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Microplastic fibres as active agents
in mud deposition

Francesca Uguagliati**?, AliWaqas??3, Claire Chassagne?, Kryss Waldschlager*,
Massimiliano Zattin! & Massimiliano Ghinassi'

Clay-rich sediments are essential to the structure and function of freshwater and transitional
ecosystems, affecting turbidity, stabilising channels, and providing important benthic habitats.
Microplastics are widely distributed in these environments and have traditionally been seen as
passive pollutant carriers, despite their well-known ability to interact with clay minerals. In this
study, we explore whether microplastics can actively contribute to mud accumulation by altering
the aggregation and settling behaviour of clay particles. Using natural river sediments, we compare
flocculation and settling dynamics before and after adding microplastic fibres of different polymer
types. Our findings indicate that microplastics facilitate the formation of larger clay flocs compared
to those in microplastic-free mud, leading to increased floc settling velocities. Collectively, these
processes significantly enhance mud deposition, suggesting that, beyond their recognised role as
pollutant carriers, microplastics may exert a broader and previously underestimated influence on
natural sedimentary dynamics and associated biomorphodynamic processes.

Clay-rich sediments are essential components of freshwater, transitional, and mixed environments, where
they regulate turbidity, stabilise substrates, and support key ecological functions"2. Imbalances in sediment
availability, whether excessive or limited, can significantly alter ecosystem structure and the services these
systems provide?”’. Due to their cohesive properties, fine-grained suspended sediments are predominantly
transported as flocs rather than individual particles®®. These aggregates, composed of inorganic particles,
organic matter (including living organisms and detritus), and interstitial water, form through physicochemical
interactions related to particle surface charges'?-!2. Their properties depend on sediment concentration, organic
content, salinity, and turbulence, with flocculation enhancing settling velocity and sedimentation rates*1%12-16,
Flocs also play a key role in contaminant transport, as many substances are associated with suspended particles
and their mobility is influenced by aggregation processes'”.

This is particularly relevant for emerging pollutants such as microplastics (MPs), whose interactions with
flocs can influence their distribution and fate in aquatic systems. MPs, defined as plastic particles ranging
from 1 pm to 5 mm, occur in a variety of shapes, including beads, fragments, films, and fibres, the latter
being the most frequently observed in environmental samples'®-2!. They are widespread in freshwater and
transitional environments, raising increasing ecological and toxicological concerns. Once released, MPs can
act as vectors for pollutants and pathogens and interact with clay particles, becoming incorporated into flocs
and aggregates®>~2>. Although MPs are often considered passive contaminants, primarily accumulating within
fine sediments and forming localised hotspots, this perspective may be incomplete, as MPs may also influence
broader environmental processes, such as biogeochemical cycling and sediment transport?®2’.

The behaviour of MPs and cohesive fine sediments is therefore closely interconnected?®-32. When MPs
aggregate with suspended sediments and become incorporated into flocs, their transport is governed by
aggregate dynamics, potentially enhancing removal from the water column and promoting sedimentation®*3%,
Floc formation depends not only on microplastic properties®~3® but also on environmental factors such as
salinity, organic matter content, biofilm development, and hydrodynamic conditions*-*!. This suggests that MPs
may not simply behave as passive contaminants, but could also influence sediment aggregation and deposition
processes.

Building on this premise, this study investigates the interactions between MP fibres of four different polymers
and muddy sediments under controlled experimental conditions simulating natural environments. This approach
overcomes common limitations of in situ studies, including the difficulty of sampling flocs while preserving their
structure??*®, Sediments used in the experiments were collected from an inactive reach of a natural river (Arno
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River, Central Italy), selected based on (i) prior evidence of MPs trapping under both bedload and settling
conditions*, (ii) the dominance of settling processes favouring interactions between clay particles and MPs, and
(iii) the availability of sediment concentration data enabling robust experimental control*.

