the potentially harmful interactions with marine biota
(Van Cauwenberghe, 2015).

with Japanese rice fish (a.k.a. medaka) revealed both endocrine disruption and hepatic stress after chronic
exposure to naturally contaminated microplastics (Rochman et al., 2013, 2014). Work done by Browne
et al. (2013) demonstrated an accumulation of contaminants in the tissue of lungworms when exposed to
presorbed microplastic particles. Interestingly, similar exposure to presorbed sand particles resulted in a
contaminant accumulation more than 2-fold higher in the tissue of the lungworms (Browne et al., 2013).
Clarifying modelling work investigating the role of microplastics in the biomagnification of hydrophobic
(and therefore persistent in the aquatic environment) organic pollutants (POPs) has been done by Gouin
et al. (2011) and Koelmans et al. (2013). The importance of microplastic particles as pollution-vectors
to marine organisms appeared limited. Furthermore, research indicates that the leaching of (micro)plastic
additives (Subsection 2.1.1) might be a more significant threat to the organism (and its predators) than the
accumulation of diffusely spread mix of contaminants on the surface of the microplastic (Koelmans et al.,
2014). A state-of-the-art review conducted by Ziccardi et al. (2016) underscores the lack of evidence to
attribute the occurrence of adverse effects to aquatic life to the process of biomagnification caused by pri-
mary microplastic exposure. In addition, they stress the current insufficiency in qualitative data to state that
secondary microplastic exposure (i.e. trophic transfer) can provoke significant ecological effects (whether
or not correlated to biomagnification) to wildlife populations or human health (Ziccardi et al., 2016).

Drawing an overall picture of the global impact of microplastic particles on marine ecosystems requires
further research, preferably by means of an increased standardization. Currently, the vast majority of mi-
croplastic impact studies (including several referred above) administer extremely high concentrations of
microplastics to demonstrate adverse effects. While this unrealistic approach might provide information
about potential outcomes, testing at more relevant concentrations offers insights in the actual present and
future risks (Van Cauwenberghe, 2015). The very first attempt to perform a generic environmental risk as-
sessment for microplastics in the marine environment and to generate a safe concentration below which no
adverse effects are expected to occur, was done by Everaert et al. (2018). They estimated that on average no
direct adverse effects are likely to appear up to the year 2100 for the pelagic ecosystems. However, for the
benthic ecosystems in the marine environment, adverse effects are expected to arise upward from 2050 (Ev-
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eraert et al., 2018). Therefore, the next section will discuss analytical and industrial separation techniques
to explore their capabilities to prevent further accumulation of potentially harmful microplastic particles in
marine sediments.

2.3 Removal of microplastic particles from sediment

2.3.1 Introduction

In this section a brief and concise overview of separation techniques is put together. It concerns an explo-
rative review comprised of both analytical separation techniques used in microplastic research and proven
industrial techniques applied to effectuate the separation of solid-solid or solid-liquid mixtures. The latter
technologies are primarily inspired by the mining industry that aims to isolate a high value mineral at low
concentration from a bulk sediment mixture. The following subsections will succinctly describe the opera-
tion principles of both batchwise as continuously operated installations or elaborate on the applied analytical
separation methodology. Afterwards, the technologies will be evaluated against selection criteria to pinpoint
the best fitting option as a research case for this thesis. This approach guarantees a broad perspective re-
garding potential separation techniques and therefore facilitates the generation of aspiring and innovative
designs.

The following references are used throughout this section: Mineral Processing Design and Operations
by Gupta and Yan (2016a), Unit Operations Of Chemical Engineering by McCabe et al. (2004), Perry’s
Chemical Engineers’ Handbook by Perry and Green (1997) and Microplastic Pollutants by Crawford and
Quinn (2017).

2.3.2 Visual separation

Visual separation and detection maintained to be fundamental analysis and separating techniques in mi-
croplastic research over the past few years. Regardless of the sample origin, a visual analysis approach is
considered as essential to properly remove the inevitable contamination of variable debris structures such as
naturally occurring organic fragments and all sorts of anthropogenic litter. Despite it receiving controversy
due to its subjective character and elevated potential for bias initially, visual detection and separation by
a human operator proves to be one of the most effective procedures to differentiate microplastic particles
from the surrounding debris. During analysis, it is recommended to preliminary assign doubtful particles as
(micro)plastic since underrepresentation is more difficult to identify than overrepresentation. The latter can
be evaluated by subsequently using spectroscopic techniques to confirm whether the particles are comprised
of plastic.

Visual examination for microplastic particles larger than 1 mm can be performed with the naked eye or
with the use of binocular microscopy. For particles smaller than 1 mm, more advanced equipment is utilized
such as high magnification fluorescence microscopy. The microplastic particles are usually identified based
upon their physical characteristics, such as shape, size, texture, colour and lack of biological structures.
Separation typically occurs by using tweezers. After visually sorting and categorizing the microplastics
according to the standardized size and colour sorting system (SCS), further identification is possible by
applying spectroscopic techniques such as Raman spectroscopy.
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2.3.3 Filtration

Filtration is a physical or mechanical technique that is commonly applied for the analysis of water samples
polluted with microplastics. However, in case the microplastic particles of interest are rather large while the
present sediment particles are relatively small, filtration presents a viable analytical separation technique for
sediment samples as well.

Fundamentally, separation occurs by use of a filter medium (a.k.a. septum) that allows passage of the
liquid while retaining solid particles. In order to achieve successful microplastic separation in sediment
samples, the size of the microplastic particles needs to be larger than the applied pore size, while the size of
all other solid particles needs to be strictly smaller. During analysis, it is common to use a vacuum system
as illustrated in Figure 2.9.

Figure 2.9: Representation of a vacuum filtration system frequently used to analytically isolate microplastic particles
(Crawford and Quinn, 2017).

Filtration is a fairly simple and evident technique yet might encounter some important complications.
Since samples are often contaminated with particulate matter or debris, the porous filter medium can clog
quite rapidly. This hampers the effectiveness of the filtration process and increases the processing time
significantly.

2.3.4 Sieving

Similar to filtration, sieving is an analytical separation technique mainly applied to water samples that can
process sediment samples in case the physical dimensions of the involved particles align accordingly. In
practice, separation is realized through the use of one or more sieve plates with a predefined mesh size.
With the aid of an externally applied vibrational movement, the particles pass through the pores according
to their size. In microplastic research, a multi-tier sieving installation is the most common setup as illustrated
in Figure 2.10. This system brings about the separation of particles of different sizes by using a series of
sieve plates with a decreasing mesh size from top to bottom.

Analogous to filtration, the frequently observed clogging of the pores in sieving systems renders the
technique less efficient for heavily contaminated samples.
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Figure 2.10: Representation of a multi-tier sieving system to illustrate its separating mechanism (Crawford and
Quinn, 2017).

2.3.5 Density separation

Density separation is a technique commonly used to analytically separate microplastic particles from sedi-
ment. Furthermore, it is believed to be the most reliable method for this analytical separation.

A difference in density between the constituents of a sample mixture lies at the core of the separation
mechanism. When particles of different densities are transferred to a liquid of intermediate density, the low-
density particles will float, while the high-density particles will ultimately sink. Translated to microplastic
analysis of sediment samples, plastic particles are assumed to be less dense than sediment particles. The
latter typically bearing a particle density of approximately 2650 kg/m3. In this regard, microplastics will
float correspondingly to the selected liquid, which is commonly a saturated sodium chloride (NaCl) solution
with a density of 1202 kg/m3, although many other media are technically feasible and frequently reported.
To illustrate, in case sodium chloride acts as the separating liquid, microplastic particles with a density
strictly lower than 1202 kg/m3 will rise to the surface where they are subsequently collected by decantation
of the supernatant. This collection process is usually facilitated by a vacuum system. For instance, by means
of a three-necked flask as illustrated in Figure 2.11.

However, care must be taken when selecting the separating liquid considering that the commonly used
sodium chloride solution is unable to impose positive buoyancy to, among others, PET and PVC particles
(Table 2.1). Furthermore, high-density solutions can establish a more exhaustive and efficient microplastic
separation, but might cause other particles, such as light sediment grains, to start floating as well. The latter
rendering the separation ineffective, thus an appropriate balance must be identified by experimental trial and
error.

2.3.6 Elutriation

The technique of elutriation is based on density differences, but additionally on variations in size and shape.
The separation is realized by applying a fluid stream (i.e. gas or liquid) counter current to the direction
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Figure 2.11: Representation of the experimental setup of a three-necked round-bottomed flask in combination with
the technique of density separation for the analysis of microplastic particles (Crawford and Quinn, 2017).

of sedimentation. By creating an upward flow of water through a column containing a sediment sample
contaminated with microplastics, fluidisation of the sediment is induced. Analytical elutriation is commonly
applied to reduce the sample volume as a preceding step to density separation. The process of elutriation is
demonstrated and further elaborated in Figure 2.12.

Figure 2.12: Representation of the process of elutriation to explicitly illustrate its separating mechanism (Crawford
and Quinn, 2017).

High recovery rates exceeding 90 % are reported by using the analytical technique of elutriation. How-
ever, since many variations in design and setup of elutriation installations exist, optimisation and standardi-
sation are essential.
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2.3.7 Froth flotation

The foundation for effective separation by flotation is a difference in the surface chemical properties of the
solids to be separated. Particles with nonpolar surfaces are typically hydrophobic or not readily wetted, while
particles with polar surfaces react strongly with water and are hydrophilic or readily wetted. By introducing
air bubbles in a solid-liquid mixture, particles with a high hydrophobicity will exhibit a high tendency to
adhere the bubbles while particles with a low hydrophobicity (i.e. high wettability) will encounter little
affinity to the air bubbles.

In general, flotation systems follow two main steps. The first one is a conditioning step with the aim to
establish the fitting physical and chemical conditions to allow appropriate selectivity between the particles
to be separated. The second step is the separation where air bubbles are introduced to the system to induce
selective flotation by creating bubble-particle interactions. Subsequently, the floating hydrophobic particles
are typically removed from the surface as a froth layer, which explains the commonly used term froth
flotation in this context. In most applications, the froth overflow stream is termed concentrate while the
slurry underflow is called the tailings. The conditioning and separation steps can be either combined in one
processing unit or divided into separate units.

Froth flotation is applied analytically in microplastic research where both the conditioning and the sep-
aration step are typically combined in one unit. Considering that plastic materials are generally more hy-
drophobic than sediment particles, froth flotation presents a suitable microplastic separation technique. In
particular, the microplastic particles that adhere air bubbles will rise to the surface where they are trapped in
a froth layer and subsequently removed by overflow or mechanical action. A clarifying illustration is shown
in Figure 2.13.

Figure 2.13: Representation of the technique of froth flotation to illustrate and summarize its separating mechanism
(Crawford and Quinn, 2017).

Furthermore, flotation systems include many industrial applications as well. To illustrate, froth flotation
is a rather old technique that was regularly used in the mining industry and still is to this day. In this regard,
a classification exists to differentiate the large-scale mechanisms used for the generation and introduction of
bubbles into the system. Six main types can be defined: electrolytic flotation units, dissolved-air flotation
units, dispersed-air flotation units, mechanical cells, and flotation columns. A schematic representation of
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a dissolved-air flotation unit (DAF) and a mechanical cell are depicted in Figure 2.14a and Figure 2.14b,
respectively. For more information about the different types of flotation equipment, the reader is referred to
Perry’s Chemical Engineer’s Handbook (1999).

(a) Dissolved-air flotation (b) Mechanical cell flotation

Figure 2.14: Representation of two frequently applied industrial applications of froth flotation (Crawford and Quinn,
2017).

Regarding the conditioning step, certain modifiers such as wetting agents can be added to alter a ma-
terial’s wettability. In this way, different polymer types can be isolated from each other by selectively
increasing wettability. A wetting agent (a.k.a. depressant) will act as a flotation suppressant by adsorbing
to the surface of the corresponding material and inducing hydrophilic behaviour. In addition, other groups
of modifiers are available such as activators, pH regulators, dispersants and flocculants. Next to modifiers,
other types of surface-active compounds (a.k.a. surfactants) exist to regulate the froth flotation process.
For instance, collectors selectively promote hydrophobic behaviour of exposed particles, while frothers
contribute to stabilize the air bubbles for effective particle-bubble attachment, for a smooth particle-laden
bubble carryover to the froth and for ease of froth removal.

Note that the term flotation is also used to describe the phenomenon of rising particles in density sep-
aration (Subsection 2.3.5) due to the elevated density of the separating liquid. However, in that case the
separation occurs solely based on density differences. This is not true for froth flotation, so care is advised
in using and interpreting the corresponding terminology.

2.3.8 Centrifuges

Attaining mechanical separation by means of centrifuges is a widely applied industrial technique. In gen-
eral, two types of centrifuges exist for the separation of solid-liquid mixtures: sedimenting centrifuges and
filtering centrifuges. Sedimenting centrifuges require a density difference between the particles to be sep-
arated, while filtering centrifuges retain solid particles by a filter medium based on their size. Both types
operate under a centrifugal field generated by the rotational movement of the centrifuge along its central
axis. This brings about a centrifugal acceleration directed radially outward from the axis of rotation to a
body of mass moving along the curved trajectory. The magnitude of the outward acceleration depends on
the angular velocity of the centrifuge and the radius from the axis of rotation. Figure 2.15 illustrates a
schematic overview of a centrifuge and indicates its main components.
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Figure 2.15: Representation of a sedimenting centrifuge, namely a decanter, to illustrate the fundamental elements in
this solid-liquid separation technique (Adapted from Oil Sands Magazine, 2019.)

In a sedimenting centrifuge, the separation can be in the form of clarification, classification, thickening
or dewatering. In clarification, the clarity of the liquid phase is the main objective, while in classification
the separation of solids (typically fine particles) as centrate renders the product stream of the centrifugation
process. In the latter, undesired large and dense particles can be captured in the cake as reject (Figure 2.15).
The objective in thickening is to form a stream of concentrated solids. For dewatering, a dry cake with a
high solids consistency is desired. Considering the nature of the objective, good separation or high settling
velocity is achieved by high centrifuge speed, large particle size, large density difference between solid and
liquid, large radius and small viscosity. In particular, centrifuge speed and particle size influence settling
velocity significantly (i.e. varies as the square of both parameters). The following six types of sedimenting
centrifuges are currently applied in industry: tubular-bowl, multichamber, knife-discharge, disc, decanter
and screenbowl centrifuge. Only the last three allow continuous operation. For more information about the
different types of sedimenting centrifuges, further reading in Perry’s Chemical Engineer’s Handbook (1999)
is recommended.

In a filtering centrifuge, both solid and liquid phase move toward the bowl under the influence of the
centrifugal field. There, sufficiently large solid particles are retained by the filter medium and form a cake
layer similar to the one formed in sedimenting centrifuges. The liquid flows through the cake layer and the
filter as illustrated in Figure 2.16. The solids treated by a filtering centrifuge are typically coarser than those
treated by a sedimenting centrifuge. Furthermore, washing and subsequent dewatering are common in the
operation of filtering centrifuges. Both batch, intermittent and continuous operations are available and also
the manner in which the solids are removed from the basket differs between installation types. To illustrate,
seven types of filtering centrifuges are listed with a decreasing minimum solids concentration of the feed
stream: vibratory, tumbler, screen scroll, pusher, screen bowl, peeler and pendulum centrifuge.

2.3.9 Screening

The process of screening is nearly identical to the sieving separation technique described in Subsection 2.3.4.
However, in this case the feed is typically a solids mixture and the scope is industry rather than analytically
oriented. The latter suggesting a broader range of installation types answering the various needs of specific
applications.

Analogous to sieving, the separation is achieved by means of one or multiple screening/sieving surfaces.
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Figure 2.16: Representation of a filtering centrifuge, namely a horizontal axis peeler, to illustrate the filtering
mechanism and the fundamental differences with a sedimenting centrifuge (Adapted from Tarleton and Wakeman,

2007).

Material retained on a given screening surface is defined as the oversize material, material passing through
the screening surface is the undersize material, and the material passing one screening surface but retained by
the subsequent is the intermediate material. The final fractions of material exhibit an increased uniformity
in the particle size distribution in comparison with the initial feed mixture. In general, five main classes
of screening installations can be defined: grizzlies, revolving screens, shaking screens, vibrating screens
and oscillating screens. For large capacity and high efficiency operations, vibrating screens have become
standard practise.

2.3.10 Jigging

During the industrial technique of jigging, separation occurs purely based on a difference in density. The
pulsating movement of a liquid flow through a bed of solid materials causes heavy particles to settle to the
bottom while carrying lighter particles to the top. Essentially, a jig is composed of an open tank filled with
water, holding a perforated screen at the top, provided with a spigot in the hutch compartment to drain the
concentrate. The jig screen is loaded with coarse, heavy particles (e.g. steel balls) known as the ragging
material. The density of the ragging material should be intermediate to the densities of the particles to be
separated. In the event of pulsation, the non-cohesive ragging material will aid to stratify the solid particles
accordingly. Heavy particles are collected at the bottom of the hutch compartment and are removed via the
spigot. Light particles overflow the hutch and are discarded at the top.

A basic jigging setup is illustrated in Figure 2.17 highlighting its main components. Several modifi-
cations in jigging installations are common with the main differences in the pulsating mechanism. For
instance, the Harz jig is an early design utilizing a reciprocating plunger with differential piston action to
bring about the pulsating movement. Other types are the Remer jig, Baum jig and Batac jig, with the last
two using air pulsations to establish the desired separation.

2.3.11 Tabling

Tabling installations are characteristic of the traditional mining industry. Next to density, tabling separation
techniques consider also shape and size of particles to effectuate a separation. Despite the complexity
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Figure 2.17: Representation of a conventional jig installation to illustrate its separation mechanism (Adapted from
Wills and Finch, 2016).

of the mechanism, the setup is quite simple and economically attractive. In case of wet tabling, a solid-
liquid mixture is introduced at the top corner of a rectangular riffled plane surface held at a horizontal (and
transversal) inclination. The system is provided with a continuous flow of wash water and is differentially
shaken in the direction of the long axis. From the feed, the heaviest particles are the least affected by the
downward water flow. The riffles collect these heavy particles and guide them towards the concentrate side
of the table. The lighter particles ride above the heavier ones and tend to wash over the riffles to the lower
tailing side of the table. The material is subsequently collected in launders positioned at the lower edges
of the table. Dividing equipment in the launders allows a clear separation of concentrate and tailings, and
additionally permits a distinction between middlings and tailings as illustrated in Figure 2.18.

(Tailings)

(Concentrate)

Figure 2.18: Representation of a conventional wet tabling installation to illustrate its separating mechanism
(Adapted from Perry and Green, 1997).

Next to wet tabling, the technique of dry tabling is applied in industry. The working principle and
equipment are very similar, although several important differences appear. The shaking motion is directed
upwards from the horizontal and a stream of air flowing through a perforated deck behaves as the distributing
medium instead of a uniform water flow. When water supply is limited or wetting the feed material is
undesirable, dry tabling finds successful applications. Lastly, another type of tabling, commonly defined
as agglomeration tabling, exists. In this case, selective flocculation or agglomeration is induced by the
addition of an agglomerating agent. Afterwards, the mixture is introduced as feed on a water shaking table
as described above, where the agglomerated large and feathery textured particles tend to ride with the water
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flow over the riffles. The unflocculated particles are carried along the riffles to the concentrate side of the
table rather than to the tailings side.

2.3.12 Spiral concentration

Separating solids by means of spiral concentration is primarily based on density differences, and the shape
of the particles proves to be a second important separating factor. The most common industrial installation
is called the Humphreys spiral and constitutes a spirally constructed channel with a modified semicircular
cross-section, as schematically shown in Figure 2.19. Typically, the number of complete spiral turns equals
5 or less frequently 3, with a height drop of approximately 0.35 m per turn. As the feed mixture progresses
from top to bottom in the spiral, the heavy particles sink to the bottom and manoeuvre towards the inside
of the channel. The lighter particles move to the outside and are carried away by the more diluted, faster
flowing pulp stream. Circular concentrate ports or openings are present in the bottom of the channel near
the inside edge. Furthermore, wash water is provided along the entire inside edge of the channel to allow
repeated washing stages as the mixture flows down the spiral. In general, the richest concentrate is attained
from the concentrate ports near the top end of the system.

Particles of low density
Particles of high density
Slime particles

Wash water

Tailing

Middling

Concentrate

Figure 2.19: Representation of a Humpreys spiral concentrator to illustrate the separation technique of spiral
concentration (Adapted from Perry and Green, 1997).

Mechanically, a spiral concentrator is -similar to tabling- a relatively simple and straightforward instal-
lation. However, the separating mechanism is quite complex as it involves a centrifugal field, friction action,
gravity force and drag of the water.

2.3.13 Electrostatic separation

The electrostatic separation technique is based on the differential attraction or repulsion of charged particles
under the influence of an externally applied electrical field. In order to attain charged particles, a charging
mechanism is required. Three different techniques can be used for this purpose: contact electrification,
conductive induction, and ion bombardment, the latter being the strongest method of charging particles for
electrostatic separation. During ion bombardment, both conductor and non-conductor particles are struck by
ions of atmospheric gas produced by an electrical corona discharge from a high-voltage electrode. When the
bombardment ceases, conductor particles lose their acquired charge very rapidly and experience an opposite



2.3 REMOVAL OF MICROPLASTIC PARTICLES FROM SEDIMENT 27

electrostatic force repelling them from a present conducting surface. On the other hand, non-conductor
particles are partly coated with ions of opposite charge in electrical polarity to that of the conducting surface.
Therefore, these particles exhibit an electrostatic force holding them to the conducting surface. In case this
force is greater than the force of gravity and any other force seeking to separate the nonconducting particle
from the surface, the particle is said to be pinned on the conducting surface.

In practise, electrostatic separators that are using the charging technique of ion bombardment are by far
the most widely applied, in particular the drum type separators. These consist of a conductive rotating drum
at ground potential coupled with one or more high-voltage ionizing electrodes. The feeding mechanism
is dependent on the range of particle sizes to be treated. However, solely dry mixtures can be processed
by means of electrostatic separation. Common installations are fed by vibratory, belt, rotary spline or
gravity methods. In addition, often a wiper is provided in the non-conductor product collection section.
Essentially, the wiper is an alternating-current electrode system that aims to neutralize the charge on the
pinned nonconducting particles. In doing so, the workload for mechanically operated brushing systems can
be decreased. In other words, the objective of the brushes is to remove the nonconducting particles from the
rotating drum. Splitters are used to create an effective collection mechanism for the separated streams. To
illustrate, a schematic overview is given in Figure 2.20.

Wire electrode

Plate electrode

Conductors

Splitters

Middlings
Non-conductors

AC wiper electrode

Brush

Earth

Figure 2.20: Representation of the technique of electrostatic separation to illustrate and summarize the separating
mechanism and the various possible process units (Adapted from Gupta and Yan, 2016b).

2.3.14 Summary and preselection

To summarize the reviewed separation techniques, Table 2.3 was constructed. Various properties were
independently attributed to the vertically tabulated techniques. Solely the most relevant features and char-
acteristics were selected to maintain the conciseness of the table. Plus and minus signs were used to assign
the properties to the corresponding separation techniques to create a visually meaningful representation.

In order to make an informed preselection as part of the overall objective stated in the following chapter
(Chapter 3), Table 2.3 was used as the primary source of selection criteria. Considering that the size range of
sediment and microplastic particles significantly overlap, it is assumed that techniques that are solely based
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on a difference in size, such as filtration and sieving, are not suitable. The former statement is elaborated
in Chapter 5 where a detailed feed characterization is provided. Furthermore, separation techniques that are
unable to process sediment mixtures are determined as unsuitable. For instance, the technique of electro-
static separation requires exclusively dry mixtures as feed and is therefore not considered as promising for
this context. Ultimately, the techniques that are applicable on a large scale and combine several relevant
separation factors are favored above the others.

Taking this information into consideration, three distinctive separation techniques are defined as the most
promising. Firstly, separation by means of centrifugal sedimentation is said to be a fundamental technique
to examine when dealing with solid-liquid mixtures. In addition, it combines multiple separation factors
namely the size, density and shape of solid particles. Secondly, froth flotation is selected as a promising
separation technique given that it includes the polarity of particles, which proved to be an analytically
effective separation property between sediment and microplastic particles. Lastly, wet tabling is recognized
as a promising separation technique because it combines multiple, important separation factors and holds
an elegant and economically appealing construction.
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3
Objective

At this point, a profound understanding of the different aspects associated with the research on microplastic
particles is acquired. The literature review underlined relevant scientific findings and revealed a research
gap in the remediation of microplastic particles. Furthermore, potential separation techniques to establish
remediation of microplastic particles from sediment were presented and discussed. In addition, based on
Table 2.3 presented at the end of the previous chapter and the feed characterisation provided in Section 5.1,
three promising separation techniques were preselected, namely centrifugal sedimentation, froth flotation
and wet tabling. Due to time restrictions together with the complexity and the limited understanding of the
dynamics of the wet tabling process, it was decided to exclude the latter technique from the remainder of
this thesis.

In general, the overall objective is to identify and optimize a separation technique that is able to isolate
microplastic particles from marine sediments, while simultaneously aspiring a synergy with the dredging
industry. To that end, three secondary objectives are defined. First, to establish a qualitative and quantitative
feed characterisation. Second, to analyze the effect of marine biofouling and examine the sinking behaviour
of the feed constituents, in particular of microplastic particles in solid-liquid systems. And third, to evaluate
and optimize the selected separation technique(s).



4
Materials and methods

4.1 Feed characterisation

In order to evaluate the separation performance of a technique handling a particular feed mixture, the com-
position of that mixture needs to be characterized. The feed mixture considered in this research holds two
main constituents, namely sediment and microplastic particles. The following subsections will describe the
applied methodology to establish a more detailed characterization of these two constituents individually and
to quantify their corresponding concentration in the feed mixture.

4.1.1 Sediment

Sediment composition is strongly dependent on the geographical location. In general, particle analysis of a
sediment mixture typically quantifies three primary size fractions, namely the mud content (i.e. dp < 63 µm),
the sand content (i.e. 63 µm < dp < 2 mm) and the gravel content (i.e. dp > 2 mm), with dp a measure
of particle size. Table 4.1 illustrates the most commonly applied size fractions and subfractions. Aldridge
et al. (2007) provide a descriptive summary of the available particle size data from 146 North Sea sediment
samples. Data on river sediments were gathered from research performed on the Scheldt, Danube, Missis-
sippi and Pearl River (Baeyens et al., 1998; Toorman, 2009; Notebaert et al., 2011; Baranya et al., 2012;
Liska, 2015; Remo et al., 2016; Walstra et al., 2011; Feng et al., 2017). In addition, information about
the particle size distribution (PSD) of dredged sediments worldwide was retrieved from the international
dredging companies Jan De Nul and DEME.

The bulk mineralogy of North sea sediment mixtures was recently analyzed by Adriaens et al. (2018).
Despite the strong spatial variation in sediment composition, the main constituents are typically identical
for marine sediments worldwide. Therefore, information about the polarity of sediments can be obtained by
analyzing the polarity of its most frequently occurring constituents. To that end, a summary was made of the
available wettability data of the concerning constituents (Ethington, 1990; Shang et al., 2008; Borysenko
et al., 2009; Ozdemir et al., 2009; Kowalczuk et al., 2017; Zheng and Zaoui, 2017; Deng et al., 2018b,a).

Furthermore, the morphology of sediment particles plays an important role. The shape of sediment
particles is typically correlated with its corresponding size fraction but varies significantly with the compo-
sition of the sediment. The work of Curray and Griffiths (1955); El Fishawi (1984) and Leggett (2012) was
consulted to gain insight into the shape variation of sediment particles.
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Table 4.1: Overview of the most commonly applied sediment classification according to particle size
(Adapted from Huggett, 2011).

Particle fraction Subfraction Size range [mm]

Mud Clay < 0.002
Silt 0.002 - 0.063

Sand Very fine 0.063 - 0.125
Fine 0.125 - 0.25
Medium 0.25 - 0.5
Coarse 0.5 - 1
Very coarse 1 - 2

Gravel Granules 2 - 4
Pebbles 4 - 64
Cobbles 64 - 256
Boulders > 256

4.1.2 Microplastic particles

The different types of polymers that make up microplastic particles were discussed in Section 2.1 and
presented in Table 2.1 along with the corresponding density ranges. Information about the occurrence of
these particular types of polymers in various sediments worldwide are presented in Appendix Table A.3. In
addition, this table provides data about the most frequently observed microplastic particle size and shape.
The entire size range of microplastic particles was defined in Subsection 2.2.1. Wettability properties of
the polymer types are available in literature, among others Angu et al. (2000); Mittal (2001, 2003) and van
Oss (2006). Furthermore, the mechanism of biofouling as a cause of density-modification was elaborated in
Subsection 2.2.4. However, no experimental research is done about the effect of biofouling on the surface
chemical properties, such as the polarity, of microplastic particles. Since these characteristics are of great
importance for flotation techniques (Subsection 2.3.7), biofouling experiments were conducted with several
polymer types. The applied approach and experimental setup are discussed below. In addition, the effect
of biofilm formation on the sinking behaviour of floating microplastic particles is examined by predicting
the biofouling conditions required to increase the average density of the bio-fouled microplastic above the
density of seawater.

The aim of the biofouling experiments is to examine significant changes in contact angle due to the
development of biofilms on the surface of various types of polymers. The contact angle is a measure of
wettability of a solid surface, which will be elaborated during the analysis part. Therefore, by analyzing
the effect of biofouling on the contact angle, the floatability of the corresponding polymer type in a froth
flotation reactor can be predicted.

4.1.2.1 Sample collection

Six of the seven most produced non-fibre polymers (Subsection 2.1.2) were included in the experiments,
namely polypropylene, low density polyethylene, high density polyethylene, polyvinylchloride, polyethy-
lene terephthalate and polystyrene. For the remainder of this thesis, the commonly used abbreviations of
the corresponding polymers will be adopted (Table 2.1). To obtain the polymers, long sheets were produced
by means of extrusion, as explained in Subsection 2.1.1. Table 4.2 specifies the pellets used in the extruder.
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However, PVC polymers are highly corrosive due to the production of hydrochloric acid (HCl) in the oper-
ating range of the extrusion process. Consequently, specialized corrosion-resistant materials are required for
the extrusion of PVC pellets. The available extruder (i.e. Single Screw Extruder Brabender 19) was unable
to generate sheets from PVC pellets. Therefore, post-processed PVC items were purchased and manipulated
accordingly.

Table 4.2: Overview of the polymers used in the biofouling experiments containing information about the extruded
pellets and the corresponding supplier.

Polymer type Pellets Supplier

LDPE LD150AC Exxon Mobil
HDPE 25055E DOW
PP 6272NE1 Exxon Mobil
PS 158K BASF
PET Lighter C93 Prospector

In addition, six consumer products made from PP were added to the experiments. The aim is to explore
the effect of additives on the contact angle of a polymer. Therefore, different colored items were chosen
(Figure 4.1): Baybell cup (green), breakfast cereal clip (yellow), straw (black), M&M cup (multicolor),
plastic fork (black) and a storage cup (black).

(a) (b) (c) (d) (e) (f)

Figure 4.1: Images of the selected consumer products for the biofouling experiments: (a) Babybell cup, (b) breakfast
cereal clip, (c) straw, (d) M&M cup, (e) plastic fork and (f) storage cup.

4.1.2.2 Sample preparation and incubation

The extruded polymer sheets were manually cut to form smaller sheets of approximately 2.5 by 5.0 cm.
Similarly, the PVC items were sawn to form small sheets. A total of 12 tailored sheets per polymer were
generated. To induce biofouling, these sheets were to be fixated in a tank filled with seawater. Therefore,
the sheets were perforated with a soldering iron (ERSA Tip 260) of 3.15 mm in diameter. Afterwards, the
polymer sheets with a density greater than the density of seawater were fixated at the top, while the polymer
sheets with a smaller density were fixated at the bottom of the tank. This was realized by means of water-
resistant ropes and sand-filled weights, as can be seen from Figure 4.2. The consumer products from PP
were analogously perforated and held underwater.

The tank comprises an aquarium of 120 cm length, 50 cm height and 40 cm width. It was filled with
seawater originating from the coast of Flanders and supplemented with biomass scraped from breakwaters
nearby. In addition, a concentrated algae batch of 1 L was added. The latter was obtained by capturing algae
with a plankton net dragged over surface water of the North Sea by means of the Belgian research vessel
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Figure 4.2: Image of the experimental biofouling setup added with clarifying information.

Simon Stevin. Salinity and temperature were kept constant in a control room at 25°C. Oxygen supply and
circulation of the water were managed by means of an aeration stone. Time-controlled TL-lamps (OSRAM
36W/840) provided the system with sufficient light and simulated the day/night pattern of natural solar
radiation. These conditions were managed to reach the point of adequate biofilm formation on the surface
of the polymer sheets and consumer products.

4.1.2.3 Analysis of contact angle

The contact angle ✓ is the angle formed by the intersection of the liquid-solid interface and the liquid-vapour
interface. The term three-phase contact line refers to the interface where solid, liquid and vapour co-exist.
In case the contact angle is less than 90°, the solid surface is said to be hydrophilic, while a contact angle
greater than 90° indicates a hydrophobic surface. In other words, small contact angles are observed when
the liquid spreads on the surface, while large contact angles are observed when the liquid minimizes its
contact with the surface and forms a compact droplet (Figure 4.3a).

(a) (b)

Figure 4.3: Illustration of (a) contact angles formed by a liquid droplet on a smooth homogeneous solid surface and
(b) surface tension in a liquid droplet caused by the unbalanced forces of molecules at the surface

(Yuan and Lee, 2013).

To explain the shape of a liquid droplet on a solid surface and the associated contact angle, understanding
of surface tension is essential. When considering the molecules in the bulk of a pure liquid, each of them is
pulled equally in every direction by neighbouring molecules. This results in a net force of zero. However,
no balanced net force exists at the surface where molecules do not have neighbouring molecules in all
directions. Therefore, the molecules are pulled inwards, which creates an internal pressure (Figure 4.3b).
To maintain the lowest surface free energy, the droplet contracts its surface area explaining its spherical
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shape. This intermolecular force to contract the surface is known as the surface tension. Since external
forces, such as gravity, deform the shape of a droplet, the contact angle is determined by a combination of
surface tension and external forces.

In 1805, Thomas Young was the first to describe the contact angle of a liquid droplet on an ideal surface.
According to Young, it was defined by the mechanical equilibrium of the droplet under action of the three
interfacial tensions, which can be deduced from the following equation:

�lv cos ✓Y = �sv � �sl (4.1)

where �lv, �sv, and �sl represent the liquid-vapor, solid-vapor, and solid-liquid interfacial tensions, respec-
tively, and ✓Y is the Young’s contact angle. Equation 4.1 is known as Young’s equation. However, the
three-phase contact line can be in motion, which renders the phenomenon of wetting to be dynamic rather
than static. Therefore, advancing (✓a) and receding (✓r) contact angles are defined to indicate a maximum
and minimum value, respectively. For the purpose of this research, it is assumed that the potential dynamic
value of the measured contact angle ✓ is equal to Young’s contact angle ✓Y and succeeds to appropriately
characterize the wettability of the solid surface.

Prior to the contact angle measurement, 3 randomly selected sheets per polymer type were removed
from the tank and subsequently dried in a laboratory oven at 60°C once the biofilm formation appeared to
be sufficiently advanced. Afterwards, the sheets were individually mounted on a fixation bench to create a
flat, horizontal surface. To measure the contact angle, a drop shape analyzer was used. More specifically,
a Krüss Drop Shape Analyzer 10 Mk2, as depicted in Figure 4.4, using the sessile drop method where a
single drop of distilled water is dosed on the surface of a solid sample. By means of an HD camera with a
resolution of 1200 by 800 pixels at 200 fps, the integrated software is able to automatically fit an ellipsoid
to the curvature of the sessile water droplet on the solid surface. From that, the value of the contact angle
is calculated. By repeating this process 3 times for each sample, the average contact angles of both the
bio-fouled polymers (including the consumer products) and the blanco polymer sheets were determined.

Manual lift table

Camera with zoom lens Software-controlled dosing unit

Homogenous backlight
illumination

Figure 4.4: Image of the Krüss Drop Shape Analysis system DSA 10 Mk2 used during the contact angle
measurements added with clarifying information.
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4.1.2.4 Prediction of density-modification

To explore the significance of density-modification caused by biofouling on the sinking behaviour of mi-
croplastic particles in the marine environment, theoretical calculations were performed to predict the re-
quired biofilm thickness Tb on the surface of low-density microplastics (i.e. floating in seawater) to induce
settling. To that end, two extreme shapes were considered, namely a perfect sphere and a thin foil. For the
density ⇢p of the corresponding microplastic particles, a value of 925 kg/m3 is assumed, which was derived
by calculating the average density of the two most produced low-density polymer types, namely PE and PP
(Subsection 2.1.2). Furthermore, a biofilm density ⇢b of 1100 ± 100 kg/m3 is assumed (Ro and Neethling,
1991). The expression derived to describe the average density of the bio-fouled particle ⇢bp is given by:

⇢bp =
mp +mb

Vp + Vb
(4.2)

where mp is the mass of the microplastic particle, mb is the mass of the biofilm on the surface of the particle,
Vp is the volume of the microplastic particle and Vb is the volume of the corresponding biofilm. Substitution
of mb by Vb ⇢b yields the following equation:

⇢bp =
mp + Vb ⇢b
Vp + Vb

(4.3)

Rearranging Equation 4.3 provides an expression for the volume of the biofilm Vb:

Vb =
mp � ⇢bp Vp

⇢bp � ⇢b
(4.4)

Assuming that the density of seawater equals 1025 kg/m3, the density of the bio-fouled particle ⇢bp is
determined to be greater than or equal to 1025 kg/m3 to induce settling in the marine environment as a result
of biofouling.

For the case of a spherical microplastic particle, the values of Vp and mp in Equation 4.4 can be calculated
for a given diameter dp. Therefore, the required biofilm volume Vb to induce settling behaviour can be
determined. Afterwards, the thickness of the required biofilm Tb can be derived as follows:

2 Tb = dbp � dp (4.5)

where dbp is the diameter of the bio-fouled particle. The factor 2 accounts for the fact that this diameter
includes two times the thickness of the biofilm layer. Considering that the diameter of a sphere can be
determined by six times the ratio of its volume over its surface area, substitution of dbp in Equation 4.5
yields:

2 Tb =
Vbp

Abp
6� dp (4.6)

where Abp is the surface area of the bio-fouled particle. The volume of the bio-fouled particle Vbp is equal to
the sum of Vp and Vb. The surface area of a sphere is determined by ⇡ times the diameter squared. However,
by assuming that Abp = ⇡d2p the surface area of the bio-fouled particle is considered to be independent of the
biofilm thickness Tb. Given that the surface area of a sphere increases with the square of its diameter, this
assumption would present a significant overestimation of the required biofilm thickness. Moreover, for a
given biofilm thickness Tb, the sphere diameter dp will increase with two times Tb. Therefore, the following
expression is derived to approximate Tb:

2 Tb =
(Vp + Vb)

⇡ (dp + 2 Tb)
2 6� dp (4.7)
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This equation yields a third degree polynomial or cubic polynomial in Tb, where the real solution (as opposed
to the complex solution) was approximated by using the extended mathematical Solve packages in Matlab
R2018b.

For the case of a thin foil microplastic particle, a similar approach is suggested starting from Equation 4.4
that provides an expression for the required biofilm volume Vb. For simplification reasons, the foil particle
is represented as a flattened cube with sides lp and a fixed thickness hp. Analogously, the corresponding
bio-fouled particle is represented as a flattened cube with sides lbp and thickness hbp. Given a constant film
thickness hp = 0.040 mm, deduced from the results of the sinking experiments described in Section 4.2, and
a value for lp, the required biofilm volume Vb can be calculated. Furthermore, the thickness of the required
biofilm Tb can be derived as follows:

2 Tb = lbp � lp (4.8)

where the factor 2 accounts for the fact that the side lbp of the bio-fouled particle includes two times the
thickness of the biofilm layer. Considering the volume and surface area of a flattend cube, the volume of the
bio-fouled particle Vbp equals l2bp hbp and the corresponding surface area Abp equals 2 l2bp + 4 lbp hbp. As a

result, lbp can be expressed as a function of Vbp and Abp, namely lbp = 4 Vbp hbp

Abp hbp�2 Vbp
. Therefore, Equation 4.8

becomes:
2 Tb =

4 Vbp hbp
Abp hbp � 2 Vbp

� lp (4.9)

where Vbp can be substituted for the sum of Vp and Vb. Furthermore, hbp is determined as hp + 2 Tb and
lbp as lp + 2 Tb, analogous to the case of a spherical microplastic particle. Considering the expression for
the surface area of a flattened cube described above, the equation for the required biofilm thickness on the
surface of a thin foil particle is derived:

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 (4.10)

This equation yields a fourth degree polynomial or quartic polynomial in Tb, where the physically meaning-
ful solution was also calculated by using the extended mathematical Solve packages in Matlab R2018b.

By varying dp and lp for the case of a spherical and a foil microplastic particle respectively, two graphs
were constructed that express the predicted biofilm thickness required to increase the density of the bio-
fouled particle to a value of 1025 kg/m3 (i.e. the assumed density of seawater) in function of a measure of
particle size, in particular dp or lp.

4.1.3 Mixture

Information about the average concentration of microplastic particles in sediments worldwide, was dis-
cussed in Subsection 2.2.4. In addition, a review was provided about the scientific findings concerning
the strong spatial variation in the concentrations of microplastic particles. Furthermore, Claessens et al.
(2011) examined the Belgian coastal zone for the occurrence of microplastic particles including sediments
in harbours. Van Cauwenberghe (2015) performed similar work and highlighted the importance of rivers,
in particular the Belgian Scheldt River, in the distribution of microplastic particles. Both harbour and river
sediments are frequently exposed to dredging operations, typically for maintenance purposes, which is of
particular interest in the course of this thesis.



4.2 SINKING BEHAVIOUR 38

4.2 Sinking behaviour

Considering the aim to separate solid particles in a liquid medium from other solid material, a profound
understanding of the behaviour of these solid particles in solid-liquid systems is essential. For decades
scientists studied the sinking behaviour of sediment resulting in a wide range of empirical equations that
estimate the settling velocity of a natural particle in a fluid. Yet very little research is performed on the
sinking behaviour of (micro)plastic particles. This observation raises questions about the applicability of
these empirical equations, which are based on naturally occurring particles, to microplastic particles which
originate from artificially manufactured products. Given the variety of reported geometrical shapes of mi-
croplastic particles and its atypical and irregular appearance (Subsection 2.2.2), it is expected that shape will
be a fundamental characteristic to consider.

In the interest of validating empirical equations for the settling velocity of particles (i.e. drag laws or
drag models), the first subsection will provide a concise description of the fundamental aspects required to
obtain an insightful understanding of the dynamics of the presented formulae. This was put together by
consulting the work of Albertson (1953); Stringham et al. (1969); Graf (1971); Dietrich (1982); Goossens
(1987); Gregory (1996); Rhodes (2008) and Dioguardi et al. (2018). Afterwards, the following subsec-
tion will elaborate on the conducted experiments that were performed to examine the sinking behaviour of
microplastic particles and to evaluate the drag models formulated in the first subsection.

4.2.1 Theories

4.2.1.1 Foundation of drag laws

In general, three distinct forces act on a particle falling from rest in a fluid, namely gravity, buoyancy and
drag. These forces determine the acceleration force that the particle experiences:

gravity � buoyancy � drag = acceleration force (4.11)

The drag force, FD, is an important component controlling the settling behaviour of solid particles in static
and moving fluids. It is defined as:

FD =
1

2
⇢f A u2t CD (4.12)

where ⇢f is the fluid density, A the cross-sectional area of the particle, ut the terminal velocity and CD the
particle drag coefficient. The cross-sectional area of the particle A is defined as the projected area of the
particle on a plane normal to the direction of flow. For spherical particles A is apparent and equals ⇡d2p

4

where dp is the corresponding particle diameter. The terminal velocity ut is reached when driving force
and frictional force compensate each other. At this point, the particle reaches a constant velocity (i.e. no
acceleration). Considering that the gravitational force, which combines the effect of gravity and buoyancy,
is proportional to the volume of the dispersed particle, the gravitational acceleration g and the absolute value
of the density difference between particle and fluid, Equation 4.11 becomes:

⇡ d3p
6

g |⇢p � ⇢f |�
1

2
⇢f

⇡ d2p
4

u2t CD = 0 (4.13)

where ⇢p is the particle density. Furthermore, the following expression for the drag coefficient under termi-
nal velocity conditions can be formulated:

CD =
4

3

dp g

u2t

|⇢p � ⇢f |
⇢f

(4.14)
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Rearranging Equation 4.14 gives Newton’s impact formula expressing the terminal velocity of a particle
falling in a static fluid:

ut =

s
4

3

dp g

CD

|⇢p � ⇢f |
⇢f

(4.15)

The value of CD is determined by the type of flow conditions, which may be derived from the Reynolds
number for particles Rep:

Rep =
⇢f ut dp

µ
(4.16)

where µ is the dynamic viscosity of the fluid. For Rep  1 the flow regime is called laminar and is often
referred to as creeping flow or the Stokes’ law region. This occurs at very slow relative velocities, which
is the case for relatively small particles (i.e. typically  50 µm in water) according to Equation 4.16. For
spherical particles, these conditions effect a linear correlation between the drag coefficient and the particle
Reynolds number, namely:

CD =
24

Rep
(4.17)

The combination of Equation 4.15 and 4.17 yields Stokes’ law for the terminal velocity or the steady rate
of fall:

ut =
d2p g |⇢p � ⇢f |

18µ
(4.18)

At higher Reynolds numbers, for instance due to higher relative velocities, the inertia of the fluid starts to
dominate and the regime is no longer laminar. A transient regime is defined where 1 < Rep  400 and a
turbulent regime corresponds to 400 < Rep  2 ⇥ 105. In the transient regime, the correlation between
the drag coefficient and the particle Reynolds number can be approximated by Cd = 24

Re0.646p
for spherical

particles. Therefore, the corresponding terminal velocity is approximately equal to:

ut =
1.354

s
d1.646p g |⇢p � ⇢f |
18 ⇢0.354f µ0.646

(4.19)

The turbulent regime, also known as the Newtons’ law region, is characterized by a constant drag coefficient
for spherical particles, namely CD = 0.44. Together with Equation 4.15, the terminal velocity in the
Newton’s law region can be derived:

ut = 1.74

s
dp g |⇢p � ⇢f |

⇢f
(4.20)

Figure 4.5 illustrates the different flow regions in the form of the so-called standard drag curve, which gives
the relationship between the drag coefficient and the particle Reynolds number.

Generally, when calculating the terminal velocity of a given particle, the flow regime dictates which
equation is relevant. However, in order to obtain the flow regime, the Reynolds number must be calcu-
lated. Since the latter depends on both the terminal velocity as the equivalent particle diameter, this seems
problematic. One way around this is to determine the following dimensionless group:

CD Re2p =
4

3

d3p g ⇢f |⇢p � ⇢f |
µ2

(4.21)

which is independent of ut. For given particle and fluid properties, the dimensionless group CD Re2p is a
constant and will therefore generate a straight line of slope �2 if plotted on the logarithmic coordinates of
the standard drag curve depicted in Figure 4.5. Subsequently, the value of the particle Reynolds number can
be derived from the intersection of this straight line with the drag curve. Therefore, the flow regime can be
determined from which the terminal velocity can be calculated.
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Figure 4.5: Hypothetical standard drag curve for the motion of a perfect sphere in a fluid to illustrate the different
flow regions (Adapted from Rhodes, 2008).