Microplastic influence on floc size, shape, and settling dynamics

To investigate the influence of MP fibres on floc properties and settling behaviour, a series of experiments was
conducted to measure the size, shape, and settling velocity of flocs formed by natural river mud (median grain
size 38 um; total organic content 6.8%; Supplementary Material 3, Fig. S1), both in the presence and absence
of MP fibres. Four types of MP fibres were used, each composed of a different polymer: polypropylene (PP),
polyamide 6.6 (PA), polyester (PES), and aramid (AR). Detailed descriptions of these fibres are provided in the
Materials and Methods section. The settling behaviour of isolated, non-aggregated fibres was also compared to
that of fibres incorporated into flocs.

Microplastic effects on floc size and shape

Video analysis highlighted distinct differences in the particle size, defined as the equivalent spherical diameter
(Fig. 1a), of plastic-free mud flocs compared to those formed in the presence of MP fibres. The plastic-free mud
suspension generates the smallest flocs, with sizes generally ranging from approximately 20 um to just under
200 pm, although a few outliers extend up to 600 pum. In contrast, a noticeable increase in aggregate size is observed
for suspensions containing MP fibres. Among the four mixtures containing MP fibres, the mud combined with
PP and AR fibres exhibits the largest aggregates, with mean sizes of 467.2+156.5 um and 276.6+177.7 pm,
respectively. These mixtures also display extreme outliers, with floc sizes reaching 1158.7 um for mud with PP
fibres and 927.4 um for mud with AR fibres. Differently, flocs formed in mud containing PA and PES fibres tend
to be smaller, with mean sizes of 202.2+110.9 um and 177.6 £107.9 um, respectively, and outliers reaching up
to 602.1 um for PA and 488.8 um for PES. The mean size of plastic-free flocs is 81.0+50.4 pm. In contrast, the
average mean size of aggregates formed in the four mixtures containing MP fibres is 280.9 pm, indicating that
MP fibres lead to nearly four times larger aggregates than plastic-free mud flocs. Overall, the incorporation of
MP fibres markedly increases floc size relative to plastic-free mud flocs, as confirmed by exceedance probability
distributions (Supplementary Material 3, Fig. S6a) and a one-sided KS test (kstest2, p<<0.01, a=0.05).

The incorporation of MP fibres also impacts the shape of flocs (Fig. 1b), forming more irregular morphologies
than the generally spherical flocs observed in the plastic-free mud suspension. The aspect ratio of plastic-free
flocs typically ranges between 0.3 and 1. In contrast, aggregates containing MP fibres exhibit a dual trend, with
flocs maintaining a spherical shape (aspect ratios between 0.0168 and 1), while others are more elongated
(aspect ratios between 0.001 and 0.01). This distinction is particularly evident in mixtures containing PA, PES,
and AR fibres. In contrast, in aggregates with PP fibres, most aspect ratios fall between 0.1 and 1, indicating a
predominance of spherical shapes.

The increase in floc size in sediment mixtures containing MP fibres can be attributed to several factors. Due
to their low affinity for water, MPs tend to aggregate with other particles, including organic matter, suspended
solids, contaminants, and other MPs**. Physicochemical interactions at the MP interface primarily govern
this behaviour. The hydrophobic surfaces of MPs facilitate adhesion to natural organic matter and biofilms by
repelling water molecules. Concurrently, van der Waals forces promote attraction between MPs and mineral
particles, enhancing particle-particle interactions. Electrostatic forces, influenced by parameters such as pH and
ionic strength, further control aggregation processes and contribute to the formation of larger aggregates®.
Moreover, extracellular polymeric substances and dissolved organic matter can drive flocculation through
polymer bridging mechanisms, leading to the incorporation of MPs into larger flocs?’. The curliness of PP
fibres may also account for the relatively larger flocs they formed in comparison with those of PA, PES, and AR
fibres. A curled morphology increases surface area and hydrodynamic resistance, enhancing the entanglement
of fibres and promoting sediment interlocking®. That results in the formation of additional contact points for
sediment adhesion, leading to the development of more voluminous aggregates. Additionally, an increased
drag experienced by curled fibres also prolongs their suspension, providing more opportunities for particle
interaction and adhesion®. Similarly, the low density of PP fibres, the only buoyant polymer examined in this
study, extends their suspension time, increases the likelihood of particle adhesion and growth, ultimately forming
the largest flocs'2 Flocs containing PP fibres are not only larger but also more spherical than those formed with
PA, PES, or AR fibres, which tend to be more elongated. This difference stems from the curled structure of PP
fibres, which encourages self-entanglement and the formation of compact, rounded bundles that effectively trap
sediment particles and retain a dense morphology. Moreover, the low density of PP fibres increases suspension
time, allowing flocs more time to mature and naturally compact into a more spherical shape. In contrast, the
elongated aggregates formed by PA, PES, and AR fibres may result from lower maturity, as younger flocs tend
to be more open and irregular™. The elongated, irregular shapes may also arise through mechanisms similar to
those observed in flocs associated with cyanobacteria, which influence floc morphology by forming string-like
structures that act as anchoring points and promote elongation®'. Similarly, the presence of organic fibres in
the plastic-free mud suspension could explain the occasional appearance of elongated flocs, as these fibres may
mimic the structural role of MP fibres or cyanobacteria.