4.2.1.2 Shape-dependent drag laws

For non-spherical particles, the drag coefficient is dependent on both the particle Reynolds number and the
shape. As a consequence, the correlations between CD and Rep suggested above and visually summarized
in Figure 4.5 are no longer valid. Furthermore, shape affects the drag coefficient significantly more in the
transient and turbulent region than in the laminar region. The particle Reynolds number determines the flow
conditions analogously to the approach explained above. However, for non-spherical particles Equation 4.16
is based on the volume-equivalent sphere diameter given by:

dp =
3

r
6

⇡
Vp (4.22)

where Vp is the particle volume. For spheres, Equation 4.22 simply returns the particle’s diameter.

The difficulties engineers and scientists experienced over history to account for the effect of shape on
the drag coefficient is primarily due to the complexity of describing the particle shape for irregular particles.
Drag laws that empirically attempt to include the effect of shape are a function of different shape descriptors,
among which sphericity � is the most widely applied:

� =
surface area of a sphere whose volume equals the particle volume

surface area of the particle
=

Asph

Ap
(4.23)

where � is a value between 0 and 1 with � = 1 indicating a perfect sphere. Another commonly used shape
descriptor is the circularity �, which is a value greater than 1 with � = 1 indicating a perfect circular contour:

� =
projected area of the particle

projected area of a sphere with perimeter equal to particle perimeter
(4.24)

Since measuring the parameters in Equation 4.23 and 4.24 of irregular particles is not straightforward in
practice, several shape descriptors are based on the principal axes of the best-fit triaxial ellipsoid to approx-
imate particle shape. These axes are illustrated in Figure 4.6 where a is the longest principal axis, b the
intermediate principal axis and c the shortest principal axis. They can be measured by means of the most
commonly used image particle analysis techniques, such as ImageJ and SPIP.
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Figure 4.6: Illustration of the three principal axes concept used to approximate the shape of an irregular particle
(Adapted from Pettijohn, 1975).

A first empirical equation for the settling velocity of both spherical and non-spherical particles is pro-
posed by Dietrich (1982) and involves a particularly well-known shape factor, namely the Corey Shape
Factor (CSF):

ut =
3

s
(⇢p � ⇢f )

⇢f
g ⌫ R3 10R1+R2 (4.25)

where

R1 = �3.76715 + 1.92944 log d⇤ � 0.09815 (log d⇤)
2 � 0.00575 (log d⇤)

3 + 0.00056 (log d⇤)
4

R2 = log

✓
1� 1� CSF

0.85

◆
� (1� CSF)2.3 tanh(log d⇤ � 4.6) + 0.3(0.5� CSF) (1� CSF)2 (log d⇤ � 4.6)

R3 =


0.65� CSF

2.83
tanh(log d⇤ � 4.6)

�1+ 3.5�P
2.5

d⇤ =
(⇢p � ⇢f )

⇢f ⌫2
g d3p

where ⌫ is the kinematic viscosity of the fluid and d⇤ is the dimensionless nominal diameter according to
Dietrich (1982). Furthermore, CSF is derived by means of the three principal axes characterizing the best-fit
ellipsoid of an irregular particle:

CSF =
cp
a b

(4.26)

and P representing the Powers Index, which is a measure of roundness and obtained by comparing the
particle with a set of 12 predefined images (Figure 4.7) and subsequently assigning it a score from 0 to 6
in the corresponding numerical scale of Folk (1955). Perfectly rounded particles correspond to P = 6. The
shape descriptor CSF varies from 0 to 1 with CSF = 0 resembling an infinitely flat particle.

Seven years later, Haider and Levenspiel (1989) derived a general shape-dependent drag law based on
sphericity:

CD =
24

Rep
(1 +AReBp ) +

C

1 + D
Rep

(4.27)

where

A = exp(2.3288� 6.4581 �+ 2.4486 �2)

B = 0.0964 + 0.5565 �

C = exp(4.905� 13.8944 �+ 18.4222 �2 � 10.2599 �3)

D = exp(1.4681 + 12.2584 �� 20.7322 �2 + 15.8855 �3)
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Figure 4.7: Representation of the chart proposed by Powers (1953) to quantitatively estimate the roundness of an
irregular particle (Adapted from Powers, 1953).

Swamee and Ojha (1991) suggest the use of CSF to predict the effect of shape on the terminal settling
velocity of crushed particles:

CD =

"
48.5

(1 + 4.5 �0.35)0.8 Re0.64p

+

✓
Rep

Rep + 100 + 1000 �

◆0.32 1

(�18 + 1.05 �0.8)

#1.25
(4.28)

where � is the shape factor proposed by Swamee and Ojha (1991) yet identical to the Corey Shape Factor
(CSF) defined by Equation 4.26.

The drag law proposed by Ganser (1993) introduces two shape factors, namely a Stokes shape factor
K1 and a Newton shape factor K2:

CD = K2

"
24

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

0.6567) +
0.4305

1 + 3305
K1 K2 Rep

#
(4.29)

where

K1 =

✓
1

3
+

2

3
p
�

◆�1

K2 = 101.8148 (�log �)0.5743

The work of Dellino et al. (2005) led to a relatively simple expression for the drag coefficient of irregular
particles, but suggests the use of a different shape factor  :

CD =
0.9297

 1.6 Re0.0799p

(4.30)

where
 =

�

�
(4.31)

In addition, Dellino et al. (2005) derived an equation for the particle surface area Ap, which is in turn used
to calculate the sphericity � in Equation 4.23. The proposed expression is a function of the three principal
axes that allow to conveniently approximate a particle’s irregular shape (Figure 4.6):

Ap = 4 ⇡

"�
a
2

�z � b
2

�z
+
�
a
2

�z � c
2

�z
+
�
b
2
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2

�z

3

# 1
z

(4.32)
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where z = 1.6075.

The shape-dependent drag law proposed by Pfeiffer et al. (2005) is a modification of the original expres-
sion derived by Walker et al. (1971) and Wilson and Huang (1979). It differentiates different flow regions
based on the value of the particle Reynolds number and presents a particle aspect ratio ' to describe the
shape:

CD =

8
>>>>><

>>>>>:

24

Rep
'�0.828 + 2

p
1� ' Rep  102

1� 1� CD(Rep = 100)

900
(103 �Rep) 102 < Rep  103

1 Rep > 103

(4.33)

where
' =

b+ c

2 a
(4.34)

Starting from the work of Dietrich (1982) and Cheng (1997), a general formula for the settling velocity
of a particle is presented by Camenen (2007). The same shape descriptors as applied by Dietrich (1982)
are suggested, namely the Corey Shape Factor and the Powers Index:

ut =
⌫

dp

2

4

s
1

4

✓
A

B

◆ 2
m

+

✓
4

3

d3⇤⇤
B

◆ 1
m

� 1

2

✓
A

B

◆ 1
m

3

5
m

(4.35)

where

A = 24 + 100
h
1� sin (

⇡

2
CSF)

i2.1+0.06 P

B = 0.39 + 0.22 (6� P) + 20
h
1� sin (

⇡

2
CSF)

i1.75+0.35 P

m = 1.2 + 0.12 P sin0.47 (
⇡

2
CSF)

d⇤⇤ =
3

vuut
 
(
⇢p
⇢f

� 1) g

⌫2

!
dp

where d⇤⇤ is the dimensionless nominal diameter according to Camenen (2007).

The next shape-dependent drag law proposed by Dioguardi and Mele (2015) makes use of the shape
descriptor  defined by Dellino et al. (2005) in Equation 4.31:
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(4.36)

where CD,sphere is calculated by means of the drag law of Clift and Gauvin (1971):

CD,sphere =
24

Rep
[1 + 0.15Re0.687p ] +

0.42

1 + 42500
Re1.16p

Bagheri and Bonadonna (2016) constructed a general drag law by using two other shape descriptors,
namely the particle flatness F and elongation e, based on the three principal axes a, b and c of an irregular
particle:

CD =
24KS

Rep

"
1 + 0.125

✓
Rep

KN

KS

◆ 2
3

#
+

0.46KN

1 + 5330

Rep
KN
KS

(4.37)
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where
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with ⇢0 the particle to fluid density ratio ⇢p
⇢f

and dsph the diameter of the volume-equivalent sphere, which
equals dp in this context according to Equation 4.22.

The most recent developed expression for the drag coefficient is the one by Dioguardi et al. (2018). The
proposed empirical drag law is claimed to hold an unmatched, wide range of applicability and uses the shape
descriptor  by Dellino et al. (2005) that accounts for both the sphericity and the circularity of a particle
(Equation 4.31):

CD =
24

Rep

✓
1� 
Rep

+ 1

◆0.25

+
24

Rep
(0.1806Re0.6459p ) �Re0.08p +

0.4251

1 + 6880.95
Rep

 5.05
(4.38)

To summarize, a table is constructed listing the authors of the discussed drag laws or drag models with
the corresponding applied shape descriptors. In addition, Table 4.3 indicates the examined experimental
particle Reynolds number range to derive the corresponding equations. The latter provides information
about the applicability-range of the expressions.

Table 4.3: Overview of the different shape descriptors used to derive the discussed drag laws (or drag models) along
with the reported corresponding particle Reynolds number range for which the equations are theoretically intended.

Author(s) drag law Shape descriptor(s) Experimental Rep range

Dietrich (1982) CSF, P 0.07 < Rep < 5 ⇥ 104

Haider and Levenspiel (1989) � Rep < 2.6 ⇥ 105

Swamee and Ojha (1991) � = f(CSF) Rep < 1.5 ⇥ 105

Ganser (1993) K1 = f(�),K2 = f(�) Rep < 2.5 ⇥ 104

Dellino et al. (2005)  = f(�,�) Rep > 60
Pfeiffer et al. (2005) ' 0.1 < Rep < 104

Camenen (2007) CSF, P Rep < 105

Dioguardi and Mele (2015)  = f(�,�) 0.01 < Rep < 104

Bagheri and Bonadonna (2016) F , e Rep < 3 ⇥ 105

Dioguardi et al. (2018)  = f(�,�) 0.03 <Rep < 104

Finally, it needs to be mentioned that the collection of shape descriptors discussed above does not rep-
resent an exhaustive overview. Over the past century, an excessive amount of possible shape descriptors
emerged due to the availability of digital image analyzers. A critical review of the most popular particle
shape statistics is provided by Smart (2013). To illustrate, Equation 4.32 can be used to derive an approx-
imation of a particle’s sphericity �, which is generally defined by Equation 4.23. However, many other
approximations of sphericity exist among which sphericity �K proposed by Krumbein (1941), �S&F by
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Sneed and Folk (1958) and �R by Riley (1941) are the most favored:

�K =
3

r
b c

a2
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a b
�R =

r
di
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(4.39)

where di is the largest inscribed circle and dc is the smallest circumscribed circle of an irregular particle.

4.2.1.3 Orientation

The effect of a particle’s orientation on its terminal velocity ut was a topic of interest for many scientists
studying the sinking behaviour of irregular particles, among which several are referred above. Interestingly,
in the laminar region particles fall predominantly with their longest surface parallel to the direction of mo-
tion, while in the turbulent region particles present their maximum area to the oncoming fluid. Therefore, an
important distinction appears between the laminar and turbulent region concerning the effect of orientation.
In the case of turbulent conditions, a restricted number of particle orientations will be stable. In practice,
the orientation where the maximal cross-section of the particle is set perpendicular to the flow direction,
is accepted as the only stable position. Merely at extremely high turbulent flow (i.e. Rep > 104), the de-
velopment of a vortex trail behind the settling particle will induce an oscillating motion, yet the average
orientation will be identical to the one described before. However, in the case of laminar conditions ev-
ery initial orientation is theoretically stable. Therefore, a particle will retain its original orientation during
settling in the laminar region.

4.2.1.4 Boundaries

In case a particle settles in a fluid in the presence of a solid boundary, its terminal velocity ut will be lower
compared to the terminal velocity reached by a particle falling in an infinite fluid. Typically, the effect of
boundaries is solely considered when using the falling sphere method to measure the viscosity of a fluid.
When a particle is settling along the axis of a vertical pipe, the boundary effect can be described by means
of a wall factor fw. A common expression for the wall factor is derived by Francis (1933):

fw =

✓
1� dp

D

◆2.25

for Rep  0.3 and
dp
D

 0.97 (4.40)

where D is the diameter of the vertical pipe. For the purpose of this thesis, the boundary effect will not be
considered further.

4.2.2 Experiments

The aim of the sinking experiments described below is to gain insight into the sinking behaviour of mi-
croplastic particles. In particular, the effect of shape on the settling velocity is explored. Afterwards, this
knowledge is used to select the most appropriate expression to theoretically predict the terminal velocity of
microplastic particles among the discussed drag models presented in Subsection 4.2.1.

4.2.2.1 Sample collection

To make the results more representative, the experiments were conducted on common plastic waste prod-
ucts that potentially find their way to the marine environment where they contribute to the formation of
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microplastic particles. Therefore, six of the seven considered products were retrieved at waste manage-
ment company IVAGO from the collected municipal waste. This was done in collaboration with the project
Matter that aims to provide sustainable recycling solutions for mixed plastic waste streams in Belgium. Fur-
thermore, PVC-pipes purchased from a local hardware store were added as a final plastic product to include
in the experiments. Table 4.4 specifies all the plastic products used in the sinking experiments.

Table 4.4: Overview of the plastic (waste) products used in the sinking experiments containing information about the
selected product parts, the corresponding polymer type and the number (#) of selected particles.

Product Product part Polymer type # selected particles

Coca Cola 1.5 L Bottle PET 20
Dash stralend wit 195 cL Bottle HDPE 20
Flowerpot brown Tray PP 20
Mushroom container 500 g Tray PS 20
Jupiler 15 cans shrink wrap Foil PE 20
Lotus Speculoos package 12.5 g Foil PE + PVDC 20
PVC-pipe Pipe PVC 20

4.2.2.2 Sample preparation

Once the different plastic products were acquired, each item was subjected to a washing cycle of three con-
secutive stages with deionized water. Afterwards, the items were dried at room temperature to allow further
processing. The non-foil products, with the exception of the PVC-pipes, were individually fragmented by
means of a Shini SG-16N/20N Granulator. The two foil products required specialized equipment executed
by a Hellweg 340/150 Granulator. Prior to this fragmentation, the foil items were submerged in liquid nitro-
gen to reduce the flexibility of the foil and therefore facilitate the shredding process. Lastly, the PVP-pipes
were manipulated with a miter saw to produce fibres.

The generated irregular particles were collected per plastic product and divided into two size ranges,
namely smaller than 2 mm and between 2 and 5 mm. This was done by means of an Endecott Sieve Shaker.
Subsequently, 10 particles were randomly selected from each size category with small tweezers to ensure
incorporating various particle sizes comprised within the microplastic range. The individual particles were
separately contained in 1.5 mL tubes and given a unique identification label. In total, 140 different particles
(i.e. 20 particles per product) were considered in the sinking experiments.

4.2.2.3 Sample characterization

The mass m of each individual particle was measured with an accuracy of 0.01 mg by means of a Mettler
Toledo AX105 laboratory balance. To determine the density ⇢p, a Precisa Density Kit 350 was used in
combination with ethanol (100 % HPLC grade) as liquid medium. By successively measuring the mass of
an object exposed to the ambient air and submerged in a liquid medium, the integrated software of the Precisa
Density Kit is able to determine the density of the object based on the difference in mass. However, given
the restricted precision of this measurement for particles with a mass lower than 0.1 g and the assumption
that the density of a plastic item is uniformly distributed over its surface, particles larger than 5 mm were
used to derive the density. More specifically, 10 different particles that were unable to pass the 5 mm sieve
plate of the Endecott Sieve Shaker per plastic product were subjected to the density analysis. Afterwards,
the average value together with the standard deviation were assigned to all 20 different particles of the
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corresponding product. By combining the data of particle mass and density, the volume of each particle Vp

was determined. Subsequently, the volume-equivalent sphere diameter dp and the volume-equivalent sphere
surface area Asph were calculated by means of Equation 4.22 and by considering that Asph = ⇡ d2p.

To quantify the shape of the irregular particles, a combination of different analysis techniques was ap-
plied. A Keyence VHX-500FE Digital Microscope (Figure 4.8) was used to generate high resolution 2D-
images. Afterwards, by means of the image analysis software ImageJ several shape descriptors such as the
circularity � were derived. However, caution is advised when interpreting the predefined shape descriptors
in the ImageJ interface. For instance, the circularity generated by ImageJ is equal to the inverse of the tradi-
tional circularity � defined in Equation 4.24. To calculate the sphericity �, the numerator and denominator
of Equation 4.23 were determined separately. The numerator represents Asph, which was calculated as de-
scribed in the previous paragraph. Furthermore, Equation 4.32 provides an expression for the denominator
Ap, which is a function of the three principal axes a, b, and c of the best-fit ellipsoid of a particle. These
axes were obtained by combining the measurements of a Mitutoyo Digimatic Indicator with the data gath-
ered from the 2D-image analysis. Hence, the sphericity � of each particle was determined. Consequently,
the shape factor  could be calculated via Equation 4.31. The other applied shape descriptors CSF, ', F
and e are calculated as described in Subsection 4.2.2 since they are merely functions of a, b and c. Lastly,
the Powers Index P was derived by visually comparing each particle with the 12 images proposed by Powers
(1953) (Figure 4.7).

Figure 4.8: Image of the Keyence VHX-500FE Digital Microscope used for the shape characterization of the
microplastic particles considered during this research.

4.2.2.4 Analysis of sinking velocity

To experimentally determine the terminal velocity ut of the characterized particles, the expected time for a
particular particle to reach its terminal velocity is to be estimated. To that end, Zaichik et al. (1997) among
others derived an equation for the relaxation time ⌧ , which indicates the time required to reach a velocity
that is 63 % of the terminal velocity:

⌧ =
d2p ⇢p

18 µ
(4.41)
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Moreover, a particle will reach 95 % of the terminal velocity after three times the relaxation time ⌧ . Con-
sidering the acquired physical properties of the 140 particles, a conservative estimation of ⌧ = 0.5 s was
found. By consulting the work of Kowalski et al. (2016), a conservative prediction for the maximum termi-
nal velocity of the considered microplastic particles of approximately 0.1 m/s was made. Therefore, it was
assumed that every particle would reach their terminal velocity before a distance of 20 cm was travelled in
water or ethanol as medium.

To measure the terminal velocity of a particle, a traditional cylindrical settling column of 45 cm height
and 10 cm in diameter was used. Based on the particle density, deionized water (⇢f = 1000 kg/m3) was used
as the medium for the particles derived from the Cola bottles, mushroom trays and PVC-pipes, while disolol
(i.e. ethanol denatured with eurodenaturant; ⇢f = 790 kg/m3) acted as the medium for the particles derived
from the Dash bottles, flowerpots, Jupiler shrink foil and Lotus Speculoos packages. Prior to the sinking
measurements, the plastic particles were submerged in a beaker filled with the corresponding medium at
the same temperature to avoid electrostatic discharge at the surface of the particles. The latter phenomenon
might affect the sinking behaviour of plastic particles, which is undesirable during the experiments. After
submersion, the particles were individually transferred to the top of the settling column and gently released
in the fluid by using tweezers. Time recording started 20 cm below the surface of the medium to ensure that
the particle reached its terminal velocity. More specifically, the time a particle needed to cross a distance
of two times 10 cm was measured by means of an HDR-CX160 Camera at 100 frames per second. Given
the measured sinking time and the predefined travelled distance, the terminal velocity of each individual
particle was calculated.

Furthermore, the sinking experiments were conducted in a temperature-controlled room to avoid fluctu-
ations in viscosity of the medium between measurements. The relation between viscosity and temperature
is most commonly described by the Vogel–Fulcher–Tammann–Hesse equation:

log µ = A+
B

T � T0
(4.42)

where A, B and T0 are constants dependent on the fluid under consideration, and T is the absolute temper-
ature. Despite the fact that this equation dates back to the early 1900s, Luis et al. (2007) demonstrated its
validity more recently. Based on Equation 4.42, the Dortmund Data Bank (DDB) provides a list with the
required parameters to calculate the viscosity at a specific temperature for 30 different fluids among which
water and ethanol. These values were used to derive the viscosity of water and disolol.

4.2.2.5 Validation

To validate the measured sinking velocities, two different types of perfectly round references spheres were
used. Polypropylene spheres (PPS Cospheric) with a certified mean diameter of 2.45 mm ± 0.05 mm and
a density of 900 kg/m3 were used in combination with disolol, while polystyrene spheres (PSS Cospheric)
with a certified mean diameter of 1.94 mm ± 0.05 mm and a density of 1050 kg/m3 were used in water
as the operating medium. The two average values of 10 successive sinking velocity measurements for both
polymer types were compared to theoretical sinking velocities ut,calc calculated by using the reference law
for spheres formulated by Dietrich (1982):

ut,calc =
3

s
(⇢p � ⇢f )

⇢f
g ⌫ u⇤ (4.43)

where u⇤ is the dimensionless nominal settling velocity, which is correlated to the dimensionless nominal
diameter d⇤ previously defined in Equation 4.23 as follows:

log u⇤ = �3.76715+1.92944 log d⇤�0.09815 (log d⇤)
2�0.00575 (log d⇤)

3+0.00056 (log d⇤)
4 (4.44)
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The presented formula was chosen to calculate ut,calc instead of the popular Stokes’ law (Equation 4.18),
primarily because the latter is assuming a very low particle Reynolds number. As a consequence, Stokes’ law
solely applies to low settling rates and typically overestimates the terminal velocity of low-density spheres
with a diameter bigger than 200 µm in an aqueous medium. To illustrate, Gregory (2006) demonstrated that
Stokes’ law significantly overestimates the terminal velocity of particles larger than 1 mm by a factor of 10
or higher. Therefore, it is stated that Stokes’ law does not apply to particles settling at a rate higher than a
few mm/s in water. The formula of Dietrich (1982) presented above (Equation 4.43) is considerably more
complex, yet proven to be valid over a broader and more appropriate range of particle Reynolds numbers
(i.e. from 0.07 to 5 ⇥ 104).

4.2.2.6 Determination of best drag model

Once the terminal settling velocities of the 140 different irregular microplastic particles were experimentally
determined, the results were compared with the shape-dependent drag laws discussed in Subsection 4.2.1.
Since all these drag models depend directly or indirectly on the particle Reynolds number Rep, which is
given by Equation 4.16, the viscosity µ of the medium was derived. Considering that the viscosity depends
on the operating temperature, the Vogel–Fulcher–Tammann–Hesse Equation 4.42 was used. Therefore,
the particle Reynolds number of each particle was calculated. Subsequently, by using the fundamental
Equation 4.14, the drag laws were rearranged to provide a theoretical expression for the terminal velocity
ut. Afterwards, the following formulae for the average error and the root mean squared error (RMSE) were
calculated for each drag law individually:

average error [%] =

NP
i=1

ut,calc,i�ut,meas,i

ut,meas,i
⇥ 100

N
(4.45)

RMSE =

vuuut
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i=1

⇣
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ut,meas,i

⌘2
⇥ 100

N
(4.46)

where N = 140 is the number of performed terminal velocity experiments, ut,meas,i is the measured termi-
nal velocity of particle i and ut,calc,i is the corresponding terminal velocity calculated by the drag law under
consideration. Therefore, the drag law with the smallest error for the dataset could be identified and selected
for further anaylsis. In addition, standard drag curves and scatter plots of ut,calc as a function of ut,meas

were generated to visualize the measure of fit and the effect of irregular particle shapes.