Microplastic effects on floc settling

The mean settling velocity of flocs (Fig. 2) composed solely of mud (2.5+ 1.6 mm/s) is comparable to the mean
settling velocities of the pure fibres: 3.0+ 1.9 mm/s for PA, 1.9+ 1.5 mm/s for PES, and 2.6+ 1.4 mm/s for AR.
Regarding the flocs generated in the mud-MP fibre mixture, even the slowest-settling flocs generally exhibited
higher settling velocities than those composed exclusively of mud. Flocs with PA fibres had the lowest mean
settling velocity at 3.7 2.1 mm/s, with a maximum of 10.3 mm/s. Flocs with PES fibres displayed intermediate
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Fig. 1. Floc size and shape. (a) Boxplot illustrating the floc size distribution of the plastic-free mud suspension
alongside the five mixtures containing MP fibres. The red dashed line indicates the median size of the plastic-
free mud flocs, providing a point of comparison with the values obtained from the other four mixtures. The
values of n (indicating the number of data analysed for each group) are shown in panel a and also apply to the
data presented in panel b. (b) Aspect ratio versus size illustrates the relationship between floc size and shape.
(c) Video frames of flocs formed from the plastic-free mud suspension (ci) and the five mixtures containing
MP fibres (cii-cv) captured using high-resolution camera equipment.

settling behaviour, with a mean velocity of 4.8+2.2 mm/s and a peak of 18.5 mm/s, while those containing AR
fibres had a mean velocity of 5.3+2.6 mm/s and a slightly lower maximum of 15.9 mm/s. Among all tested
mixtures, flocs containing PP fibres exhibited the highest settling velocities, with a mean of 10.4+5.6 mm/s and
a peak of 22.0 mm/s. On average, the presence of MP fibres results in exhibiting a settling velocity slightly more
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Fig. 2. Floc settling velocity. Distribution of settling velocities for flocs formed in the plastic-free mud
suspension and in the four mixtures containing MP fibres. The chart also includes the settling rates of pure
fibres for comparison. The settling velocity of pure PP fibres was not measured due to their buoyancy in water.
The red dashed line represents the median settling velocity of the plastic-free mud flocs, offering a comparison
with the velocities obtained from the other four mixtures and the pure, non-aggregated fibres. The values of n
indicate the number of data analysed for each group.

than twice that of plastic-free flocs. Results also show that the behaviour of flocs with non-buoyant fibres can be
distinguished from that of flocs with buoyant fibres. The incorporation into flocs of non-buoyant fibres, such as
PA, PES, and AR, results in a slight increase in settling velocity compared to their clean, unaggregated state. On
the other hand, buoyant PP fibres, which remain afloat when clean, exhibit a median settling velocity that is more
than twice that of the flocs formed in the other three MP-sediment mixtures. Overall, the incorporation of MP
fibres significantly enhances the settling velocity of flocs compared to those formed from the plastic-free mud
suspension, a trend further supported by exceedance probability distributions (Supplementary Material 3, Fig.
S6b) and statistically confirmed by a one-sided KS test (kstest2, p <<0.01, a=0.05).