4.3 Separation by centrifugal sedimentation

An insightful evaluation of centrifugal sedimentation as a potential separation technique of microplastic
particles was performed. To that end, the fundamental aspects of centrifuge engineering were considered and
briefly presented in the first part of the following subsection, based on the work of Perry and Green (1997);
Records and Sutherland (2001); Yang (2003) and Bell (2013). Afterwards, indicative theoretical calculations
were carried out applied to an appropriate centrifuge design. The objective is to predict the applicability of
centrifugal sedimentation as potential remediation technique for microplastics from marine sediments in a
quantitative fashion to avoid unnecessary, time-consuming experiments. Given the availability of proven
and reliable formulae describing the process of centrifugal sedimentation, this was assumed to be a valid
approach.
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4.3.1 Centrifuge engineering

4.3.1.1 Centrifugation

A centrifugal force Fc is generated by introducing a mixture in a rotating vessel. For a particle moving along
a curve trajectory with the radius of curvature r and at tangential velocity v✓, the centrifugal force is given
by:

Fc =
m v2✓
r

(4.47)

where v✓ = ⌦ r and ⌦ the angular velocity of the rotational motion given by:

⌦ = 2 ⇡ n (4.48)

where n denotes the speed in revolutions per second. The force Fc acts perpendicular to the direction of
motion and is directed radially inward. The kinematic relationship that describes the centrifugal acceleration
ac corresponds to:

ac = ⌦
2 r (4.49)

where ac is directed radially outward from the axis of rotation and therefore follows the opposite direction as
the centrifugal force Fc. Equation 4.49 holds for a non-inertial, rotating reference frame, which is the case
when considering centrifuges. Furthermore, centrifugal gravity is commonly expressed in terms of Earth
gravity g by means of the so-called relative centrifugal force (RC):

RC =
⌦2 r

g
(4.50)

From Equation 4.49 it appears that the acceleration increases proportionally to the distance r from the centre
of rotation. Therefore, the acceleration of a particle moving outwards will increase so that the particle never
reaches a steady state. To account for this relative centrifugal force, Stokes’ law for the terminal velocity
(Equation 4.18) is adjusted as follows:

uc = ut ⇥ RC =
d2p |⇢p � ⇢f | g

18µ
RC =

d2p |⇢p � ⇢f | g
18µ

⌦2 r

g
=

d2p |⇢p � ⇢f | ⌦2 r

18µ
(4.51)

Equation 4.51 represents the generally applied formula to describe the settling velocity uc of spherical
particles in a fluid mixture induced by means of a centrifuge rotating at angular velocity ⌦.

4.3.1.2 Grade efficiency

The grade efficiency quantifies the separation probability related to the particle size and is commonly used to
predict centrifuge performance. Typically, a grade efficiency curve is constructed to represent the efficiency
of the separation process as a function of the particle size. In addition, the diameter of the smallest particles
that are completely isolated from the feed mixture during the separation process dp,100 and/or the diameter
of the particles which are retained at 50 % efficiency dp,50 (i.e. critical diameter or cut-size) are identified
to characterize centrifuge performance. In general, the efficiency of a centrifuge depends on the residence
time ta of the fluid and on the time required for the desired particle separation.

To illustrate, a rotating drum centrifuge is considered (Figure 4.9). The corresponding grade efficiency
for a given particle size Edp is based on Equation 4.51 and determined by:

Edp =
R2

R2 � r2i


1� exp

✓
�
(⇢p � ⇢f ) ⌦

2 ta
9 µ

dp

◆�
 1 (4.52)
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where R is the radius of the cylindrical drum and ri is the radius from the axis of rotation to the point
where the mixture is located against the wall of the centrifuge. Furthermore, dp,100 as described above for a
rotating drum centrifuge is given by:

dp,100 =

vuut 18 µ Q ln
⇣

R
ri

⌘

(⇢p � ⇢f ) ⌦2 Veff
(4.53)

where Q is the flow rate and Veff is the effective volume of the drum centrifuge.
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Figure 4.9: Representation of a rotating drum centrifuge to illustrate the separation process and clarify the
parameters of Equation 4.52 (Adapted from Geankoplis, 1993).

4.3.1.3 Decanter case study

With respect to the feed mixture defined in Section 5.1, it was concluded that a decanter centrifuge best aligns
with the separation requirements for this research. A decanter or solid-bowl centrifuge consist of a rotating
solid bowl with both a cylindrical and conical section. In the centre of the centrifuge, a screw conveyor is
present that also rotates at a high yet differential speed relative to the solid bowl. The latter is responsible
for conveying the sediment from the cylindrical to the conical discharge end. The feed mixture is typically
introduced via a stationary feed tube into the feed chamber equipped with a hub accelerator positioned at
the transition zone of cylindrical to conical section where the material is rotationally accelerated before it
enters the separation pool in the solid bowl. In the separation pool, heavy solid particles settle as a cake
towards the bowl wall under centrifugal gravity while the clarified liquid moves radially towards the pool
surface. Ultimately, the liquid is discharged through adjustable weirs, while the cake is transported to the
conical section, commonly known as the beach, by means of the screw conveyor.

The objective is to calculate the grade efficiency curve for a representative decanter centrifuge operating
on the feed mixture defined in Section 5.1. To that end, a particular decanter configuration is chosen based
on commercially available models of global decanter suppliers such as GEA, Andritz, Flottweg, HAUS and
Siebtechnik Tema. An industrial size bowl diameter of 470 mm was selected, which will be explained in
more detail at the end of this section. Typically, the total bowl length to bowl diameter ratio varies from 2
to 4 (Minaker, 1995). Hence, a bowl length of 1410 mm was obtained. Furthermore, the ratio of the length
of the cylindrical section to the conical section is assumed to be 3. Therefore, the length of the cylindrical
section is said to be 1058 mm. The ratio of the weir diameter to the bowl diameter is assigned a value of
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Figure 4.10: Representation of a decanter centrifuge used as case study for the calculations of the grade efficiency
curve (Adapted from Hiller, 2019).

0.55, which sets the weir diameter to 259 mm. Lastly, the screw pitch is assumed to be 25 mm. An overview
of the dimensions of the proposed decanter centrifuge are listed in Table 4.5.

Table 4.5: Overview of the dimensions of a hypothetical decanter centrifuge in order to appropriately calculate the
corresponding grade efficiency curve.

Parameter Symbol Value Unit

Bowl diameter Db 470 mm
Bowl radius Rb 235 mm
Weir diameter Dw 259 mm
Weir radius Rw 129 mm
Total bowl length Lb 1410 mm
Cylindrical length Lcyl 1058 mm
Screw Pitch Wsc 25 mm

Predicting the grade efficiency curve of a decanter centrifuge is more complex compared to the expres-
sion for a rotating drum centrifuge presented in Equation 4.52. This is primarily due to the fact that a
decanter makes use of an internal screw conveyor for the continuous discharge of the moist cake, which
significantly complicates the associated theoretical models. Nonetheless, Gleiss (2018) appeared to be suc-
cessful in the development of a dynamic process model for the mechanical fluid separation in decanter
centrifuges. The following expression was derived for the grade efficiency curve of a decanter centrifuge,
which shows noticeable similarities with Equation 4.52:

Edp =
Rb

Rb �Rw

"
1� exp

 
�
(⇢p � ⇢f )RH d2p ⌦

2

18 µ

(Rb �Rw)Wsc Lcyl

Qin

!#
 1 (4.54)

where Qin is the inlet flow rate and RH is the hindered settling function, which depends on the solids
content of the feed mixture. The latter variable describes the phenomenon of hindered settling, which occurs
when falling particles influence each other’s settling behaviour. Depending on the particle concentration,
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the hindered terminal velocity will generally be lower than the terminal velocity of a single particle in an
identical medium. For the purpose of this thesis, the hindered settling function will not be further elaborated
and the following expression proposed by Richardson and Zaki (1954) is assumed to hold true for RH when
needed:

RH = (1� ✏)4.65 (4.55)

where ✏ is the solids volume fraction. Despite the efforts by Gleiss (2018) to include every parameter that
affects the separation probability of a decanter centrifuge, Equation 4.54 assumes spherical particles and
consequently does not account for the effect of particle shape. Considering that it was previously stated that
the shape of microplastic particles play a fundamental role in its sinking behaviour, Equation 4.54 requires
further modification.

From the results of Subsection 4.2.2, it appears that the shape-dependent drag law proposed by Dioguardi
et al. (2018) and given by Equation 4.38 best fits the experimental data. To account for this shape-dependent
drag coefficient in the calculations of the grade efficiency curve, the structure of Equation 4.54 was analyzed
in detail. From this analysis and comparison with the grade efficiency Equation 4.52 for a rotating drum
centrifuge, it is clear that the expression for the centrifugal settling velocity of a (spherical) particle uc given
by Equation 4.51 plays a crucial role in the determination of the grade efficiency curve of a centrifuge.
Moreover, Equation 4.51 is nearly identically formulated in the decanter grade efficiency Equation 4.54. In
particular, the section of this formula highlighted below provides an expression for uc

r :
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 1 (4.56)

Furthermore, in order to include the effect of particle shape in the expression for uc, the fundamental equa-
tion for the terminal velocity of a falling particle ut given by Newton’s impact formula in Equation 4.15 was
adapted to hold for centrifugal sedimentation:

uc =

s
4

3

dp ⌦2 r

CD

|⇢p � ⇢f |
⇢f

(4.57)

Therefore, the expression for uc
r becomes:

uc
r

=

s
4

3

dp ⌦2

CD r

|⇢p � ⇢f |
⇢f

(4.58)

Consequently, the shape-dependent drag law proposed by Dioguardi et al. (2018) and given by Equation 4.38
can be substituted in Equation 4.58, which can be in turn substituted in the highlighted section of Equa-
tion 4.56 to account for the irregular shape of (microplastic) particles. For simplification, r was set equal
to Rw, which is a reasonable assumption considering the objective to examine the relative differences in
grade efficiency between sediment and microplastic particles. Hence, the proposed shape-dependent grade
efficiency curve for a decanter centrifuge is given by:

Edp =
Rb

Rb �Rw

"
1� exp

 
�
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3

dp ⌦2

CD Rw

|⇢p � ⇢f |
⇢f
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(Rb �Rw)Wsc Lcyl

Qin

!#
 1 (4.59)

where CD depends on the shape descriptor  , but additionally on the particle Reynolds number Rep, which
is in turn function of the settling velocity, as can be seen from Equation 4.16. Therefore, the alternative
approach suggested in Subsection 4.2.1 using the dimensionless group given by Equation 4.21 was followed.
However, considering the vast amount of data points required to construct the grade efficiency curve for each
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constituent of the feed mixture at varying values for , a Matlab function (Matlab R2018b) was constructed
that returns the approximated value for the particle Reynolds number from input values for dp, ⇢p, ⇢f , µ,
 and an initial prediction for Rep. Moreover, the Matlab function was coded in such fashion that dp
is allowed to be a numerical array so that the generated output resembles an array of corresponding Rep
values. Therefore, in combination with a predefined value of  , the drag coefficient CD associated with a
particular particle size dp can be calculated. Hence, the corresponding grade efficiency can be obtained by
means of Equation 4.59. The code for the iterative algorithm is included in Appendix Table A.4.

In order to construct the grade efficiency curves based on the decanter dimensions provided in Table 4.5,
the characteristics of the two main feed constituents were retrieved from Section 5.1. An average sediment
density of 2650 kg/m3 was assumed for both sediment scenarios 1 and 2 defined in Section 5.1. For scenario
1 and 2 a shape factor  of 0.8 and 0.6, respectively, was assumed for the sediment particles, with  = 1
as best-case scenario (BCS) and  = 0.3 as worst-case scenario (WCS) considering the aim to discharge
sediment as solids near the cone section, while separating microplastic particles as part of the effluent. To
that end, microplastic particles with a density lower than the density of seawater (i.e. the operating medium)
are assumed to be isolated in the effluent with a 100 % probability. On the other hand, microplastic particles
with a higher density are assumed to be more difficult to separate with the effluent, hence PVC, PET and
PC with an average density of 1450, 1350 and 1200 kg/m3, respectively (Table 5.1), are predicted to be the
most troublesome. In addition, microplastic particles with an original density lower than the surrounding
seawater that were subjected to marine biofouling were considered. The latter particles were assumed to
hold a bio-fouled microplastic density of 1100 kg/m3 (i.e. the density of a biofilm), which represents the
maximum density of a floating, bio-fouled microplastic particle. An average shape factor  of 0.5 was
assumed for microplastic particles based on the results of the shape characterization performed as part of
the sinking experiments (Section 5.3) and on Table 5.1 provided in Section 5.1, with  = 0.01 as BCS and
 = 1 as WCS. Consequently, by implementing the constructed iterative algorithm (Appendix Table A.4),
the drag coefficients CD of the grade efficiency Equation 4.59 were calculated for each of the discussed feed
constituents over a dp range from 1 µm to maximum 5 mm.

For the operational parameters, common values of industrial decanters were considered. For instance,
global technology supplier HAUS offers decanter centrifuges with a bowl diameter Db ranging from 238 to
820 mm with a maximum angular velocity ⌦ of 5400 to 2600 rpm, respectively. Furthermore, typical flow
rates vary from 1 to 250 m3/h. Via trial and error, the most desirable and feasible combination of decanter
dimensions and angular velocity considering both sediment scenarios defined in Section 5.1 was selected,
namely a bowl diameter of 470 mm that is capable of rotating at 5400 rpm. For both sediment scenarios
1 and 2 the corresponding optimal operational conditions were derived for a minimum sediment critical
diameter dp,50 = 2 and 63 µm, respectively, where dp = 63 µm represents the shifting point between the
two sediment scenarios. The optimal conditions were determined by using an algorithm that maximizes the
distance between the critical diameters of sediment and microplastic particles by varying both the angular
velocity⌦ and the inlet flow rate Qin, while maintaining the predefined minimum sediment critical diameter
of the corresponding scenario. In case the solution violates the preset boundary conditions of the operational
parameters (i.e. ⌦ 2 [825, 5400] rpm and Qin 2 [1, 250] m3/h), the predefined minimum sediment critical
diameter of the corresponding scenario is increased automatically until the boundary conditions are met. In
addition, a secondary applied boundary condition stated that the minimum distance between the critical di-
ameters of the two main feed constituents must be 30 µm to facilitate graphical interpretation of the results.
By assuming the expected values (i.e. not the BCS or WCS values) for the shape factor  for the optimiza-
tion algorithm, ⌦ = 3500 rpm and Qin = 30 m3/h was found for sediment scenario 2 with dp,50 = 63 µm,
while ⌦ = 5400 rpm and Qin = 10 m3/h was derived for sediment scenario 1 with dp,50 = 39 µm.
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Note that every equal multiple of ⌦ and Qin will result in identical grade efficiency curves according to
Equation 4.59 (i.e. ⌦ and Qin are inversely proportional). Therefore, to obtain the two presented optimal
combinations of operational parameters, it was additionally assumed that the inlet flow rate is to be maxi-
mized as opposed to minimizing the angular velocity, which is common practice in industry, and that given
the opportunity (i.e. more than one solution is available that reached the predefined minimum sediment
critical diameter) an angular velocity of 3500 rpm is favored for the decanter design, as recommended by
global technology suppliers, such as HAUS and Andritz. The former assumption explains why the potential
optimal combination of ⌦ = 825 rpm and Qin = 1.5 m3/h was not selected for sediment scenario 1, and the
latter assumption explains why the potential optimal combination of ⌦ = 5400 rpm and Qin = 46.3 m3/h
was not selected for sediment scenario 2. Lastly, the solids volume fraction ✏ = 0.2 required to calculate the
hindered settling function RH in Equation 4.55 was based on typical values of dredged sediment mixtures
provided by dredging company Jan De Nul.

4.4 Separation by froth flotation

The second explored separation technique is froth flotation. In a first part, relevant theoretical aspects that
were not included in the fundamental description of froth flotation in Subsection 2.3.7 are briefly discussed.
This was done based on the work of Zisman (1964); Weber and Paddock (1983); Fraunholcz (1997); Dai
et al. (2000); Shen et al. (2001); Emerson (2007); Goel and Jameson (2012); Wang et al. (2015); Pita and
Castilho (2017) and Prakash et al. (2018). Afterwards, the applied methodology to examine the applicability
of froth flotation as potential remediation technique for microplastics from marine sediments by means of
different experimental setups is provided. The final part concludes with a novel design proposal of a tailor-
made froth flotation installation to separate microplastic particles from sediment mixtures.

4.4.1 Bubble-particle interaction

The interaction between air bubbles and the particles to be separated is of paramount importance for the
flotation process. It dictates both the selectivity as the efficiency of the separation technique. In general,
bubble-particle interaction consists of three major sub-processes, which can be divided into collision, at-
tachment and detachment. Hence, the probability of particle collection P is given by:

P = Pc Pa (1� Pd) (4.60)

where Pc is the probability of collision between bubbles and particles, Pa the probability of adhesion af-
ter collision and Pd the probability of subsequent detachment. Among the three successive sub-processes,
collision has been the most extensively researched and various models have been developed for the pre-
diction of the collision efficiency. A critical review of these models is provided by Dai et al. (2000). All
models suggest an increase in collision efficiency for increasing particle size and highlight the significance
of hydrodynamic interactions. The second sub-process, attachment, involves three distinct steps. Firstly,
thinning of the intervening water film between bubble and particle occurs until the film ruptures. Secondly,
a three-phase contact nucleus develops after the rupture of the intervening film. And thirdly, expansion
and relaxation of the three-phase contact line (Subsection 4.1.2) from the critical radius establishes a stable
wetting perimeter. It is stated that interfacial forces rather than hydrodynamic interactions play a domi-
nant role in the attachment efficiency. The stability of the bubble-particle aggregate, hence the detachment
probability, depends on both hydrodynamics and interfacial forces.
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The reputable model proposed by Emerson (2007) to describe the collision probability Pc made use of
numerical solutions of the Navier-Stokes equations to derive the following equation:

Pc = A

✓
dp
dbu

◆n

(4.61)

where dbu is the bubble diameter and both A and n are parameters which depend on the Reynolds number.
From this equation, it is clear that the functional relationship between the collision probability Pc and the
ratio of particle to bubble diameter dp

dbu
represents a power law. Furthermore, it indicates that Pc depends

on the flow regime. In particular, the bubble Reynolds number Rebu is commonly used to express the
parameters A and n, as proposed by Weber and Paddock (1983):

A =
3

2

✓
1 +

0.1875Rebu
1 + 0.29Re0.56bu

◆
(4.62)

where n = 2 and Rebu is given by:

Rebu =
ubu dbu

⌫
(4.63)

where ubu is the terminal bubble rising velocity. Therefore, by substitution of Equation 4.62 in Equation 4.61
the probability of collision Pc becomes:

Pc =
3

2

✓
1 +

0.1875Rebu
1 + 0.29Re0.56bu

◆ ✓
dp
dbu

◆2

(4.64)

To derive an expression for the probability of attachment Pa, the particle surface properties are essential.
Given the event of bubble-particle collision, the particle will slide over the surface of the bubble for a finite
period of time commonly defined as the sliding time. It is stated that bubble-attachment occurs when sliding
time is longer than induction time, where induction time represents the time required for the previously
described film thinning process. In that regard, the process of bubble-attachment is generally treated as
a chemical reaction. Solely when the particle holds a sufficient amount of kinetic energy to overcome the
energy barrier created by the interfacial forces, bubble-collision results in bubble-attachment. Therefore, the
functional relationship to describe Pa is similar to the Arrhenius equation that expresses the rate constant in
function of the activation energy for a chemical reaction:

Pa = exp

✓
�E1

Ek

◆
(4.65)

where E1 is the energy barrier for bubble-particle attachment and Ek is the kinetic energy of collision.

The probability of detachment Pd is a function of the combined effect of gravitational forces, turbulent
forces and bubble oscillations. It increases with particle size due to the increase in inertia. Hence, the
probability of detachment determines the upper limit of floating particle size. Goel and Jameson (2012)
defined the dimensionless Bond number Bo as the ratio of forces of detachment to forces of attachment.
Consequently, they derived the following expression for the probability of detachment:

Pd = exp

✓
1� 1

Bo

◆
(4.66)

where Bo is a function of g, Rep, Rebu and ⇢p among others.

The equations presented above are experimentally derived for the case of mineral flotation. In these
ore flotation processes, the particle size range of the solids to be separated varies between 30 µm and 1 mm,
while the air bubbles are typically up to 1.5 mm in diameter. Therefore, a single bubble is capable of carrying
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multiple (hydrophobic) solid particles during flotation. However, considering the size range of microplastic
particles (i.e. 1 µm – 5 mm), the bubble-particle configurations will deviate from the traditionally observed
aggregates in ore flotation. In particular, multiple bubbles will attach to a single plastic particle of sufficient
size. In addition, the occurrence of bubble-particle aggregates where multiple plastic particles are clustered
together is frequently reported. Figure 4.11 illustrates the differences in the configuration of bubble-particle
aggregates in ore flotation versus plastic flotation.

Bubble Plastic particle

Mineral

(a) (b) 

Figure 4.11: Representation of the typical configurations of bubble-particle aggregates in (a) ore flotation and (b)
plastic flotation (Adapted from Fraunholcz, 1997).

Furthermore, considering that most plastic particles have a low density compared to minerals, such as
quartz (⇢p = 2650 kg/m3), the particle size limit for flotation lies at higher values for plastic flotation.
Ultimately, it is the density of the bubble-particle aggregate ⇢a that determines whether the solid particle
will be floated. In general, the bubble-particle aggregate will float given that ⇢a is strictly lower than the
flotation medium. The density of the bubble-particle aggregate ⇢a depends on the size distribution of the
attaching bubbles, the fraction of the particle surface covered by bubbles, the specific surface area of the
particle, the particle density and the particle size. Assuming that the bubbles are uniform in volume, the
density of the bubble-particle aggregate is determined by:

⇢a =
⇢p Vp

Vp +N Vbu
(4.67)

where Vbu is the bubble volume and N is the number of bubbles attached to the particle surface given by:

N = K
Ap

Ao
(4.68)

where K is the bubble coverage percentage of the particle surface, Ap the surface area of the particle and
Ao the surface area of the particle occupied by a single bubble. The coverage percentage K is related to
the surface chemical properties of the particle. More specifically, K will increase with the contact angle ✓

of the particle or in other words with the hydrophobicity of the particle. Note that the surface area of the
particle Ap strongly depends on its shape. Therefore, Equation 4.23 for the sphericity � of a particle can be
rearranged to derive an expression for Ap:

Ap =
⇡ d2p
�

(4.69)

where dp is defined by Equation 4.22 and represents the volume-equivalent sphere diameter. From the
assumption that a bubble forms a hemisphere of equal volume when attached to a particle, the occupied area
of the particle surface by a bubble is given by:

Ao =
⇡

4
d2o =

⇡

4

⇣
3
p
2dbu

⌘2
(4.70)
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where do is the hemisphere diameter and dbu the bubble diameter. Substitution of Equation 4.69 and 4.70
into Equation 4.68 yields:

N =
4K d2p

�
�

3
p
2dbu

�2 (4.71)

Considering that the volume of sphere can be determined by 1
6 ⇡ d3, substituting Equation 4.71 into Equa-

tion 4.67 results in:
⇢a =

1.59 � ⇢p dp
1.59 � dp + 4K dbu

(4.72)

Interestingly, Equation 4.72 predicts that irregular particles (i.e. � < 1) will exhibit a higher floatability
than spherical particles. In addition, it can be deduced that floatability will decrease with particle size
and that a decrease in bubble coverage percentage K, for instance by applying wetting agents, will lower
the floatability as a consequence to the increase in ⇢a. These findings were experimentally confirmed by
Fraunholcz (1997); Shen et al. (2001) and Pita and Castilho (2017).

4.4.2 Gamma flotation

Adding to the description of (Young’s) contact angle ✓ in Subsection 4.1.2 by means of Equation 4.1, the
definition of the critical surface tension �c is introduced. Given that the relation between cos ✓ and �lv is
approximately linear, the critical surface tension for wetting �c is defined by the intercept of the horizontal
line cos ✓ = 1 with the extrapolated line that describes the relation of cos ✓ versus �lv. Furthermore, if a
sufficient difference in �c exists between two hydrophobic materials, selective wetting can be realised by
reducing �lv. In particular, at appropriate values of �lv, bubble-particle attachment will occur for the solids
with the lowest �c, while the other particles will be sufficiently wetted to suppress bubble attachment during
flotation. This method is called gamma flotation.

Another interpretation of gamma flotation states that it is the only method of flotation that does not
involve chemical or physical conditioning. In that regard, gamma flotation is solely applicable when the
intrinsic floatability of the materials to be separated are significantly different and appropriate for the desired
separation. The remainder of this section describes the used methodology to explore and develop gamma
flotation techniques that -by definition- do not require a conditioning step to effectuate the separation of
microplastic particles from a sediment mixture.

4.4.3 Explorative experiments

In a first stage, three different types of flotation installations were explored to gain insight into the behaviour
of microplastic particles in a sediment mixture when exposed to different bubble generation systems. In
addition, the techniques were evaluated on their microplastic recovery rate and their ability to process feed
mixtures of sediment and microplastic particles. The conducted preliminary experiments involved colored,
virgin PET and LDPE pellets of approximately 2 mm in diameter (Table 4.6). Commercial sand was ac-
quired from a local construction firm with a particle size distribution between 2 µm and 2 mm.

4.4.3.1 Mechanical flotation cell

A mechanically agitated flotation cell as depicted in Figure 4.12 introduces air bubbles to the system from
the base of its agitator by the shearing action of the impellers. These impellers rotate at high speed and
cause mechanical mixing of the feed material, which is typically introduced near the top of the flotation cell.
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Table 4.6: Overview of the polymers used in the explorative experiments containing information about the purchased
pellets and the corresponding supplier.

Polymer type Pellets Supplier

PET Lighter C93 Prospector
LDPE 310E Dow

Floated particles accumulate in a froth layer at the surface of the fluid and leave the system as concentrate
by means of overflow or mechanical action.

Figure 4.12: Representation of a mechanical flotation cell used in the mineral industry as common froth flotation
technique (Wills and Finch, 2016).

Firstly, 50 microplastic particles (i.e. 25 PET and 25 LDPE particles) were added to a cylindrical con-
tainer of 10 L. After filling the container with tap water, the mechanical agitator was set in position and the
flotation process was initiated. Observations related to the flotation behaviour of the plastic particles and
to the overall separation performance were documented for a time period of 10 minutes. Secondly, 50 g
of sediment was added to a similar microplastic mixture of 50 particles before being fed to the system in a
subsequent iteration. Similarly, observations were reported for 10 minutes and additionally analyzed for the
behaviour of sediment particles. Both iterations were repeated 3 times.

4.4.3.2 Pneumatic flotation column

A pneumatic flotation column makes use of an air sparger, such as the disc diffuser applied here, to generate
bubbles at the bottom of the column. The feed is added at the top, which creates a counter-current flow
of the feed moving towards the bottom and the bubbles moving upwards. Consequently, mixing action is
provided and bubble-particle contact is promoted. The floated particles are collected from the surface as
a froth, similar to the mechanism in flotation cells. A schematic representation of a pneumatic flotation
column is given in Figure 4.13.

The experiments were performed analogously to those described for the mechanical flotation cell. How-
ever, in this case the air flow rate to the sparger could be controlled manually. Therefore, each iteration
included three repetitions at low, intermediate and high air flow rate, respectively.
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Figure 4.13: Representation of a pneumatic flotation column commonly used for industrial applications (Adapted
from Coterio et al., 2016).

4.4.3.3 Dissolved air flotation

Dissolved air flotation or DAF uses saturated water to introduce micro-bubbles into the system. More specif-
ically, air is pressurized to dissolve into water until saturation is reached. Afterwards, the water is pumped
through a depressurizing valve, which leads to the generation of micro-sized air bubbles, typically between
20 and 100 µm in diameter. Similar to the two previously discussed flotation techniques, the particles to be
separated accumulate in a froth layer at the surface, which is mechanically removed or collected by means
of overflow.

The explorative experiments regarding the DAF installation did not include the introduction of sediment.
This was primarily due to the unsatisfying results from the iterations with solely microplastic particles.
Moreover, two additional iterations that evaluated the separation performance of the two types of plastic
separately were conducted. The operated DAF installation holds three small tanks with a volume of 2 L
each. This allowed to perform multiple experiments simultaneously.

4.4.4 Design proposal of a flotation column

Based on the results of the explorative experiments and the encountered difficulties, a novel design of a
flotation column is proposed with the aim to develop an efficient and versatile separation technique for the
removal of microplastic particles from sediment mixtures. In particular, dredged sediment mixtures are
considered as target feed. First, the general concept of the design and the main source of inspiration is
presented. Afterwards, the used methodology to derive graphical simulations in order to predict the flow
behaviour and adjust the flotation design is explained. Subsequently, the experimental setup is discussed
and illustrated, followed by a description of the performed experiments.

4.4.4.1 Concept

The conceptual design of the novel flotation column proposed in this thesis is primarily based on a recent
innovation realized in the mineral industry, namely the development of the cyclonic-static microbubble
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flotation column (FCSMC) (Liu, 2002). This type of flotation includes a column flotation section, a cyclone
separation section and a micro-bubble generator. In the column flotation section, particles with a high
floatability are immediately captured by rising bubbles and leave the system at the top as concentrate. The
particles that reach the cyclone separation section are subjected to a strong and intense swirling current
where the most hydrophilic and dense particles are forced out the system under the influence of a centrifugal
field. The middlings are subsequently pumped into a pipe section where the micro-bubble generator is
located. Strong turbulent regime in the pipe section increases the probability of collision Pc (Equation 4.64)
and improves the separation of hydrophobic particles with poor floatability, which are afterwards recycled to
the system. The latter three-phase flow enters the system tangentially at the transition of the column flotation
section to the cyclone separation section and is responsible for the generation of the cyclone vortex. At this
intersection an inverted cone is provided to further increase the development of the vortex. This FCSMC-
concept is illustrated in Figure 4.14 and shapes the main idea behind the proposed design. The latter with
the objective to capture all microplastic particles in the overflow, while removing sediment particles via the
discharge at the bottom of the installation.
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Figure 4.14: Representation of a traditional FCSMC installation used in the mineral industry. In -and outlet streams
are highlighted in bold (Adapted from Li et al., 2016).

In order to achieve this objective, several adjustments to a traditional FCSMC installation have been
implemented, which will be discussed in more detail during the description of the experimental setup. The
most prominent adaptation involves the option to add sieve plates in the column section in combination with
two venturi spargers that provide bubbles to the system. The selected venturi system is able to provide air
bubbles over a broader size range and particularly of larger bubble diameter in comparison with traditional
micro-bubble generators. This is required to separate the larger sized microplastic particles compared to
the minerals considered in the design of the original FCSMC. The selected configuration of the sieve plates
allows to homogenously distribute the rising bubbles over the cross-section of the column and to make a
secondary selection in the operating bubble size. Furthermore, the vertical position of the suction point of
the recycle flow is made adjustable to increase flexibility and to experimentally determine the most favorable
conditions.
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4.4.4.2 Simulations

To gain insight into the flow behaviour of the multiple considered flotation designs, various computer sim-
ulations were made. This was done by means of the graphical tools integrated in the software package of
Siemens NX. An important aspect concerning the design of the flotation column involved the tangential inlet
of the recycled stream at the intersection of the column flotation section to the cyclone separation section.
Simulations were performed to examine the effect of different inlet configurations, in particular the number
of tangential inlet flows, by considering water as medium with a corresponding inlet flow rate of 1.2 m3/h.
Furthermore, changes in the height of the column flotation section were virtually analyzed regarding the
flow behaviour. Therefore, a rudimental blueprint for the construction of the first prototype of the novel
flotation installation was created by means of Siemens NX.

4.4.4.3 Experimental setup

After three rudimental evaluations during the construction process of the installation, the finished prototype
of the novel flotation column was obtained. The result is depicted in Figure 4.15. The body of the installation
is composed of transparent polymethylmethacrylate (PMMA), typically known by the trade name Plexiglas.
Despite the risk of microplastic contamination, it holds the essential ability to observe the behaviour of
the flotation process in operation and allows relatively flexible manipulations during the construction phase
compared to transparent glass. The circulation pipes are made from stainless steel AISI 316 and hold two
venturi spargers. The venturis act as hydrodynamic cavitation devices to generate bubbles with good control
of bubble size. In general, a venturi contains a convergent zone that increases the velocity of the passing
stream due to the decrease in cross-sectional diameter, which reduces the pressure according to Bernoulli’s
principle. Therefore, air is drawn into the venturi via the gas inlet. After passage through the divergent
zone of a venturi, the corresponding increase in pressure causes hydrodynamic cavitation, which results
in instantaneous mixing and the supply of cavitation bubbles. This bubble generation mechanism can be
controlled by adjusting the air pressure, the flow velocity of the passing stream and the geometry of the
venturi sparger. The circulation pump that regulates the velocity of the recycled stream is a Maxima 180
PX (TIP) submersible pump capable of processing mixtures of water, plastic and sediment. The inlet of the
recycle flow is realized by means of a reversed cone, whose vertical position is adjustable in the cyclone
separation section. Further downstream, the recycled flow is split into two pipes that carry the venturi
spargers before re-entering the flotation column tangentially at opposite side of each other. The air inlet of
the venturis is provided with an LZB-6 Chenfeng flowmeter that measures and controls the air flow rate that
enters the venturi. At present, the prototype installation does not contain a continuous feed system. Instead,
the feed mixtures are dosed batchwise in the middle of the column flotation section. An overflow collects
the floated particles from the top and an outlet valve at the bottom allows the discharge of settled particles.

Furthermore, the total height of the flotation column is 100 cm with a diameter of 10 cm. The column
flotation section and the cyclone separation section are 80 and 20 cm, respectively. The feed mixture enters
the system from a tube of 15 mm in diameter at 40 cm from the top. Both tangential inlets have a diameter
of 28 mm and enter the flotation column at 40 cm from its bottom. In addition, the flotation column holds
an iron bar at its centre to fixate the sieve plate mentioned above. The configuration of the corresponding
sieve plate (Figure 4.16) was created with the AutoCAD 2019 software package and costructed from a 5 mm
thick PMMA sheet by means of laser cutting. It contains pore sizes of 4 to 8 mm. The entire installation
is anchored to a wall to ensure sufficient stability during operation and a hoisting mechanism is set up to
facilitate maintenance and structural adjustments.
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Figure 4.15: Images of the constructed flotation installation with clarifying information about the different
components (left), and illustration of the different flows (right).

4.4.4.4 Analysis of separation efficiency

To evaluate the separation performance of the novel flotation design, six commonly produced polymer
types (Table 2.1) were considered. Three polymer types with an average density lower than the density of
seawater (± 1025 kg/m3) were selected (PP, LDPE and HDPE) and three polymer types with an average
density strictly higher than the density of seawater (PET, PC and PS). The experiments were performed
on spherical microplastic particles, which is assumed to be a conservative approach considering that the
shape of microplastic particles can significantly deviate from spheres (Subsection 2.2.2) and that an increase
in floatability is expected for non-spherical particles (Equation 4.72). More information about the used
spherical pellets is provided in Table 4.7. The corresponding densities of the pellets were determined by
means of the Precisa Density Kit 350. Furthermore, natural sand with a particle diameter ranging between
2 µm and 5 mm was obtained from a specialized construction firm and in combination with water used
as representative of marine sediment during the experiments. Therefore, the natural sand was sieved in
two fractions by means of an Endecott Sieve Shaker, namely a fraction smaller than 63 µm (i.e. sediment
scenario 1) and a fraction between 63 µm and 2 mm (i.e. sediment scenario 2).

A first experimental phase involved the exploration of operational variables with the aim to pinpoint
the most optimal conditions. The considered variables were the position of the recycle inlet Hrecycle, the
addition of a sieve plate and its corresponding position Hsieve, the number of active venturi spargers Nventuri

and the air flow rate Qair at the gas inlet of the venturi. All possible combinations were visually evaluated
based on the characteristics of the corresponding liquid-air medium in the flotation column, such as bubble
concentration, bubble size, bubble dispersion, vortex behaviour and stability of flow. In addition, the visually
most promising configurations were subjected to further analysis by adding microplastic particles to the
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10 mm

Figure 4.16: Representation of the sieve plate model created in the AutoCAD 2019 software environment. The
corresponding sieve plate was constructed and implemented in the flotation installation proposed in this research.

Table 4.7: Overview of the polymers used in the experiments performed on the novel flotation installation containing
information about the purchased pellets and the corresponding density, size range and supplier.

Polymer type Pellets ⇢p [kg/m3] dp [mm] Supplier

PP 6272NE1 898.6± 3.2 3.563 ± 0.200 Exxon Mobil

LDPE LD150AC 920.4± 4.2 3.756 ± 0.231 Exxon Mobil

HDPE 25055E 935.2± 3.7 4.145 ± 0.028 Dow

PET Lighter C93 1420.2± 15.2 2.661 ± 0.087 Prospector

PS 158K 1048.6± 6.9 3.471 ± 0.137 BASF

PC Lexan PD3969 1181.2± 11.8 2.642 ± 0.185 Sabic

system. The PET particles (Table 4.7) were chosen considering their theoretically most difficult floatability
potential (i.e. relatively lowest density and contact angle). The operational conditions that were associated
with the highest microplastic recovery were selected as the optimal conditions of the flotation installation.
These optimal conditions were kept constant for the following four experimental phases.

In a second phase, the recovery rates of the six polymer types described in Table 4.7 were determined
separately and without the addition of sediment. To that end, 50 microplastic particles of the concerning
polymer type were selected and subsequently introduced into the system. After 10 minutes of operation,
the overflow was collected and sieved by means of a filter with 0.5 mm pore size. Afterwards, the retrieved
microplastic particles were manually counted to determine the recovery rate. Each iteration was repeated
five times and an average recovery rate per polymer type was calculated.

In a third phase, 25 g of sediment was added to 25 microplastic particles for sediment scenario 1, while
50 g of sediment was added to 50 microplastic particles for sediment scenario 2. Therefore, each iteration
of a particular polymer type included two different runs to cover both sediment scenarios. Considering
the expected results from the second phase with respect to the three polymer types with a density lower
than the density of seawater (i.e. low-density microplastics), it was decided to only consider the polymer
types with a density higher than the density of seawater (i.e. high-density microplastics) in the subsequent
experimental phases, namely PET, PS and PC. After 10 minutes of operation, the overflow was collected
and the microplastic particles were manually removed and counted. Subsequently, vacuum filtration was
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performed on the residual overflow to quantify the mass of the entrained sediment. The applied cellulose
filters (pore size = 5 µm) were dried in an oven at 100°C for 4 hours. Therefore, the recovery rate of
microplastic particles and the mass percentage of sediment that escapes the system through the overflow
instead of via the discharge at the bottom was determined. Each iteration was repeated three times and the
corresponding averages were calculated.

In a fourth phase, the three polymer types PET, PS and PC were combined and equally added to form
a feed mixture composed of 75 microplastic particles and 75 g of sediment for scenario 1, while the feed
mixture of scenario 2 contained 150 microplastic particles and 150 g of sediment. Once the mixture was fed
into the system, the flotation process was maintained in operation for 10 minutes. Afterwards, the overflow
was collected and analogously analyzed for the recovery rate and sediment entrainment as explained in
phase three. Similarly, the iteration was repeated three times for each scenario.

In a fifth and final phase, PET, PS and PC microplastic particles were analogously combined to form
a feed mixture of different polymer types. However, these iterations involved a significantly lower mi-
croplastic concentration in the feed mixture to evaluate the applicability of the installation towards average
microplastic concentrations of marine sediments worldwide. To that end, 10 microplastic particles of each
polymer type were added to 300 g of sediment for scenario 1, while 20 microplastic particles of each poly-
mer type were added to 600 g of sediment for scenario 2. This represents the global average concentration
of microplastic particles in marine sediment (Subsection 2.2.4). Similarly, after 10 minutes of operation,
the overflow was analyzed for the recovery rate and sediment entrainment. The iteration was repeated three
times.

The operational variables applied during each phase are listed in Table 4.8. This table provides a concise
overview of the performed experiments and highlights the differences between each iteration.

Table 4.8: Overview of the different experimental phases performed on the novel flotation installation with the
microplastic recovery rate and/or the sediment entrainment as dependent variables, containing information about the
involved polymer types, the addition of sediment, the number of performed iterations, the constant variables and the

variables under consideration.

Polymer type Sediment Iterations Constant variablesa Considered variables

Phase 1 PET N/A N/A N/A Hrecycle, Hsieve, Qair,
Nventuri

Phase 2 PP, LDPE, HDPE,
PET, PS, PC

N/A 5 x 6 Hrecycle = -15 cm,
Hsieve = 10 cm, Qair =
0.3 m3/h, Nventuri = 1

Polymer type

Phase 3 PET, PS, PC 2 scenarios 3 x 6 Hrecycle = -15 cm,
Hsieve = 10 cm, Qair =
0.3 m3/h, Nventuri = 1

Polymer type, sediment
scenarios

Phase 4 PET, PS, PC 2 scenarios 3 x 2 Hrecycle = -15 cm,
Hsieve = 10 cm, Qair =
0.3 m3/h, Nventuri = 1

Polymer type
interaction, sediment
scenarios

Phase 5 PET, PS, PC 2 scenarios 3 x 2 Hrecycle = -15 cm,
Hsieve = 10 cm, Qair =
0.3 m3/h, Nventuri = 1

Polymer concentration,
sediment scenarios

aHrecycle and Hsieve are expressed relative to the fixed horizontal plain where the recycle flow enters the flotation column
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Results and discussion

5.1 Identification and characterisation of feed scenarios

5.1.1 Identification of feed scenarios

Analysis of North Sea sediments performed in 2000 revealed dominating sand size fractions, with 90 % of
the samples containing less than 10 % mud (Table 4.1), and an overall mean particle size dp = 0.192 mm ±
1.725 mm. The large standard deviation confirms the strong spatial variation in particle size distribution of
sediments. Findings on river sediments indicated smaller size fractions. Sediment particles of the Scheldt
were confined between 0.002 and 0.3 mm, with 90 % having a particle size smaller than 0.063 mm among the
analyzed samples. Research on the Austrian section of the Danube revealed a mean particle size distribution
of 15 % clay fraction, 70 % silt fraction and 15 % fine sand fraction. The particle size distribution of a
particular section of the upper Mississippi was situated within the range 0.08 mm – 0.60 mm, where the
upper end of the interval was associated with the most upstream section. For the Pearl River in China, the
median particle size of the analyzed sediment samples also indicated small size fractions, namely between
0.0030 and 0.0344 mm. However, the sediment distribution in river estuaries is particularly complex. Gravel
deposits are typically found upstream, sand fractions are dominant near the mouth of the river and mud
fractions are often prominent in between. For the purpose of this thesis, the assumption is made that river
sediments are generally characterized by prevailing mud fractions, while marine sediments are typically
composed of mainly sand fractions.

Results of the analysis of dredged sediments worldwide suggest similar conclusions as deduced above.
It appears that, in general, dredging operations can be divided into maintenance works and beach nourish-
ments. The former is typically performed in harbours and rivers to ensure accessible transportation routes
for maritime vessels. This involves deepening of important access channels and stabilization of dikes. Beach
nourishments consist of sand suppletion along coastlines and on recreational beaches, where erosion causes a
continuous loss of sand. To that end, sand is typically collected by a trailing suction hopper dredger (TSHD)
from a donor site, preferably located near the suppletion site. The particle size distributions obtained from
Jan De Nul and DEME indicate that dredged sediments extracted for maintenance works primarily consist
of particles from the mud fraction, while the dredged sediments associated with beach nourishments mostly
contain particles from the sand fraction.

Therefore, it was decided to consider two different feed mixtures regarding the particle size distribu-
tion of sediment. The first feed scenario contains sediment particles within the mud fraction (i.e. sediment
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scenario 1), while the second feed scenario contains sediment particles related to the sand fraction (i.e. sed-
iment scenario 2) (Table 4.1). No other differences concerning the feed composition are assumed between
the scenarios.

5.1.2 Qualitative and quantitative characterisation of feed scenarios

Table 5.1 was constructed summarizing the physicochemical properties of the considered feed constituents.
This information was used to make an informed selection with respect to the most promising separation
techniques at the end of Chapter 2. The values of sphericity � provided in the table give an indication of
the possible range associated with sediment and microplastic particles. It needs to be mentioned that the
sphericity of sediment is correlated with its corresponding size fraction, as defined in Table 4.1, and with
the time period over which the particles have been transported. For instance, the silt fraction in the North
Sea primarily consists of quartz minerals that have been transported over a long distance, which increases
the sphericity under the influence of erosion. Therefore, values of � are generally larger than 0.9. However,
the clay fraction in the North Sea consists of clay minerals such as kaolinite, illite and montmorillonite,
which are typically characterized by non-spherical shapes such as flakes. Consequently, � is mostly smaller
than 0.7, with � = 0.3 as a lower bound. When considering the sand fraction (as is the case in sediment
scenario 2), average sphericities larger than 0.8 are common depending on the composition of the sediment.
The sphericity range of microplastic particles provided in Table 5.1 is drawn from the performed sinking
experiments described in Subsection 4.2.2.

Furthermore, it is clear that the density of sediment is generally greater than the density of (micro)plastic
particles. Quartz is typically the most dominant natural mineral and therefore largely determines the average
density of marine sediments, which as a consequence varies around 2650 kg/m3. With respect to microplas-
tics, PVC and PET particles appear to have the relatively largest density with a maximum value of 1700
and 1400 kg/m3, respectively. The significant difference in density between the two main feed constituents
explains why density is considered as an important separation factor in the selection of the most promising
sediment remediation techniques for microplastics. From the contact angles presented in Table 5.1, it is
stated that the average contact angle of marine sediment does not exceed 90°, considering that all discussed
corresponding constituents hold a contact angle smaller than 60°. Consequently, marine sediment is deter-
mined as hydrophilic. Microplastics, on the other hand, show contact angles strictly greater than 60° with
the maximum values of the individual polymer types mostly exceeding 90°. However, the range of possible
contact angles of PET particles lies significantly below the value of 90°. Therefore, microplastic particles
are considered as hydrophobic or at least less hydrophilic compared to sediment particles.

5.1.3 Conclusion

Four interesting conclusions regarding the physicochemical characteristics of the considered feed mixture
can be derived from Table 5.1. Firstly, the particle size ranges of sediment and microplastic particles signif-
icantly overlap. Secondly, the average density of sediment is considerably greater than the different types of
(micro)plastic particles. Thirdly, sediment is said to be hydrophilic, while microplastic particles appear to
be hydrophobic or at least less hydrophilic compared to sediment. And lastly, it may be concluded that the
average sphericity of sediment particles is typically greater in comparison to microplastic particles, although
the latter particularly depends on the composition of the mixture.
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Table 5.1: Overview of the feed constituents containing information about particle size, density, contact angle and
sphericity. Characterization of the two different sediment scenarios considered in this research is included.