Floc settling velocity is primarily influenced by floc size and shape, with larger flocs generally exhibiting
higher settling velocities due to increased mass>2. Although porosity, which typically increases with floc size, can
counteract this effect, size and mass remain the dominant determinants of settling behaviour3. Moreover, as
flocs grow, they establish more linkages with other particles, including sediment, organic matter, MPs, or natural
fibres, further increasing their mass and increasing their settling dynamics'°. In addition to the increase in size
and settling velocity due to fibre incorporation, floc shape played a crucial role. More spherical flocs, such as those
generated in the PP fibre mixture, experience reduced flow resistance and settle more efficiently than elongated
or irregularly shaped ones®%. Therefore, the enhanced settling rate of flocs formed in the PP fibre mixture can
be attributed not only to their increased size but also to their more spherical shape. Results show, therefore, that
incorporation of MP fibre into the flocs significantly altered their morphometric characteristics and hydrological
behaviour. Specifically, MP fibre in mud suspensions promotes the formation of larger aggregates that settle
at higher velocities than those formed in the plastic-free suspensions. Worth highlighting is the behaviour of
the flocs formed in the PP-mud mixture. Due to their buoyancy, these fibres remained suspended for a longer
period, which allowed the formation of more mature flocs. This, together with the curly morphology of the fibres
that facilitated greater sediment attachment, significantly enhanced their settling velocity.

Implications for freshwater and transitional environments

Our results demonstrate that the presence of MP fibres markedly enhances floc size, leading to a corresponding
increase in settling velocity. Aggregates formed in mud-MP mixtures are, on average, four times larger and settle
nearly twice as fast as those in plastic-free conditions. A preliminary estimate based on median values from floc
analysis indicates a fourfold increase in floc size, from a median equivalent spherical diameter of 66 um in flocs
formed in the plastic-free suspension to an average of 253 um in flocs incorporating microfibers (calculated
from the median size of flocs formed in the four MP-fibre mixtures). A similar approximation using floc settling
rates suggests a doubling, from a median value of 2.2 mm/s for plastic-free flocs to an average of 5.86 mm/s for
those containing MP fibres. Such changes, reflected in the increased floc size and settling velocity, suggest a
considerable acceleration of sediment deposition rates under equivalent hydrodynamic conditions, indicating
that the incorporation of microfibres can substantially enhance sediment deposition potential in freshwater and
transitional environments. This enhanced sedimentation may have significant ecological effects on ecosystems
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where MPs interact with fine-grained sediments, such as rivers and, more broadly, freshwater and transitional
environments.

In riverine environments, accelerated sediment deposition can lead to excessive siltation, resulting in
significant environmental and infrastructural challenges. Excessive sedimentation shallows waterways, reducing
channel capacity, altering flow dynamics, and increasing the risk of flooding>. At the same time, it impedes
navigation and increases maintenance costs due to frequent dredging™. In natural river systems, abandoned
channels often become sediment sinks, disrupting hydrological connectivity and destabilising and weakening
riverbanks®®. Beyond river ecosystems, all freshwater and transitional environments could be affected by
increased sedimentation caused by flocculation driven by MP fibres. In water reservoirs, silt accumulation leads
to faster infilling, reducing storage capacity, affecting water supply, hydroelectric generation, and flood control
efficiency, while increasing maintenance costs and potentially speeding up eutrophication by burying organic
matter?. In wetlands, lagoons, and estuaries, where fine cohesive sediments are abundant and salinity levels are
higher, flocculation is naturally enhanced®’, and the presence of MP fibres could further amplify the formation
and deposition of larger flocs, accelerating sediment accumulation. Regarding rivers, excessive sedimentation
can shallow tidal channels, disrupting marsh hydrology by constraining tidal water flow®s. Similarly, excessive
sediment build-up in estuaries can alter water flow and circulation patterns®.

Regarding MPs’ final fate, their ability to interact with fine cohesive sediments and other suspended
particulate matter, as well as their enhanced sedimentation when incorporated into sediment aggregates,
contributes to the temporary or even permanent storage of these particles. This process reduces their flux to
the sea, potentially altering their ecological impact by creating localised hotspots of MP accumulation®. Given
the widespread presence of MPs in freshwater and transitional environments, along with the ecological and
hydrological importance of these areas, our findings indicate that high concentrations of MPs may cause non-
linear changes in the sedimentation of mud, suggesting the existence of a tipping point beyond which system
dynamics are significantly altered.

Limitations and future research

This study provides important insights into how MP fibres influence floc formation and sedimentation, but
several limitations related to the materials and methods should be considered. In particular, the characteristics
of the MP fibres used in this study may influence flocculation dynamics and sediment behaviour, while the
properties of the sediments and water provide the baseline context for these processes. These aspects frame the
context in which the following limitations and considerations should be considered.

Although our experiments used relatively high MP concentrations, effects on floc formation and settling
are expected to be smaller at environmentally relevant levels. Nonetheless, even low fibre amounts could
influence aggregation, particularly in sensitive or low-energy aquatic systems, highlighting the need for further
investigation across a range of concentrations. This potential threshold underscores the vulnerability of these
ecosystems to MP accumulation, with consequences for morphological stability and ecological health. These
findings also suggest a possible feedback loop between accelerated sedimentation and MPs’ fate. In systems
experiencing high sedimentation rates, MPs become buried in the floodplain, riverbed, or estuarine sediments,
temporarily removing them from the water column?®. However, these sediments can act as dynamic rather than
static sinks: high-flow events or disturbance may remobilise buried MPs, facilitating downstream transport or
re-exposure?’. Additionally, sediment-MP interactions can modify the bioavailability of MPs to benthic fauna,
especially deposit feeders, thereby linking physical processes to ecological effects®!. Further research is needed
to better constrain the concentration levels at which such effects emerge, including experiments across a wider
range of MP and suspended sediment concentrations. Moreover, although fibres are the most common MP
shapes found in the environment>*62%3, it is essential to explore how other MP types, varying in size, shape,
density, polymer composition, and degradation state, impact sedimentary processes. In this context, it should be
noted that, although the fibre length used in this study lies toward the upper end of environmentally observed
sizes!?246%65 it remains within realistic environmental ranges and allows clear observation of fibre-particle
interactions, while acknowledging that smaller, more common fibres could produce different effects. As Wu
et al. observed®, the incorporation of MPs into flocs seems to be influenced by their surface roughness, shape
irregularities, and dimensions, highlighting the need for a more comprehensive understanding of how these
characteristics interact with flocculation dynamics.

In addition, as experiments were conducted at a single pH, variations in pH may influence particle surface
charge and, consequently, flocculation processes and MP-sediment interactions®®. Future studies should
therefore consider the combined effects of pH and MPs to better capture environmental variability. Moreover,
the chemical composition and surface charge of the mud were not assessed in this study and could influence
flocculation dynamics®®®’. Future work should consider these factors alongside MP fibres to better understand
their combined effects on sediment aggregation and settling. In addition, floc persistence and mechanical
stability represent an important, yet unquantified, control on floc behaviour. Floc persistence and resistance to
disaggregation were not directly quantified in this study; however, the observed increase in size and irregularity
of aggregates in the presence of MP fibres is likely to influence both settling behaviour and susceptibility to
mechanical breakage under flow conditions®®. The balance between enhanced deposition and increased
breakage is expected to depend on local hydrodynamic conditions, highlighting the need for future studies to
assess floc stability under variable flow regimes.

Together, these findings indicate that rising MP concentrations may have a wider and previously
underestimated impact on aquatic systems, with cascading effects across multiple levels of ecosystem structure
and function. By acting as an emergent driver of changes in sedimentary and biogeochemical dynamics, MP
loading could weaken environmental resilience and sustainability, highlighting the need for an integrated,
system-wide approach to monitoring, risk assessment, and management.
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Materials and methods

Sediments

The sediments employed in this study were collected from the Arno River (Tuscany, Central Italy). The sampling
site was located approximately 30 km upstream of Florence (S. Giovanni Valdarno), at a distance preventing
marine influence. Mud was picked up from an abandoned reach of the main channel, permanently hosting water
with a maximum depth of 50 cm at the river’s low-flow stage. Sediments were collected 7 days after the peak of a
major flood event (5 March 2024) and refrigerated at 4 °C. Before starting the experiments, the sediment samples
were thoroughly stirred to achieve homogeneity. Subsequently, 43 g of wet sediments were dried overnight in an
oven at 100 °C. This small volume of wet sediment was weighed before and after being in the oven to determine
the sample’s water content (57.7%) and to calculate the appropriate sediment concentration required for the
experiments.