Feed constituent
Size range dp [mm]

Density ⇢p [kg/m3] Contact angle ✓ [°] Sphericity �
Scenario 1 Scenario 2

SEDIMENTa

Quartz

< 0.063 0.063 – 2

2650 – 2660 27 – 50

0.3 – 1

Feldspar 2550 – 2760 20 – 40
Calcite 2710 – 2711 27 – 53
Aragonite 2940 – 2950 27 – 53
Mica 2800 – 3100 17 – 46
Kaolinite 2160 – 2680 17 – 28
Illite 2600 – 2900 29 – 43
Montmorillonite 1700 – 2000 21 – 56
Vermiculite 2400 – 2700 21 – 56
Chlorite 2600 – 3300 20 – 50
Organic matter 1100 ± 100 N/A N/A

MICROPLASTICSb

PP

0.001 – 5 0.001 – 5

890 – 920 90 – 117

0.01 – 1

LDPE 910 – 930 78 – 104
HDPE 930 – 970 78 – 104
PVC 1200 – 1700 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

aGathered from Curray and Griffiths (1955); El Fishawi (1984); Ethington (1990); Ro and Neethling (1991); Gaines et al.
(1998); Shang et al. (2008); Borysenko et al. (2009); Ozdemir et al. (2009); Leggett (2012); Kowalczuk et al. (2017); Zheng and
Zaoui (2017); Adriaens et al. (2018) and Deng et al. (2018a,b)

bGathered from Angu et al. (2000); Mittal (2001, 2003); van Oss (2006); Andrady (2011) and Edmondson and Gilbert (2017)

5.2 Formation and effect of biofouling on plastics

5.2.1 Biofilm formation

Initially, no additional biomass was added to the biofouling tank holding the plastic sheets. However, after
two months incubation it appeared that the volume of seawater in a controlled environment under the spec-
ified conditions was unable to induce biofilm formation. Therefore, extra biomass was added as described
in Subsection 4.1.2. In one week, partial biofouling was observed and after another two months a mature
biofilm developed on the surface of the plastic sheets and consumer products.
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5.2.2 Effect on contact angle

Results of the contact angle measurements are summarized in Table 5.2. The values of the blanco polymer
sheets are within the corresponding range suggested in literature and presented in Table 5.1, except for the
blanco consumer products. Despite the fact that the consumer products are composed of PP, the contact
angle measurements deviate from the expected PP interval. In general, the average contact angle of the
consumer products is lower than the average contact angle of the extruded PP sheets. This observation is
most likely due to the additives incorporated in the production of plastic products or to the post-production
surface printing with different types of ink. For instance, to create the bright colours of the considered
consumer products, colorants are added in the manufacturing process, which seem to affect the contact
angle of the product. Other commonly used additives are mentioned in Subsection 2.1.1.

Table 5.2: Summary of the results of the bio-fouling experiments conducted in this research.

Polymer type�

Consumer product

Contact angle ✓ [°]

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�

Babybell cup 84.8 ± 1.2 31.7 ± 2.3�
Breakfast cereal clip 73.0 ± 1.7 37.2 ± 3.9�

Straw 80.1 ± 2.4 33.5 ± 2.4�

M&M cup 83.3 ± 2.0 32.9 ± 1.6�

Fork 82.7 ± 1.0 35.5 ± 2.3�

Storage cup 81.5 ± 3.5 36.6 ± 3.1

Measurements of the bio-fouled plastic surfaces imply a consistent and significant drop in contact angle
towards values of ✓ between 30 and 40°. It appears that the contact angle of bio-fouled plastic sheets is
independent of the polymer type. Furthermore, addition of additives such as colorants seems to have little
effect on the contact angle of bio-fouled consumer products. The uniform increase in standard deviation of
the measurements for the bio-fouled samples is due to the increase in surface roughness as a consequence of
biofilm formation. Elevated surface roughness is known to complicate measurements by means of a Drop
Shape Analyzer 10 Mk2. In addition, it has been derived that increasing surface roughness will enhance
wettability (Wenzel, 1936). Therefore, a hydrophilic surface will become more hydrophilic when surface
roughness is added. Similarly, a hydrophobic surface becomes more hydrophobic with increasing surface
roughness.

5.2.3 Effect on density

Figure 5.1 graphically summarizes the calculated predictions regarding the required thickness of a biofilm
Tb on the surface of a floating microplastic particle to increase its density to where it matches the density
of the surrounding seawater, which is assumed to be 1025 kg/m3. As elaborated in Subsection 4.1.2, a
distinction was made between two extreme shapes, namely a perfectly spherical microplastic particle and
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a flattened cube with a fixed thickness of 40 µm. It appears that for spherical microplastic particles, the
required biofilm thickness Tb increases linearly with the spherical diameter dp. As can be seen from the
left graph of Figure 5.1, this linear relation is approximated by Tb = 0.88 dp with R2 > 0.99. Therefore, a
spherical microplastic particle with ⇢p = 925 kg/m3 and dp = 20 µm would require a biofilm thickness Tb

of at least 18 µm to induce settling behaviour in seawater, while a similar particle with dp = 2.0 mm would
require a biofilm thickness Tb of at least 1.8 mm.

Figure 5.1: Graphical representation of the predicted biofilm thickness Tb required to increase the density of a
microplastic particle with ⇢p = 925 kg/m3 to match the density of seawater (i.e. 1025 kg/m3). 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 foil 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.

From the right graph of Figure 5.1, it appears that for a thin foil particle with hp = 40 µm and ⇢p = 925
kg/m3, the required biofilm thickness Tb increases logarithmically with the side lp of the flattened cube. In
particular, considering the microplastic size range, it can be stated that a biofilm thickness Tb = 35 µm will
induce settling behaviour of a foil microplastic particle, irrespective of the length of its sides lp.

Furthermore, the average thickness of a marine biofilm is difficult to predict considering that it depends,
among others, on medium composition, substrate nature, the present microbial strains and the physico-
chemical properties of the surrounding seawater (Lehaitre et al., 2008). For instance, the rate of biofouling
is typically higher close to the shore and decreases with increasing depth, while temperature and seasonal
changes significantly affect the composition of the corresponding biofilm. Moreover, the biofilm thickness
is generally not homogenous. However, it is assumed that an average marine biofilm has a thickness rang-
ing from roughly 1 to 500 µm, based on the findings of Lehaitre et al. (2008); Salta et al. (2013); Doghri
et al. (2015); Li et al. (2015) and Inaba et al. (2017). This suggests that spherical microplastic particles
with ⇢p = 925 kg/m3 and a diameter dp larger than approximately 600 µm are unlikely to reach an average
bio-fouled density of 1025 kg/m3 as a result of marine biofouling, which is illustrated by the red zone in
Figure 5.1. On the other hand, it seems reasonable to assume that biofouling is able to increase the average
bio-fouled density of floating foil microplastic particles to where it reaches the density of the surround-
ing seawater. The latter partly explains why more than 90 % of marine plastic litter accumulates on the
seabed (Subsection 2.2.4) despite the fact that approximately 60 % of the total worldwide non-fibre plastic
production is associated with polymer types having a density smaller than 1025 kg/m3 (Subsection 2.1.2).

It needs to be mentioned that the predictions discussed above solely consider biofouling as possible
cause to induce settling behaviour of floating microplastic particles. However, other processes such as the
phenomenon of marine snow (Subsection 2.2.4) can explain the presence of microplastic particles with a
density smaller than 1025 kg/m3 on the bottom of the ocean. In addition, note that the green zone highlighted
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in the left graph of Figure 5.1 seems nearly negligible relative to the red zone. However, considering
that small microplastics (i.e. < 1 mm) are much more abundant than large microplastics in the marine
environment, as elaborated in Subsection 2.2.4, the predicted amount of (perfectly) spherical microplastic
particles that reach an average bio-fouled density of 1025 kg/m3 due to biofouling is substantial.

5.2.4 Conclusion

The experimental observations suggest that the contact angle of materials vulnerable to bio-fouling in the
marine environment will migrate from their initial value towards ✓ values between 30 and 40°. Further-
more, given biofilm formation on the surface of the object, this trend seems to be independent of material
properties. Translated to (micro)plastic particles, this implies a shift from their generally hydrophobic state
towards increasing hydrophilic behaviour. Thus, it closes the gap in polarity as well as in floatability differ-
ences between sediment and (micro)plastic particles highlighted in Table 5.1.

In addition, it may be concluded that biofouling is able to induce settling behaviour of common float-
ing microplastic particles in the marine environment. In particular, thin foil microplastic particles, such as
the ones originating from plastic bags, seem more likely to end up on the seabed given appropriate bio-
fouling conditions compared to spherical microplastic particles. These spherical microplastic particles are
unlikely to hold an average bio-fouled density greater than the density of seawater for diameters larger than
approximately 600 µm.

5.3 Sinking behaviour of microplastic particles

5.3.1 Characterisation and impact of shape

A total of 140 microplastic particles, i.e. 20 particles for each of the 7 considered products, were physi-
cally characterized by mass m, density ⇢p, volume Vp, volume-equivalent spherical diameter dp, volume-
equivalent spherical surface area Asph, particle surface area Ap, the three principal axes a, b and c, as well as
by the shape descriptors �, �, P, CSF,  , ', F and e. The precision of the laboratory balance was sufficient
to measure the mass of the microplastic particles appropriately. However, the used Precisa Density Kit 350
required particles with greater mass, as described in Subsection 4.2.2. To illustrate, the standard deviation of
the average density of the Dash bottle was 5.81 % for microplastic particles and 0.09 % for particles larger
than 5 mm. Interestingly, the average density appeared nearly identical, which suggests a good accuracy of
the measurements. Furthermore, by means of the determined terminal velocities ut,meas and Equation 4.14,
the corresponding drag coefficients CD,meas were calculated. The latter allows a more meaningful com-
parison between the products considering that the sinking experiments were performed in different media.
Table 5.3 provides a concise overview of the general results of the experiments, while Table 5.4 summarizes
the shape characterization of the considered microplastic particles by means of the discussed shape descrip-
tors. The post-processed 2D-images captured by means of the Keyence VHX-500FE Digital Microscope
are depicted in Appendix Figure A.1 to Figure A.7.

From Table 5.3, it is clear that the standard deviations of the densities associated with the two foil
products (i.e. Jupiler shrink wrap and Lotus Speculoos package) are significantly higher in comparison with
the other products. This is most likely due to two main reasons. Firstly, stretching of packaging foil is
common practice, which alters the density of the foil at certain areas. Secondly, the precision of the density
measurements was lower for the foil products. The latter is a consequence of the relatively low mass of the
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Table 5.3: Summary of the results of the sinking experiments conducted in this research containing information
about the characterization of the considered microplastic particles. Intervals indicate the minimum and maximum

observed values, respectively, of the particles associated with a particular plastic product.

Product m [mg] ⇢p [kg/m3] dp [mm] ut,meas [mm/s] CD,meas [-]

Coca Cola 0.71 – 15.67 1370 ± 1.51 1.00 – 2.80 18.4 – 104.7 1.20 – 14.19

Dash stralend wit 1.94 – 21.05 952 ± 0.85 1.57 – 3.48 23.6 – 47.8 3.08 – 7.60

Flowerpot brown 2.12 – 8.92 953 ± 1.18 1.62 – 2.61 26.1 – 44.3 3.10 – 7.88

Mushroom container 1.09 – 5.30 1054 ± 1.81 1.25 – 2.13 5.1 – 16.4 4.61 – 35.27

Jupiler shrink wrap 0.21 – 3.76 950 ±20.18 0.76 – 1.98 7.0 – 19.9 12.56 – 45.05

Lotus Speculoos package 0.13 – 1.63 1013 ±15.70 0.63 – 1.45 4.5 – 9.1 54.89 – 117.62

PVC-pipe 0.20 – 3.11 1432 ± 0.63 0.64 – 1.61 8.0 – 24.8 10.51 – 75.08

foil particles used for the density measurements due to practical considerations. For instance, a thin foil
such as Jupiler shrink wrap or Lotus Speculoos package with a mass of 0.1 g (i.e. the recommended lower
boundary; Subsection 4.2.2) occupies a volume that is too large to appropriately process with the Precisa
Density Kit 350.

Furthermore, from Table 5.4 it is apparent that the microplastic fibres (i.e. PVC-pipe particles) con-
sidered in the dataset are characterized by a particularly high value of the circularity � (namely 85 % of
the fibres have � > 3), while the corresponding values of the common shape descriptor sphericity � are
comparable to the intervals of the non-fibre microplastic particles. The Powers Index P and the elongation
e seem to successfully account for the prominent shape of fibres as well, yet considerably less profound
compared to the circularity �. Therefore, it is concluded that a measure of circularity seems an added value
to differentiate and quantify the shapes of microplastic particles adequately.

Table 5.4: Summary of the shape characterization of the considered microplastic particles by means of the
dimensionless shape descriptors discussed in this research. Intervals indicate the minimum and maximum observed

values, respectively, of the particles associated with a particular plastic product.

Producta CSF P � � ' F e

CC 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

DSW 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

FPB 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

MC 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

JSW 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 – 0.0872

LSP 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

PVC-P 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

aCC = Coca Cola; DSW = Dash stralend wit; FPB = Flowerpot brown; MC = Mushroom container; JSW = Jupiler shrink wrap;
LSP = Lotus Speculoos package; PVC-P = PVC pipe

From the standard drag curve given in Figure 5.2 it appears that the drag coefficient CD is larger for
irregular particles than for spherical particles at all considered values of Rep. This in turn translates to a
higher drag force FD (Equation 4.12) and a decrease in terminal velocity ut (Equation 4.15). To illustrate,
the shape descriptors for the Lotus Speculoos package particles indicate a strong deviation from perfect
spherical shapes, in particularly the values of the most frequently applied shape descriptor � (0.04 – 0.14;
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Table 5.4), while these particles are associated with the highest measured values of the drag coefficient.
These observations align with the intuitive perception that non-spherical particles experience an elevated
resistance in comparison with spherical particles when falling in an identical medium. In addition, the
results suggest that foil particles carry the highest drag coefficient of all considered microplastic particles,
namely 80 % of the Jupiler shrink wrap and Lotus Speculoos package particles have a drag coefficient
CD,meas > 30.00, while 97 % of the non-foil particles have a CD,meas < 30.00 over a particle Reynolds
number range from 1 to 300. However, it needs to be recognized that a comparison of the drag coefficients of
different particle shapes is generally only meaningful for identical values of the particle Reynolds number,
considering that CD is a function of Rep. For that reason, particle Reynolds numbers greater than 104 are
typically chosen for this type of comparison, considering that the drag coefficient takes on a constant value
that is characteristic of a particular particle shape for high values of Rep, as can be seen from Figure 4.5 in
Subsection 4.2.1.

Figure 5.2: Log-log plot of CD versus Rep to illustrate the measured drag coefficients of the dataset established in
this research CD,meas (black dots) in comparison to the standard drag curve for a sphere CD,sphere defined by

Haider and Levenspiel (1989) (solid black line). In addition, the drag coefficient of the reference spheres used for
validation CD,ref are depicted (orange triangles).

5.3.2 Validation of sinking experiments

The average measured sinking velocity of the reference PS spheres in water was 31.0 ± 3 mm/s and of the
reference PP spheres in disolol 68 ± 8 mm/s. By means of the chosen reference law for spheres derived by
Dietrich (1982) and given by Equation 4.43, theoretical sinking velocities of 29.7 and 63.7 mm/s, respec-
tively, were calculated. The theoretical values do not deviate more than 1 times the standard deviation of
the average measured sinking velocity. Therefore, it is concluded that the applied methodology to measure
the sinking velocity is valid and that the results obtained during the sinking experiments are reliable. In
addition, from the values of the drag coefficient for the reference spheres CD,ref illustrated in Figure 5.2, it
is further verified that the drag coefficient increases for non-spherical particles.

Furthermore, the more popular reference law for spheres, namely Stokes’ law (Equation 4.18), was
calculated to validate the findings by Gregory (2006), elaborated at the end of Subsection 4.2.2, who stated
that Stokes’ law does not apply to particles larger than 200 µm in an aqueous medium. Results show that
Stokes’ law overestimates the measured settling velocity of the reference PS spheres by a factor of 4 and of
the reference PP spheres by a factor of 5. This partly confirms the work by Gregory (2006) who claimed
that an overestimation by a factor of 10 or more was to be expected.
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5.3.3 Evaluation of drag models

The drag coefficients given by each of the shape-dependent drag laws presented in Subsection 4.2.1 were
calculated for the 140 different irregular microplastic particles. Therefore, the applied shape descriptors
summarized in Table 4.3 and the particle Reynolds number were determined beforehand. The measured
particle Reynolds number Rep of the established dataset ranged from 1 to 300, which corresponds to the
non-laminar flow region. The latter is important considering that particle shape affects the terminal settling
velocity in the laminar region only marginally (Subsection 4.2.1). This statement explains the similar trend
of standard drag curves in the laminar region when comparing different drag models. In addition, the initial
particle orientation is expected to significantly affect the terminal settling velocity of particles in the laminar
region, while in the non-laminar region only one orientation is assumed to be stable, as elaborated at the end
of Subsection 4.2.1. As a result, the initial orientation of a microplastic particle during the sinking experi-
ments is assumed to have no effect on the terminal settling velocity. Thus, it is generally more appropriate
to evaluate shape-dependent drag laws for Rep > 1 compared to Rep  1. Once the theoretical terminal
settling velocities ut,calc of all microplastic particles were derived from their corresponding calculated drag
coefficients for each drag model separately by means of Equation 4.15, Table 5.5 was constructed in order
to compare the average error and the RMSE given by Equation 4.45 and 4.46, respectively.

Table 5.5: Summary of the results used to compare the shape-dependent drag laws discussed in this research.

Author(s) drag law Average error [%]a RMSE

Dietrich (1982)b 19.43 28.46
Haider and Levenspiel (1989) 60.53 67.41
Swamee and Ojha (1991) 34.08 46.28
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 and Mele (2015) 46.90 50.93
Bagheri and Bonadonna (2016) 21.89 27.35
Dioguardi et al. (2018) 13.20 19.09

aAll averages are statistically different from each other (df = 139, p < 0.001)
bThe corresponding drag model was merely applicable to 30 % of the data

A first remark regarding Table 5.5 concerns the shape-dependent drag law proposed by Dietrich (1982)
and given by Equation 4.25. Considering that the parameter R2 in that particular equation only yields a real
value (as opposed to an imaginary or complex value) for CSF values larger than 0.15 and that 98 from the
140 microplastic particles in the dataset hold a CSF value smaller than 0.15, the drag law of Dietrich (1982)
fails to adequately describe the sinking behaviour of the considered particles. It is stated that the expression
of Dietrich (1982) predicts the drag coefficient of particles appropriately given a CSF value � 0.30, hence
not for extreme flattening.

Secondly, it can be seen that the drag law proposed by Dioguardi et al. (2018) best fits the data. The
average error of 13.20 % indicates that on average the deviation of the theoretical settling velocity predicted
by the drag model equals 13.20 % of the measured settling velocity. The RMSE is an absolute measure of
fit of the corresponding model to the applied dataset that indicates the standard deviation of the unexplained
variance. As a consequence, a low value of RMSE corresponds to a good fit. Therefore, it can be concluded
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that the drag model of Dioguardi et al. (2018) describes the sinking behaviour of the considered microplastic
particles better than the other evaluated drag models. Consequently, the corresponding applied shape factor
 defined by Equation 4.31 that takes into account both the sphericity � and the circularity � appears to be
an interesting measure to quantify the shape of microplastic particles. The latter statement aligns with the
conclusions of Subsection 5.3.1.

To illustrate, the stepwise calculation process to derive the calculated settling velocity ut,calc proposed
by Dioguardi et al. (2018) of two different microplastic particles is provided. A first considered particle
originates from a Dash bottle and holds a mass of 3.02 mg and a density of 952 kg/m3, which dictates a vol-
ume of 3.17 mm3. Applying Equation 4.22 results in a volume-equivalent spherical diameter dp of 1.82 mm.
Consequently, the surface area of the volume-equivalent sphere Asph equals 10.4 mm2. The corresponding
post-processed 2D-image captured by means of a digital microscope and analyzed by means of the image
analysis software ImageJ is given by Figure 5.3 on the left-hand side. From this 2D-analysis and a measure
of the third dimension provided by means of a digimatic indicator as described in Subsection 4.2.2, the three
principal axes of the particle are obtained, namely a = 3.533 mm, b = 2.361 mm and c = 0.832 mm. These
parameters are used to estimate the surface area of the microplastic particle Ap by applying Equation 4.32
derived by Dellino et al. (2005):

Ap = 4 ⇡
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3
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which equals 15.5 mm2. Dividing Asph by Ap yields an approximation for the sphericity � according to
Equation 4.23. Thus, the sphericity � for the considered microplastic particle equals 10.4

15.5 = 0.67. Based
on the 2D-analysis with ImageJ, a measure of circularity is provided. However, as explained in Subsec-
tion 4.2.2, this measure is equal to the inverse of the commonly applied definition of circularity given by
Equation 4.24. Therefore, the circularity � of the microplastic particle becomes 0.701-1 = 1.427. After-
wards, the shape descriptor  applied by Dioguardi et al. (2018) in the corresponding drag model can be
calculated by Equation 4.31 as follows:

 =
�

�
=

0.67

1.427

which equals 0.47. Subsequently, the particle Reynolds number is calculated by means of the iterative
algorithm provided in Appendix Table A.4 for the input values of dp = 1.82 mm, ⇢p = 952 kg/m3,  =
0.47, ⇢f = 790 kg/m3, µ = 1.223 ⇥ 10-3 Pa s and Restart = 1, considering that all microplastic particles
originating from Dash bottles were used in combination with disolol as operating medium. As a result, the
particle Reynolds number is determined as 42.36. Consequently, the drag model proposed by Dioguardi
et al. (2018) and given by Equation 4.38 can be calculated as follows:
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24
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which equals a drag coefficient of 3.81. By applying Equation 4.15, the corresponding value of the terminal
settling velocity ut,calc can be derived:
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which equals 35.8 mm/s. Considering that the measured terminal settling velocity ut,meas of this microplas-
tic particle appeared to be 36.0 mm/s, the corresponding drag model seems to perform very well for this
particular particle.
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Figure 5.3: Post-processed 2D-images captured by means of the Keyence VHX-500FE Digital Microscope and
edited by the image analysis software ImageJ of a microplastic particle originating from a Dash bottle (left) and a

microplastic particle originating from a PVP-pipe (right).

A second considered microplastic particle is depicted on the right-hand side of Figure 5.3 and concerns
a fibre originating from a PVC-pipe holding a particle mass of 0.94 mg and a density of 1432 kg/m3.
Analogous to the previously described calculations, the following variables are derived: dp = 1.08 mm, a =
13.34 mm, b = 0.64 mm, c = 0.132 mm, Asph = 3.65 mm2, Ap = 14.2 mm2, � = 0.26 , � = 8.333 and  =
0.03. Similarly, the particle Reynolds number is derived by means of the constructed Matlab function for the
corresponding input values with ⇢f = 1000 kg/m3 and µ = 9.780 ⇥ 10-4 Pa s, considering that all microplastic
particles originating from PVC-pipes were used in combination with deionized water as operating medium.
As a result, a particle Reynolds number of 19.60 is obtained. Thus, by applying Equation 4.38 accordingly,
a drag coefficient of 126.38 is calculated, which translates to a terminal settling velocity ut,calc equal to 6.9
mm/s by using Equation 4.15. However, the measured terminal settling velocity appeared to be 17.8 mm/s,
which indicates that the corresponding drag law significantly underestimates (i.e. by a factor of 2.6) the
terminal velocity of this particular particle.

By applying this approach, the terminal settling velocities of all 140 considered microplastic particles
were calculated for each drag model presented in Table 5.5 separately, including the corresponding average
error and RMSE values elaborated above. In addition, scatterplots of ut,calc versus ut,meas of the discussed
drag models were generated. To illustrate, the scatterplots of the two drag laws that best fit the entire
dataset according to Table 5.5 are given in Figure 5.4. Note that the depicted trendlines are constructed by
means of linear regression and are forced through the origin by specifying the point where x = 0 and y =
0 as intersection. As a consequence, the corresponding equations are of the type y = ax. Therefore, the
performance of the drag model can be evaluated based on the ability to reproduce the measured terminal
velocities, rather than solely from the correlation coefficient R2. In that regard, the best possible fit is
associated with R2 approximating a value of 1 and a trendline equation given by y = x. From Figure 5.4, the
drag law by Dioguardi et al. (2018) shows a high correlation coefficient (R2 = 0.96) with y = 0.99 x, which
indicates an excellent model performance for the considered dataset with a slight tendency to underestimate
the measured terminal velocities. The drag law proposed by Ganser (1993) holds a correlation coefficient R2

of approximately 0.95 with y = 1.17x, both suggesting a less favorable fit of the model, which additionally
seems to carry a tendency to overestimate the measured terminal velocity of microplastic particles. The
scatterplots of the other eight discussed drag models, supplemented with two scatterplots corresponding to
the drag models for spherical particles as proposed by Stokes (1851) and by Dietrich (1982), are provided
in Appendix Figure A.8 and Figure A.9, respectively.