Particle size distribution (PSD) analysis of sediments was conducted using Malvern Mastersizer 2000, which
employs static light scattering (SLS) to analyse grain size distribution. During the analysis, the suspension
was recirculated between the mixing jar and the Malvern Mastersizer 2000 using a peristaltic pump, ensuring
continuous flow through the instrument.

The total Organic Carbon (TOC) content of sediments was determined using the NEN 6484 Dutch standard
technique for loss on ignition”’. The organic matter content of the dry sample was determined by the weight loss
of the sample following heating for 5 h at 600 °C.

Microplastics

500 um long fibres of four different polymers were used for the experiments. Fibres were purchased as shortcut
fibres from STW Technical Fibres (DE). The selected polymers were: (i) Polypropylene (PP), (ii) Polyamide
6.6 (PA), (iii) Polyester (PES), and (iv) Aramid (AR). These polymers have densities ranging from 0.9 to 1.44 g
cm™3 and represent some of the most commonly encountered plastics in environmental plastic waste. Moreover,
their densities span a range of plastic materials, including values below and above water density. Together with
their length, microfiber features, selected to reflect the average sizes of microfibers commonly reported in
environmental studies??, in detail, are:

« PP: density 0.9-0.92 g cm™, diameter 21 pm.

o PA: density 1.14 g cm3, diameter 19 um.

« PES: density 1.38 g cm®, diameter 16.9-19.7 um.
« AR: density 1.44 g cm™, diameter 10-20 pm.

PSD analysis was also conducted for the pure fibres using Malvern Mastersizer 2000 (Supplementary Material 1).
For these analyses, the d,, and d,, values correspond to the diameter and length data provided by the supplier
(Supplementary IMaterial 3, Fig. S2).

Experiments

A total of five experiments were conducted. For each experiment, a suspension of tap water (specifications in
Supplementary Material 3, Table S1) and sediments was prepared at a concentration of 1 g/L, corresponding to
one gram of sediment per litre of water. This concentration was selected since it reflects the average sediment
discharge in the Arno River during flood events®. Four experiments were conducted by adding MP fibres to
the suspensions, creating four mixtures, each one with a different polymer. The fifth experiment, which served
as a control test, was conducted without adding fibres. To obtain the studied mixtures, a fibre-sediment ratio
of 1:25, 0,04 g of microfibers was added for each gram of sediment®. An approximation, derived from the
dimensional and density characteristics of the microfibers, enabled the calculation of the average mass of an
individual fibre. This, in turn, facilitated the estimation of the particle concentration in the mixtures, yielding
an average value of approximately 260,000 particles per litre (MP/L). This MP concentration exceeds most
values currently reported in the literature’!. Nevertheless, it should be noted that concentration data reported in
previous years were often obtained using poorly tested and non-standardised protocols, which may have caused
significant underestimation of actual MP content’2. Recently, advances in sampling and analytical methods have
allowed the detection of substantially higher MP concentrations compared to those reported in earlier research
stages. For example, Monnanni et al.®® analysed the waters of the Arno River, a moderately polluted Italian river
characterised by a relatively small catchment area, limited population density, and effective waste management
policies, and found MP concentrations substantially exceeding those typically documented. This was chiefly due
to the improved sensitivity and resolution of their sampling and analytical techniques. If similar methods were
employed in more polluted rivers, comparable concentrations to those in our study would likely be identified.

Rotating wheel

A rotating wheel (Fig. 3) was used to induce flocculation at low shear. The rotating wheel (inner diameter of
34 cm and a depth of 7 cm) is designed to perform full circular rotations along its axis, ensuring continuous
motion that keeps sediment suspended and potentially increases the likelihood of floc formation. The rotating
wheel was filled to the top with 8 L of the prepared mixtures for all experiments. The mixtures were subjected to
a shear rate of 10 s™ in the rotating wheel for 2 h, after which the apparatus was stopped to allow the flocs to settle
completely. The flocs were subsequently collected from the settled sediments using a 50 mL capacity pipette
with a 3 mm diameter. The flocs were carefully deposited at the top of a settling column used in the FLOCCAM
setup (described below), with the pipette aperture in direct contact with the water surface of the column. This
ensured that the flocs settled naturally, solely under the influence of gravity. Floc sizes and corresponding settling
velocities were then measured using a settling column equipped with a high-resolution camera.
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Fig. 3. The rotating wheel apparatus. Schematic representation of the rotating wheel apparatus and the
flocculation experiment steps. Figure reproduced from Ali et al.”, licensed under CC BY 4.0.

Settling column

Light source

Fig. 4. FLOCCAM setup. Schematic representation of the FLOCCAM setup. Figure reproduced from Ali et
al.’®, licensed under CC BY 4.0.

Conventionally, the most common procedure used to generate flocs in laboratory experiments is the jar test.
As reported in Ali et al.”, the innovative instrument used in this work differs significantly from the jar test in
its hydrodynamics. While jar tests rely on turbulent mixing to keep particles suspended, the wheel creates a
low-shear environment where flocs form through gentle entrainment and settling. This condition favours the
rapid formation of larger flocs, likely due to enhanced interaction between clay and organic matter at low shear.
Compared to jars, flocs produced in the wheel are consistently larger, supporting the idea that the wheel setup
more closely mimics natural sedimentation processes.

FLOCCAM

The FLOCCAM setup (Fig. 4) utilises video microscopy to estimate PSDs greater than 20 um and settling
velocities of floc samples®®®”74, Flocs’ PSD, shape, and settling velocities are determined from video recordings
of settling flocs in a settling column, with data processed using the Safas software package”. The equipment
includes several key components. A cylindrical settling column (10 cm x 10 cm x 30 cm) with glass front and
rear panels and plastic sides. A 5MP CMOS camera with a resolution of 2592 x2048 pixels and a pixel size
of 4.8 um to capture the video footage. The camera, identified as iDS UI-3180CP-M-GL Rev.2.1 (AB02546),
is equipped with a Global Shutter. A telecentric lens, the S5VPJ2898, manufactured by Sill Optics GmbH &
Co. KG, is used in combination with the camera. This lens has a tuneable working distance and provides an
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approximate pixel size of 8.6 um. A Flat Lights TH2 Series Red LED light panel (63 x 60 cm), known for its high
directivity, ensures adequate illumination during the experiments. The light source is controlled by a DC 24 V
Input Controller for LED Lights (model PB-2430-1) by CCS Inc. Data recording and analysis are conducted on
a Dell Inspiron-15-7590 laptop. Additionally, a conical plastic feed well directs the flow of flocs, with a 2 mm by
10 mm rectangular opening at its end. Flocs’ parameters are measured and recorded approximately 30 cm below
the injection point.

The FLOCCAM equipment was used to measure flocs’ parameters from all five mixtures. Additionally, the
plastic-free mud sediments were also measured with this instrument without undergoing flocculation. Thus, it
was possible to observe the effect of flocculation on the clean mud mixture.

Safas

Safas (Sedimentation and Floc Analysis Software) is a Python-based module designed to process and analyse
images and videos of flocs’>. The software package enables users to efficiently measure and store data such as
size, morphology, and settling velocity in an accessible format. The software is also an open-source Python tool
that allows users to access and extend its image filters. These filters have been developed and tested to accurately
segment and quantify floc images, offering a range of functions that ensure precise and reliable results.

The parameters derived from the floc videos and utilised for the analysis were the equivalent spherical
diameter and aspect ratio, obtained through measurements of the major and minor axes of the flocs, and the
flocs’ settling rate, derived as a function of the equivalent spherical diameter (Supplementary Material 2).

Given the extensive dataset, a data filtering step was applied after a preliminary analysis for the four
experiments involving microfibers in the mixture. Only flocs with a major axis greater than 500 um were included
to ensure the selection of aggregates containing MP fibres. This threshold was defined based on preliminary
observations showing that smaller flocs did not incorporate fibres. Applying this filter does not bias the results,
as fibre-containing floc consistently exceeded this size across all replicates. Results obtained from unfiltered data
are presented in the Supporting Information (Fig. S3, S4, and S5).

Data availability

All data files are available in.xlsx format as Supplementary Material 1 and 2.
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