Interestingly, the average error and RMSE of the drag model derived by Dioguardi et al. (2018) drops
to 9.27 % and 10.93, respectively, in case the fibres (i.e. PVC-pipe particles), as illustrated above by the
calculation discussion of the second microplastic particle, are excluded from the dataset. This significant
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Figure 5.4: Scatter plots of ut,calc versus ut,meas comparing the theoretical terminal velocity calculated by the
shape-dependent drag laws proposed by Dioguardi et al. (2018) (left) and Ganser (1993) (right). Dotted grey lines

represent the linear regression lines of the type y = ax with R2 the corresponding correlation coefficient.

increase in model performance is, in proportion to the initial error values, the highest compared to all
other examined drag models. The performance of the drag models proposed by Pfeiffer et al. (2005) and
Camenen (2007) even worsened after excluding fibrous particles. This underlines the complexity to derive a
single empirical equation that describes the sinking behaviour of (microplastic) particles with both spherical
and extremely irregular shapes such as fibres. In addition, it indicates that the shape-dependent drag law
by Dioguardi et al. (2018) performs particularly well for non-fibre microplastic particles. This might be
explained by the particles that were originally used by Dioguardi et al. (2018) to derive their drag model with
the main objective to reduce the error of commonly applied drag models in multiphase flow engineering.
It appears that the shape descriptor values  of these particles covered a range from 0.335 to 1, with 1
indicating a perfect sphere. However, all the  values of the PVC fibres used in this research are smaller
than 0.200, which implies that the drag model of Dioguardi et al. (2018) is not appropriately designed to
account for the shape of fibrous particles.

5.3.4 Conclusion

As a general conclusion of this section, the considered dataset verified that the drag coefficient CD of non-
spherical particles is greater in comparison with spherical particles of equal density and size. In addition,
it is found that the drag coefficients of foil particles are particularly elevated compared to the other mi-
croplastic particles. Furthermore, it appeared that the circularity � is the most appropriate shape descriptor
to adequately describe the shape of fibrous microplastic particles. Therefore, it is recommended to include
a measure of circularity in the model to predict the sinking behaviour of microplastic particles. To that end,
the shape-dependent drag law derived by Dioguardi et al. (2018) was identified as the model that best fits the
dataset with a particle Reynolds number range of 1 to 300. From the evaluation of 10 different commonly
used drag models, the model derived by Dioguardi et al. (2018) seems to predict the terminal settling veloc-
ity ut of microplastic particles with the lowest error. The corresponding applied shape factor  that takes
both the circularity � and the sphericity � into account is said to be the most appropriate shape descriptor
to geometrically describe the considered dataset. However, the sinking behaviour of fibrous particles seems
to remain troublesome to accurately predict by the currently available empirical drag models.
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5.4 Separation performance of a decanter centrifuge

5.4.1 Grade efficiency curves

Figure 5.5 illustrates the grade efficiency curves for both sediment scenarios of the considered feed con-
stituents, namely the corresponding sediment particles, high-density microplastic particles (PVC, PET and
PC) and low-density bio-fouled microplastic particles, supplemented with the grade efficiency curves of
the corresponding worst- and best-case scenarios. All grade efficiency curves assumed the optimal oper-
ational conditions derived in the last paragraph of Section 4.3, which appeared to be ⌦ = 5400 rpm and
Qin = 10 m3/h for sediment scenario 1, and ⌦ = 3500 rpm and Qin = 30 m3/h for sediment scenario 2.
Considering the sediment particles associated with scenario 2 (i.e. bottom left corner of Figure 5.5), dp,50
and dp,100 are given by 63 µm and 113 µm, respectively, meaning that sediment particles with dp = 63 µm
have a 50 % probability to be separated in the solids discharge of the decanter centrifuge, while sediment
particles with dp � 113 µm have a 100 % probability to be separated in the solids discharge according to
Equation 4.59. However, the corresponding dp,50 values of PVC, PET and PC microplastic particles are
given by 150, 169 and 233 µm. Since microplastic particles are meant to escape with the effluent outlet
and span a size range of 1 µm to 5 mm, the separation process appears to be ineffective for expected feed
mixtures associated with sediment scenario 2 and polluted with high-density microplastic particles. The
corresponding WCS grade efficiency curves (i.e. bottom right corner of Figure 5.5) suggest a similar con-
clusion. The BCS grade efficiency curves indicate that dp,50 of PVC, PET and PC increases to 1251, 1667
and 3277 µm, respectively, while dp,100 of sediment drops to 109 µm. Despite the improvement of these
results in comparison with the expected scenario, it seems that a decanter centrifuge is unable to successfully
isolate all high-density microplastic particles in its effluent outlet for feed mixtures associated with sediment
scenario 2 or the sand size fraction.

Regarding sediment scenario 1, dp,50 and dp,100 of the sediment particles for the expected scenario (i.e.
top left corner of Figure 5.5) equal 39 and 54 µm, respectively. For PVC, PET and PC the dp,50 values are
equal to 69, 86 and 114 µm, respectively, which is unfavorable for the desired separation. Notice the differ-
ence in x-as range between sediment scenario 1 and 2 of the graphs illustrated in Figure 5.5. Considering
the WCS (i.e. top right corner of Figure 5.5), dp,50 of PVC, PET and PC further drops to 59, 67 and 91 µm,
respectively. For the BCS, the sediment particles show a dp,50 of 31 µm, while dp,50 of PVC, PET and PC
equals 111, 130 and 196 µm, respectively. Therefore, it seems that a decanter centrifuge is particularly un-
successful in the separation of sediment particles with dp values smaller than 63 µm (i.e. sediment scenario
1 or the mud size fraction) from a mixture with high-density microplastic particles (ranging from 1 µm to
5 mm).

Considering the low-density bio-fouled microplastic particles, the expected dp,50 of sediment scenario
1 and 2 correspond to 161 and 355 µm, respectively. Therefore, little improvement in the separation per-
formance of the decanter is observed for these particles. However, the dp,50 of the bio-fouled microplastic
particles associated with the BCS equals 362 µm and > 5 mm for sediment scenario 1 and 2, respectively.
This implies that for a feed mixture corresponding to sediment scenario 2 and polluted with low-density
bio-fouled microplastic particles, the decanter centrifuge is successful in isolating the microplastic particles
in the effluent outlet, given the best-case scenario. The latter translates to a shape factor  = 1 for sediment
and  = 0.01 for microplastic particles, which is solely true for foil or fibrous microplastic particles.
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Figure 5.5: Overview of the theoretical grade efficiency curves associated with the considered decanter centrifuge subdivided in four graphs. The graphs at the top correspond
to sediment scenario 1 (i.e. mud size fraction; < 63 µm), while the graphs at the bottom correspond to sediment scenario 2 (i.e. sand size fraction; 63 µm – 2 mm). Both the
expected and the worst/best-case scenarios are discussed. The legend indicates the corresponding feed constituents with its assumed shape factor  presented in parentheses,

where Biofilm represents the low-density bio-fouled microplastic particles.
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Furthermore, other processes next to biofouling contribute to the settling behaviour of initially floating
microplastic particles in the marine environment, as elaborated in Subsection 2.2.4 and briefly discussed
above in Subsection 5.2.3. This suggests that microplastic particles with a density lower than the surround-
ing seawater are also present in marine sediment mixtures. Moreover, due to the strong turbulent regime
associated with the pumping of sediment and the rotating motion in the decanter centrifuge, it is hypoth-
esized that the biofilms attached to bio-fouled microplastic particles will detach and therefore restore the
original density of the corresponding particles. This hypothesis would imply that low-density microplastic
particles, such as PP, LDPE and HDPE that account for approximately 60 % of the total worldwide non-
fibre plastic production, are successfully removed in the decanter effluent (i.e. with a 100 % probability).
Therefore, separation by means of centrifugal sedimentation might prove to be valuable for the remediation
of microplastic particles from marine sediment mixtures to some extent. However, it must be recognized
that this separation technique isolates microplastic particles indirectly, meaning that they are removed to-
gether with the bulk of the liquid medium. As a result, a secondary treatment is required to separate the
microplastic particles from the liquid stream, which is seawater in this context.

To illustrate the findings discussed above, Table 5.6 was constructed providing a quantitative overview
of the different in- and outlet streams of the decanter centrifuge based on the predictions of the grade effi-
ciency curves for the expected scenario (i.e. not the BCS or WCS). It is assumed that the critical diameter
dp,50 determines the cut-off size of the corresponding particles that are separated in the decanter centrifuge.
Therefore, particles with a size dp smaller than the corresponding critical diameter are assumed to be dis-
charged via the effluent outlet, while particles with a size dp greater than the corresponding critical diameter
are assumed to be discharged via the solids outlet. Moreover, the distinction between high-density and
low-density microplastics is incorporated, where the critical diameter of the high-density microplastics is
derived by calculating the average between the critical diameters of PVC and PET, which are the most pro-
duced high-density polymer types worldwide (Subsection 2.1.2). Low-density microplastics are assumed to
escape with the effluent outlet with a 100 % probability, therefore excluding the effects of biofouling.

Table 5.6: Overview of the estimated composition of the different in- and outlet streams of a decanter centrifuge
used as remediation technique for both high-density microplastics (Microplastics: HD) and low-density microplastics

(Microplastics: LD) from two different types of marine sediment mixtures (i.e. scenario 1 and 2). High- and
low-density refers to the density of the corresponding polymer type that is respectively higher or lower than the

density of seawater.

Feed inlet Effluent outlet Solids outlet

SCENARIO 1a

Sediment Mud fraction (< 63 µm) < 39 µm 39 µm – 63 µm

Microplastics: HD 1 µm – 5 mm < 82 µm 82 µm – 5 mm

Microplastics: LD 1 µm – 5 mm 1 µm – 5 mm None

SCENARIO 2b

Sediment Sand fraction (63 µm – 2 mm) None 63 µm – 2 mm

Microplastics: HD 1 µm – 5 mm < 160 µm 160 µm – 5 mm

Microplastics: LD 1 µm – 5 mm 1 µm – 5 mm None

aDecanter operated at ⌦ = 5400 rpm and Qin = 10 m3/h
bDecanter operated at ⌦ = 3500 rpm and Qin = 30 m3/h
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5.4.2 Mass balance

For illustrative purposes, a quantitative description of the decanter separation process is presented by con-
structing a mass balance of sediment scenario 2 that roughly estimates the expected decanter outlets based
on the results presented in Table 5.6. The starting point of the mass balance is the corresponding optimal
inlet flow rate Qin = 30 m3/h. Considering that the solids volume fraction ✏ of the feed mixture was deter-
mined as 0.2, which was based on information provided by dredging company Jan De Nul, the inlet flow rate
can be divided in a liquid part and a solids part. The liquid part is assumed to be seawater and the solids part
a combination of sediment and microplastic particles. To translate the volumetric flow rates to mass flow
rates, a density of 1025 and 2650 kg/m3 is assumed for the seawater and the solid particles, respectively.
The latter value is based on the average density of marine sediments (dry weight), as discussed above in Sec-
tion 5.1, and neglects the density of microplastic particles assuming that, for simplification, their total mass
is negligible compared to the total mass of sediment particles. Furthermore, a microplastic concentration of
100 particles/kg sediment is assumed, which corresponds to the global average concentration in intertidal
sediments (Subsection 2.2.4). In addition, by estimating that the ratio between high-density and low-density
microplastics in the feed mixture is 2

3 , which is based on the approximation that 60 % of the total worldwide
plastic production is associated with low-density plastic types (Subsection 2.1.2), the number of low-density
and high-density microplastics in the feed mixture per unit of time can be calculated.

To derive an estimation for the average mass of one microplastic particle, the average density is mul-
tiplied by the estimated average volume of a microplastic particle. The average density of high-density
microplastics is assumed to be determined by the average densities of PVC and PET, while the average den-
sity of low-density microplastics is assumed to be determined by the average densities of PE and PP, which
ultimately yields an average density of 1400 kg/m3 and 925 kg/m3, respectively. Regarding the average
volume of a microplastic particle, three size classes of microplastics are defined based on Desforges et al.
(2014), namely lower range small microplastics (LR-SMPs; < 500 µm), upper range small microplastics
(UR-SMPs; 0.5 – 1 mm) and large microplastics (LMPs; 1 – 5 mm). The corresponding average particle di-
ameter of LR-SMPs, UR-SMPs and LMPs is 250 µm, 750 µm and 3 mm, respectively (Everaert et al., 2018).
Assuming spherical microplastic particles, the following average volumes are derived: 0.008 mm3 for LR-
SMPs, 0.221 mm3 for UR-SMPs and 14.137 mm3 for LMPs. Thus, the mass of one microplastic particle
for each of the size classes was calculated. The corresponding results are given by Table 5.7. Furthermore,
according to Desforges et al. (2014); Obbard et al. (2014) and Song et al. (2014), approximately 75 % of all
floating marine microplastics are associated with LR-SMPs, 15 % with UR-SMPs and 10 % with LMPs. If a
similar size distribution is assumed for the microplastics in marine sediments, the mass-contribution of each
size category for both high-density and low-density microplastics in the feed mixture and the corresponding
decanter outlet streams can be estimated. Finally, by assuming a cake dryness of 60 m%, which is common
for decanter centrifuges, the water mass flow rates of the outlet streams are calculated. The results of this
hypothetical mass balance calculation are depicted in Figure 5.6.

Table 5.7: Overview of the individual mass of high-density microplastics (Microplastics: HD) and low-density
microplastics (Microplastics: LD). Three size classes are defined: lower range small microplastics (LR-SMPs; < 500

µm), upper range small microplastics (UR-SMPs; 0.5 – 1 mm) and large microplastics (LMPs; 1 – 5 mm).

Microplastics: HD [mg] Microplastics: LD [mg]

LR-SMPs 0.011 0.007

UR-SMPs 0.309 0.204

LMPs 19.792 13.077



5.4 SEPARATION PERFORMANCE OF A DECANTER CENTRIFUGE 82

Similar to the findings concluded in the discussion of the previous subsection, Figure 5.6 demonstrates in
an alternative way that a decanter centrifuge is unable to separate all microplastic particles from a sediment
mixture associated with sediment scenario 2. Moreover, it needs to be mentioned that the decanter performs
better for sediment scenario 2 compared to sediment scenario 1, as elaborated in the previous subsection.
It appears that, with respect to the described assumptions and the fact that the fraction of high-density mi-
croplastics smaller than 160 µm (Table 5.6) is set equal to the LR-SMPs class, the mass of microplastics per
unit of time in the effluent and the solids outlet is approximately equal. In addition, the successfully isolated
microplastics in the effluent seem to be extremely diluted, considering that for a little over 1 kg of microplas-
tics that end up in the effluent, approximately 18 ton of seawater (± 18 m3) is drained via the effluent. This
implies that a secondary large-scale treatment step would be required to isolate the microplastic particles
from the seawater volume, as mentioned in the previous subsection. However, one has to acknowledge that
the mass of microplastic particles might not be the most appropriate measure to evaluate remediation tech-
niques, considering that the smallest microplastics might cause the most harm in the marine environment
(Subsection 2.2.6). When the mass of microplastics in the effluent and the solids outlet are translated to
number of particles, it appears that the abundance of microplastics isolated in the effluent is 9 times greater
than the abundance of microplastics separated in the solids outlet. In absolute values, this translates to 1.431
million microplastic particles in the effluent outlet and 159 thousand in the solids outlet per hour. Note
that despite the latter result argues in favor of a decanter centrifuge as a potential remediation technique
for microplastic particles, a number of important assumptions were made to derive the corresponding mass
balance. For instance, it was assumed that all low-density microplastics are 100 % isolated in the effluent,
which might not be the case due to marine biofouling, and that 60 % of the microplastics present in the
sediment mixture are low-density microplastics. In addition, only sediment particles larger than 63 µm (i.e.
sediment scenario 2) were considered.

Feed inlet

Effluent outlet
18242 kg h-1

0.000 kg h-1 sediment

1.286 kg h-1 microplastics

18241 kg h-1 water

~ 49.98 m%

~ 90.00 %

30 m3 h-1

6 m3 h-1   ~ 15900 kg h-1 solids

24 m3 h-1 ~ 24600 kg h-1 water

Solids outlet
22258 kg h-1

15897.426 kg h-1 sediment

1.288 kg h-1 microplastics

6359 kg h-1 water

~ 50.02 m%

~ 10.00 %

Figure 5.6: Hypothetical mass balance concerning a decanter centrifuge rotating at ⌦ = 3500 rpm with an inlet flow
rate of Qin = 30 m3/h (i.e. the expected scenario) handling a feed mixture of sediment particles larger than 63 µm

(i.e. sediment scenario 2) and microplastic particles in seawater at a solids volume fraction ✏ = 0.2.

5.4.3 Conclusion

From the grade efficiency curves provided in Figure 5.5 for the case of a decanter centrifuge, it may be
concluded that separation by means of centrifugal sedimentation is not suitable for (dredged) sediment mix-
tures polluted with high-density microplastic particles. The latter corresponds to particle densities greater
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than the density of seawater. The main reason appears to be the significant overlap in size of the particles
to be separated, considering the strong correlation between the particle diameter dp and the grade efficiency
Edp given by Equation 4.59. This quadratic relation can be deduced from Equation 4.51 that describes the
settling velocity of a particle under the influence of a centrifugal force. Moreover, the difference in density
between sediment and (high-density) microplastic particles seems to be insufficient to compensate for the
overlap in particle diameter range. Consequently, no combination of structural and operational decanter
parameters exists to effectuate a successful centrifugal separation of sediment mixtures polluted with high-
density microplastic particles. On the other hand, low-density microplastic particles theoretically float in
seawater and, as a result, are assumed to be isolated from the sediment particles with a 100 % probability.
The latter implies that given a low-density microplastic particle that settled on the seabed due to density-
modification caused by biofouling (Subsection 5.2.3), the biofilm is assumed to (partly) detach from the
particle’s surface during the separation process. This underlines the value of centrifugal sedimentation in
the remediation of microplastic particles from marine sediments, considering that the majority of the total
worldwide production of plastics is associated with low-density polymers. However, secondary treatment
is required to separate the microplastic particles from the effluent of the decanter. In addition, considering
that flow rates of dredging pumps commonly exceed 1500 m3/h, a significant amount of decanters would
be required to process the dredged stream, and the grade efficiency curves would shift to the right under
increasing flow rates, which decreases the performance of the separation process.

5.5 Separation performance of a novel flotation installation

5.5.1 Preliminary results

The conducted explorative experiments described in Subsection 4.4.3 provided valuable insights into the
behaviour of sediment and microplastic particles in flotation systems. Moreover, it indicated the need for a
more advanced flotation installation to achieve an appropriate separation performance.

Firstly, the experiments regarding the mechanical flotation cell revealed that using a mechanical impeller
to introduce bubbles into the system causes a strong turbulent regime. As a consequence, both LDPE and
PET microplastic particles were unable to be captured in the froth layer for a sufficient period of time.
Therefore, less than half of the fed microplastic particles were recovered in the overflow. Moreover, the
turbulence prevented the sediment particles to settle, which led to an overall poor separation performance.
Secondly, the experiments with the pneumatic flotation column showed more promising results compared to
the mechanical flotation cell. In the case that solely microplastic particles were added to the system, nearly
all of them (i.e. both LDPE and PET) were recovered in the overflow assuming the most appropriate air
flow rate. However, in the case that sediment particles were introduced into the system, the pores of the
air sparger clogged almost immediately resulting in the absence of air bubbles. Therefore, the considered
pneumatic flotation column was stated to be unable to process sediment mixtures. Thirdly, the experiments
performed on the DAF installation indicated that the considered microplastic particle size of approximately
2 mm was too large to be captured by the microbubbles.

To conclude, each considered type of flotation system revealed relevant information that was used during
the design phase of the proposed novel flotation installation. For instance, it appeared that the use of an air
sparger is favoured in comparison to a mechanical impeller as bubble generation system. However, the
introduction mechanism of the bubbles demands revision considering that the pneumatic flotation column
appeared to be unable to process sediment mixtures due to clogging. In addition, the importance of bubble
size was highlighted during the DAF experiments, considering that a distribution of solely micro-sized air
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bubbles (i.e. < 100 µm) was unable to carry the relatively large microplastics (i.e. ± 2 mm) to the surface
of the tank. Therefore, it is stated that a broad range in particle size of the particles to be separated demands
a broad range in present bubble size. Some of these considerations were examined by means of graphical
simulations discussed in the next subsection.

5.5.2 Simulations

The graphical simulations created to examine the effect of the number of tangential recycle inlets are pro-
vided in Figure 5.7. It appears that the use of four recycle inlets is associated with a high magnitude of
flow velocity along the length of a flotation column with a diameter of 10 cm. Consequently, a strong tur-
bulent flow is to be expected when implementing this configuration. In comparison, operating with two
recycle inlets seems to correspond with a flow velocity magnitude that stabilizes over a smaller distance in
the column flotation section of the installation. Furthermore, the use of a single recycle inlet corresponds to
the largest zone of minimum flow velocity magnitude (i.e. the dark-blue zone in Figure 5.7), namely from
z = 70 to z = 100 cm. However, the asymmetry associated with the use of only one recycle inlet seems to
cause a less pronounced vortex effect as described in Subsection 4.4.4. Therefore, it was opted to install
two tangential recycle inlets at opposite side of each other, with the possibility of deactivating one recycle
inlet considering that an increase of the low-velocity or low-turbulent zone will hypothetically improve the
separation performance.

(a) (b) (c)

Figure 5.7: Graphical results of three different simulations illustrating the magnitude of the water flow velocity with
regard to the novel flotation installation: (a) use of four recycle inlets, (b) use of two recycle inlets and (c) use of one

recycle inlet.

5.5.3 Optimization

To recall the different experimental phases performed on the novel flotation installation, Table 5.8 was
constructed. The first of the five consecutive experimental phases, which is the optimization phase of the
operational parameters as described in Subsection 4.4.4, provided valuable insights into the dynamics of
the novel flotation installation. For instance, it appeared that activating both venturi spargers caused too
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much turbulence, which in turn led to a poor recovery rate (< 50%) of the considered microplastic particles,
most likely due to an increased detachment probability Pd. It is hypothesized that a bigger installation (i.e.
column diameter > 10 cm) would benefit from a second venturi sparger owing to the increased requirement
of bubble load and the elevated significance of asymmetry effects that would result from operating with only
one venturi sparger. Furthermore, the addition and the corresponding position of the sieve plate affected the
flow behaviour in the column considerably. In the absence of the sieve plate, the distribution of the bubbles
in the flotation column was not homogenous. By adding the sieve plate, the homogeneity of the bubbles
increased significantly, which resulted in a higher recovery rate of the microplastic particles, namely a
difference of approximately 20 %. However, an optimal position of the sieve plate Hsieve was found. A
sieve position too distant from the recycle inlet decreased the volume associated with a homogeneously
distributed bubble flow, while a sieve position particularly close to the recycle inlet seemed to have little
effect on the distribution of the bubbles. Therefore, an optimal sieve position relative to the fixed horizontal
plain where the recycle flow enters the flotation column was defined as Hsieve = 10 cm.

Table 5.8: Overview of the different experimental phases performed on the novel flotation installation containing
information about the involved polymer types, the addition of sediment, the number of iterations, the constant

variables and the variables under consideration.

Polymer type Sediment Dependent variables Independent variables

Phase 1 PET N/A Microplastic recovery rate Hrecycle, Hsieve, Qair,
Nventuri

Phase 2 PP, LDPE, HDPE,
PET, PS, PC

N/A Microplastic recovery rate Polymer type

Phase 3 PET, PS, PC 2 scenarios Microplastic recovery rate
and sediment entrainment

Polymer type, sediment
scenarios

Phase 4 PET, PS, PC 2 scenarios Microplastic recovery rate
and sediment entrainment

Polymer type interaction,
sediment scenarios

Phase 5 PET, PS, PC 2 scenarios Microplastic recovery rate
and sediment entrainment

Polymer concentration,
sediment scenarios

In addition to the position of the sieve plate, the position of the recycle inlet Hrecycle appeared to have an
important impact on the flotation process. Reducing the distance between the recycle inlet and outlet causes
a large fraction of the bubbles generated by the venturi sparger(s) to be recycled by means of the submersible
pump. As a consequence, the bubble size decreases under the influence of the shearing action caused by
the pump. Increasing the distance between the recycle inlet and outlet seems to influence the amount of
sediment particles that is able to enter the recycle flow. Moreover, beyond a certain distance between the
recycle inlet and outlet, small sediment particles appeared to get stuck in an infinite recycle loop. Therefore,
the optimal position of the recycle inlet relative to the recycle outlet was determined by Hrecycle = -15 cm,
while additionally taking the maximization of the microplastic recovery rate into consideration.

Furthermore, changes in the inlet air flow rate of the venturi sparger were examined. By adjusting the
needle valve of the flowmeter, the inlet air flow of the venturi could be controlled. A small air flow rate
resulted in poor bubble generation, while a large air flow rate caused a turbulent regime that proved to be
strong enough to disrupt the homogenous distribution of the bubbles induced by the addition of the sieve
plate. Ultimately, a well-balanced combination of operating variables was derived with an optimized air
flow rate Qair = 0.3 m3/h.
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To illustrate, Figure 5.8 provides a close-up image of the novel flotation installation and summarizes the
optimal operational parameters obtained by means of experimental phase 1.

Figure 5.8: Close-up image of the constructed flotation installation added with the experimentally derived optimal
operational conditions.

5.5.4 Microplastic recovery rate and sediment entrainment

A summary of the results involving experimental phase 2 is provided in Table 5.9. As expected, the recovery
rate of microplastic particles that naturally float in water (i.e. PP, LDPE and HDPE) was consistently equal
to 100 %. The microplastic recovery rates of the considered PET, PS and PC particles appeared to be less
than 100 %, but higher than 98 % with little variation among the iterations. This implies a good separation
performance of the novel flotation installation with an appropriate choice of operational variables.

Table 5.9: Summary of the results of experimental phase 2 performed on the novel flotation installation containing
information about the microplastic recovery rate of different polymer types without the addition of sediment. All

values are expressed as percentages.

Phase 2

PP 100.00 ± 0.00
LDPE 100.00 ± 0.00
HDPE 100.00 ± 0.00
PET 98.40 ± 0.18
PS 99.20 ± 0.22
PC 98.80 ± 0.22

Table 5.10 provides a summary of the results of experimental phases 3 to 5. Considering the results of
phase 3, it appears that the average microplastic recovery rates are comparable to phase 2. However, the
corresponding standard deviations are approximately 10 times higher, yet still acceptable considering the
relatively low number of repetitions. By comparing the microplastic recovery rates between the different
sediment scenarios, solely for PET particles a minor increase (i.e. on average +0.67 %) from scenario 1
to scenario 2 was observed. In addition, scenario 2 was associated with an average sediment entrainment
of merely 0.11 ± 0.01 m%, while the sediment entrainment corresponding to scenario 1 appeared to be
significantly higher, namely 5.68 ± 0.50 m%. These findings imply that small sediment particles (i.e.
dp < 63 µm) have a higher probability to escape the system via the overflow rather than through the solids
discharge at the bottom.
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Table 5.10: Summary of the results of experimental phases 3 to 5 performed on the novel flotation installation
containing information about the microplastic recovery rate (PET, PS and PC) and the sediment entrainment

(Sediment). All values are expressed as percentages with sediment entrainment expressed as mass percentage.

Phase 3 (1000:1)a Scenario 1 Scenario 2

PET 97.33 ± 2.31 98.00 ± 2.00
PS 98.67 ± 2.31 98.67 ± 1.15
PC 98.67 ± 2.31 98.67 ± 1.15
Sediment 5.68 ± 0.50 0.11 ± 0.01

Phase 4 (1000:1) Scenario 1 Scenario 2

PET + PS + PC 95.56 ± 2.04 96.00 ± 1.15
Sediment 5.93 ± 0.59 0.09 ± 0.01

Phase 5 (100:1) Scenario 1 Scenario 2

PET + PS + PC 85.00 ± 1.47 86.11 ± 0.32
Sediment 4.34 ± 0.44 0.08 ± 0.01

a(X1:X2) expresses the concentration as X1 microplastic
particles per X2 kg of sediment

The recovery rates resulting from the microplastic mixture covered in experimental phase 4 indicate an
average decrease of approximately 2 % compared to the individual microplastic recovery rates observed
during phase 3. The microplastic concentration in both phases was identical, namely 1000 microplastic par-
ticles for every kilogram of sediment. The only difference was that phase 4 combined the different polymer
types in a single sediment mixture, while phase 3 covered individual polymer type mixtures. Therefore,
it may be concluded that the interaction of different polymer types in a sediment mixture has a negative
impact on the microplastic recovery rate of the installation. Considering that the standard deviations of the
microplastic recovery rates vary around 2 %, this unexpected observation might be due to the relatively low
number of performed iterations. Another explanation might be that the formation of microplastic clusters,
as explained in Subsection 4.4.1 and illustrated in Figure 4.11, is facilitated for microplastic particles of the
same polymer type and plays an important role in the flotation of microplastics. The sediment entrainment
observed in phase 4 associated with both scenarios appeared to be comparable to those of phase 3.

The comparison of the recovery rate results of the microplastic mixtures between phase 4 and phase 5
revealed that lowering the microplastic concentration of phase 4 to the global average concentration of 100
microplastic particles for every kilogram of sediment is associated with a significant decrease. While the
microplastic recovery rates of the experimental phases 1 to 4 did not drop under 95 %, phase 5 corresponds
to a microplastic recovery rate of 85.00 ± 1.47 % and 86.11 ± 0.32 % for scenario 1 and 2, respectively.
Moreover, this decrease of approximately 10 % seems to be primarily attributed to the PET particles, con-
sidering their average microplastic recovery rate of 70.00 ± 1.67 % and 71.67 ± 1.92 % for scenario 1 and
2, respectively. This suggests that among the considered polymer types, PET particles are the most difficult
to separate by means of flotation, particularly when present in relatively low concentrations. This aligns
with the findings summarized in Table 5.1 that indicate the relatively high density and low contact angle of
PET compared to PS and PC, which both hinder effective flotation.

Furthermore, the results of Section 5.2 summarized in Table 5.2 suggest that bio-fouled (micro)plastic
particles will be associated with low microplastic recovery rates due to the significant decrease in contact
angle. However, no experiments were performed to confirm this prediction due to time restrictions. In
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addition, it is hypothesized that a premixing step of the feed mixture by means of an agitator will cause
the biofilms to (partly) detach from the surface of the particles. Therefore, the impact of biofouling on the
separation performance of the novel flotation installation is yet to be examined.

5.5.5 Conclusion

In general, it may be concluded that the novel flotation installation shows an excellent separation perfor-
mance when dealing with a sediment mixture that corresponds to the sand fraction (i.e. scenario 2) and a
microplastic concentration of 1000 particles/kg sediment with a microplastic size of approximately 2 mm.
For sediment mixtures associated with the mud fraction (i.e. scenario 1), the sediment entrainment increases
from approximately 0.1 m% to 5 m%. Furthermore, feed mixtures with a microplastic concentration of 100
particles/kg sediment show a significantly lower microplastic recovery rate under the predefined operational
conditions (i.e. from approximately 95 % to 85 %). Therefore, the lowest separation performance is ex-
pected when dealing with a low microplastic concentration sediment mixture related to the mud fraction.
In addition, marine biofouling appears to have an important negative effect on the microplastic recovery
rate, yet further research is required to quantify the corresponding impact on the separation performance of
the novel flotation installation. In contrast to separation by means of centrifugal sedimentation discussed
in the previous section, this novel flotation installation seems to perform well for both low-density and
high-density microplastic particles.
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Conclusion

During this thesis, two promising separation technologies were chosen and evaluated based on their ability
to isolate microplastic particles from marine sediment mixtures. To that end, the sinking behaviour of
microplastic particles obtained by fragmentation of municipal plastic waste products was analyzed, and the
shape-dependent drag model that predicts the terminal settling velocity of the corresponding microplastics
most accurately was identified. Next to the traditional shape descriptor of sphericity, it appeared that a
measure of circularity is essential to appropriately account for the irregular shape of microplastic particles,
in particular fibrous particles. From a total of 10 different drag models, it was experimentally demonstrated
that the one proposed by Dioguardi et al. (2018) performed best for the established dataset. This drag
model includes a measure of both sphericity and circularity. Furthermore, the effect of marine biofouling on
physical and chemical properties of plastics, in particular the contact angle and density, was examined. It was
found that, based on the contact angle, bio-fouled plastic particles shift from a predominantly hydrophobic
behaviour towards a prominently hydrophilic behaviour. In addition, it was calculated that biofouling might
cause initially floating marine microplastic particles to settle on the seabed due to density-modification. This
was stated to hold true for thin foil microplastic particles of all sizes, yet seemed very unlikely for spherical
microplastic particles associated with the millimetre-range.

After an appropriate characterization of the feed mixture with the focus on dredged sediment, separation
by means of centrifugal sedimentation was concluded to be an ineffective remediation technique for high-
density microplastic particles based on theoretical calculations regarding a decanter centrifuge. This was
primarily due to the significant overlap of the inherent particle diameter ranges of sediment and microplas-
tic particles. Moreover, the considerable difference in density between these two solid feed constituents
appeared to be insufficient to compensate for the overlap of particle diameter range. For low-density mi-
croplastic particles, which by definition hold a smaller density compared to seawater, centrifugal sedimenta-
tion is expected to be a successful remediation technique. However, this assumes that in case a low-density
microplastic particle ends up on the seabed due to density-modification caused by biofouling (or any other
phenomenon), the initial plastic density is (partly) restored during the separation process. The latter im-
plies that low-density microplastic particles present in marine sediments must ultimately exhibit floating
behaviour in a seawater medium during centrifugal sedimentation to achieve successful separation. With
respect to separation by means of froth flotation, the same performance is expected regarding low-density
microplastic particles, yet this technique appeared to be more effective for high-density microplastic parti-
cles as well. In addition, froth flotation is a more selective separation technique in the sense that microplastic
particles are isolated at a significantly higher concentration compared to centrifugal sedimentation where the
microplastic particles are removed via the bulk of the effluent. Despite the effectiveness of traditional froth
flotation techniques for marine sediment remediation of both high- and low-density microplastic particles,
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the corresponding separation process was determined to be inefficient. Therefore, a novel flotation instal-
lation was designed based on the principles of a cyclonic-static microbubble flotation column (FCSMC)
applied in the mining industry.

A first prototype of this novel flotation installation was constructed, and the operational variables were
optimized. For a microplastic concentration of 1000 particles/kg sediment, a recovery rate of over 95 % for
high-density microplastics with a diameter > 2 mm was found. The corresponding sediment entrainments
for the mud fraction (i.e. particle size < 63 µm) and the sand fraction (i.e. particle size between 63 µm
and 2 mm) were approximately 5 m% and 0.1 m%, respectively. Therefore, it is said that the installation
holds an excellent separation performance for high-density microplastics larger than 2 mm in diameter at a
concentration of 1000 particles/kg sediment. Moreover, it was derived that the microplastic recovery rate is
independent of the size distribution of the sediment particles, yet decreases to approximately 85 % for a mi-
croplastic concentration of 100 particles/kg sediment, which corresponds to the global average microplastic
concentration of sediments in intertidal areas, with no significant changes in sediment entrainment for both
the mud and the sand fraction. For low-density microplastics, a consistent recovery rate of 100 % was con-
firmed. Furthermore, the examined effect of marine biofouling on the contact angle of plastics suggests that
bio-fouled microplastic particles will exhibit a significantly lower recovery rate. However, by implementing
a continuous feed system in the design of a second prototype that incorporates severe premixing by means
of agitators, the biofilms might detach from the surface of the particles. Therefore, the impact of biofouling
on the separation performance of the novel flotation installation is currently uncertain.

In general, the obtained results indicate that separation by means of froth flotation is favoured compared
to centrifugal separation regarding the objective to isolate all microplastic particles from marine sediment
mixtures. In particular, the proposed flotation design demonstrates a promising separation performance. De-
spite the hypothesis that the flexibility of the applied venturi spargers as bubble generation system provides
the constructed flotation installation with the ability to capture microplastic particles with diameters smaller
than 2 mm, further experiments are required to analyze the effect of particle size on the corresponding
microplastic recovery rate.

Nevertheless, this thesis was the first to analyze large-scale remediation techniques for the removal of
microplastics from (dredged) marine sediments. To that end, the first representative experimental study on
the sinking behaviour of microplastic particles was performed and documented, which led to the identifica-
tion of the most accurate shape-dependent drag model to predict their terminal settling velocity. In addition,
the unknown effect of marine biofouling on the surface chemical properties of plastics was revealed. All
these results are of paramount importance to understand the dynamic behaviour and fate of microplastic
particles in the marine environment and might serve as a stepping stone towards the development of other
promising remediation techniques.

To conclude, the two potential remediation techniques presented in this thesis aimed towards large-scale
applications and considered the characteristics of dredged sediment during the evaluation of their separation
process. It is clear that further optimization and research is required to achieve a successful integration
of sediment remediation of microplastics and traditional dredging operations, yet the first step towards
this valuable synergistic collaboration is made. Considering the continuous marine plastic waste infiltra-
tion and the growing concerns regarding the impact of the associated microplastic particles, these potential
large-scale solutions that actively contribute to prevent further accumulation of marine microplastics and
simultaneously aim towards an accessible, short-term integration with current industries, might prove to be
fundamental for the protection of human health and the well-being of marine organisms.
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Recommendations for future research

Considering the promising results regarding sediment remediation techniques for microplastics presented in
this thesis, in particular with respect to the novel flotation design, and the strong urge to cope with the grow-
ing accumulation of marine microplastics, this chapter provides a description of the main recommendations
for future research.

For the decanter centrifuge, it is recommended to initiate pilot testing to evaluate the separation per-
formance in a real system. In particular, the effect of biofouling of low-density microplastics requires an
experimental approach to confirm theoretical hypotheses. By means of a pilot installation, it is possible
to quantify the fraction of bio-fouled low-density microplastics that regains their initial density prior to
biofouling, and thus exhibits floating behaviour in a seawater medium.

With respect to the novel flotation installation, in particular the first prototype, the microplastic recovery
rate over the entire corresponding size range is yet to be experimentally evaluated, as mentioned in the
previous chapter. However, the development of a second prototype that is able to operate continuously and
includes a premixing step of the feed mixture is essential to appropriately examine the impact of biofouling
on the microplastic recovery rate of the installation. In addition, optimization of the froth layer collection
mechanism to complement the continuous flotation process will offer a more pragmatic indication regarding
the sediment entrainment. For instance, the implementation of a secondary overflow trough or the use of
scrapers might increase the separation performance. Furthermore, experimental data that allows to derive
the separation performance as a function of the inlet flow rate of the feed mixture is crucial to prepare a
large-scale feasibility study. Depending on the result of that study, upscaling of the flotation installation
is recommended to provide confirmation of the large-scale ability to separate microplastic particles from
marine sediment mixtures.

To further promote successful integration of the proposed remediation technique for microplastics with
traditional dredging operations, it is advised to explore the impact of an unstable or vibrating surface area, as
occurs on board of a dredging vessel, on the separation performance of the installation. Lastly, it is clear that
international regulations should encourage this innovative concept to efficiently mitigate the microplastic
infiltration into the marine environment. Therefore, an estimation of both investment and operational costs
to attract financial support should contribute to the realisation of this objective.
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Extra Tables and Figures

Table A.1: Summary of the main performance properties of the most common plastic types
(Adapted from Willis et al., 2017; Rosato et al., 2004).

Polymer type Properties

Polypropylene High chemical resistance, high fatigue resistance, high elasticity, high tough-
ness, high insulation

Low-density polyethylene High flexibility, high ductility, low tensile strength
High-density polyethylene Moderate stiffness, high tensile strength, high rigidity
Polyvinyl chloride High flexibility or high rigidity, very high tensile strength
Polyethylene terephthalate Very high chemical resistance, high recyclability, high strength to weight ra-

tio, shatterproof
Polyurethane Very high adaptability, high tensile strength and high rigidity or high flexibil-

ity and high toughness
Polystyrene Convertibility to foams, high insulation, low impact resistance
Polyamide High adaptability, high heat resistance
Polycarbonate Very high impact resistance, high tensile strength, high insulation
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Table A.2: Overview of some common applications corresponding to the plastic types discussed in Table 2.1 along
with their recognizable recycling codes (Adapted from Edmondson and Gilbert, 2017).

Polymer type Recycling code Applications

Polypropylene Folders, food packaging, automotive bumpers, mi-
crowave containers, external prostheses, ropes, living
hinges, bottle caps and strapping

Low-density polyethylene Films for food packaging, agricultural films, house
wrap, grocery bags and reusable bags

High-density polyethylene Toys, milk bottles, pipes and fuel tanks

Polyvinyl chloride Window frames, flooring, pipes, sheathing for electrical
cables, containers and garden hoses

Polyethylene terephthalate Bottles, strapping, textiles and tape applications

Polyurethane Mattresses, cushions, insulation panels, inside refriger-
ators and freezers as insulation foams and sponges

Polystyrene Spectacle frames, packaging, plastic cups, utensils, CD
cases, license plate frames, Petri dishes and Styrofoam

Polyamide Textiles

Polycarbonate Electrical hardware, DVD’s, dome-lights, sound walls,
safety glazing, police riot gear, protection films on dis-
plays and signs, motorcycle windscreens and smart-
phone cases
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Table A.3: Characterisation of microplastic particles in sediments worldwide. The location (Site), polymer type
(PT), most frequently observed particle size (PS) and particle morphology are provided. For the latter, pellets and

granules (as discussed in subsection 2.2.2) are considered as similar and termed Spherical.

Site PT [type;%] PS [µm] Particle morphology [%] Reference

Fibres Spherical Other

North-East
Atlantic

N/A <300 41 59 0 Maes et al. (2017)

North Sea N/A <300 41 0 59 Strand and Tairova
(2016)

North
Atlantic

N/A <300 N/A N/A N/A Mathalon and Hill
(2014)

Australian
waters

N/A <300 87 1 12 Willis et al. (2017)

Deep sea
trench

N/A <300 75 0 25 Fischer et al. (2015)

Dutch waters N/A <300 domi-
nant

N/A N/A Leslie et al. (2013)

Antarctic
waters

N/A N/A domi-
nant

N/A N/A Reed et al. (2018)

Belgian
waters

PS, PP, PE and
nylon

<300 59 37 16 Claessens et al.
(2011)

Irish waters PA;23, PET;11,
PP;3, AC;2

** 85 0 15 Martin et al. (2017)

Venetian
Lagoon

PE;48, PP;34,
PES;4, PS;4,

<300 11 1 88 Vianello et al.
(2013)

Yellow Sea
and Bohai
Sea

RY;61, PE;16,
PET;12, PP;7,
PA;3

<500 94 2 4 Zhao et al. (2018)

Atlantic
Ocean,
Indian Ocean
and Mediter-
ranean
Sea

RY;57, PES;23,
PA;15, AC;5

<1000 100 0 0 Woodall et al.
(2014)

Worldwide PES;56, AC;23,
PP;7, PE;6,
PA;3

N/A N/A N/A N/A Browne et al. (2011)
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Table A.4: Script of the Matlab function containing the iterative algorithm used to derive the approximated particle
Reynolds numbers according to Dioguardi et al. (2018) from input values for dp, ⇢p, ⇢f , µ,  and an inital prediction

for Rep.

1 function [Re] = ReynoldsNumber_Dioguardi(d_p, rho_p, Psi, rho_f,...

2 mu_f, Re_start)

3

4 %Constant values:

5 g=9.81;

6 tol=1.e-1000;

7 exp1=0.25;

8 exp2=0.08;

9 exp3=-5.05;

10

11 %Preallocation:

12 Re_old=zeros(1,length(d_p));

13 Cd_old=zeros(1,length(d_p));

14 wt_old=zeros(1,length(d_p));

15

16 %Iterative algorithm:

17 for j=1:length(d_p)

18

19 Re_old(j)=Re_start;

20 Cd_old(j)=(24/Re_old(j))

*

(((1-Psi)/Re_old(j))+1)ˆexp1+...

21 (24/Re_old(j))

*

0.1806

*

(Re_old(j)ˆ0.6459)

*

...

22 Psiˆ(-(Re_old(j)ˆexp2))+0.4251/(1+(6880.95/(Re_old(j)

*

...

23 (Psiˆexp3))));

24 wt_old(j)=sqrt((4

*

g

*

d_p(j)

*

(rho_p-rho_f))/(3

*

Cd_old(j)

*

rho_f));

25

26 for i=1:10

27 Cd_new=(24/Re_old(j))

*

(((1-Psi)/Re_old(j))+1)ˆexp1+...

28 (24/Re_old(j))

*

0.1806

*

(Re_old(j)ˆ0.6459)

*

...

29 Psiˆ(-(Re_old(j)ˆexp2))+0.4251/(1+(6880.95/(Re_old(j)

*

...

30 (Psiˆexp3))));

31 wt_new=sqrt((4

*

g

*

d_p(j)

*

(rho_p-rho_f))/(3

*

Cd_new

*

rho_f));

32 Re_new=(rho_f

*

wt_new

*

d_p(j))/mu_f;

33 res_Re=abs(Re_new-Re_old(j));

34 if(res_Re<=tol)

35 break

36 else

37 Re_old(j)=Re_new;

38 Cd_old(j)=Cd_new;

39 wt_old(j)=wt_new;

40 continue

41 end

42 end

43

44 %Assign solution to output:

45 Re(j)=Re_new;

46

47 end

48 end
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Figure A.1: Post-processed 2D-images of 20 different microplastic particles originating from discarded Cola-Cola
bottles, captured by means of a Keyence VHX-500FE Digital Microscope and processed by the image analysis

software ImageJ.
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Figure A.2: Post-processed 2D-images of 20 different microplastic particles originating from discarded flowerpots,
captured by means of a Keyence VHX-500FE Digital Microscope and processed by the image analysis software

ImageJ.



109

Figure A.3: Post-processed 2D-images of 20 different microplastic particles originating from discarded Dash bottles,
captured by means of a Keyence VHX-500FE Digital Microscope and processed by the image analysis software

ImageJ.
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Figure A.4: Post-processed 2D-images of 20 different microplastic particles originating from discarded Lotus
Speculoos packages, captured by means of a Keyence VHX-500FE Digital Microscope and processed by the image

analysis software ImageJ.
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Figure A.5: Post-processed 2D-images of 20 different microplastic particles originating from discarded Jupiler
shrink wrap, captured by means of a Keyence VHX-500FE Digital Microscope and processed by the image analysis

software ImageJ.
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Figure A.6: Post-processed 2D-images of 20 different microplastic particles originating from discarded mushroom
containers, captured by means of a Keyence VHX-500FE Digital Microscope and processed by the image analysis

software ImageJ.
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Figure A.7: Post-processed 2D-images of 20 different microplastic particles originating from discarded PVC-pipes,
captured by means of a Keyence VHX-500FE Digital Microscope and processed by the image analysis software

ImageJ.



114

Figure A.8: Scatter plots of ut,calc versus ut,meas calculated by the shape-dependent drag laws discussed in this
thesis, excluding the ones provided in Figure 5.4. Dotted grey lines represent the linear regression lines of the type

y = ax with R2 the corresponding correlation coefficient.
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Figure A.9: Scatter plots of ut,calc versus ut,meas comparing the theoretical terminal velocity calculated by the drag
laws for spherical particles proposed by Stokes (1851) (left) and Dietrich (1982) (right). Dotted grey lines represent

the linear regression lines of the type y = ax with R2 the corresponding correlation coefficient.
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