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Microplastics (MPs) are animportant component of suspended particulate
matter in aquatic environments with two main transport modes,
thatis, asindividual entities or in flocs. Despite its importance to MP

pollution management, understanding and predicting MP flocculation
remains a challenge. In this Article, we combined a meta-analysis of
published data (2,000 measurements) with new experimental data
(>4,000 measurements) to investigate which size fraction of MPs can be
incorporated into and transported by flocs in the aquatic environment.
Thessize relationship between MPs and flocs can be used to predict the
flocculation of MPs in various aquatic environments, and we have proposed
amathematical model to show that small MPs (<162 pm) are predominantly
transported as flocs, regardless of the physicochemical characteristics

of the MPs or water body. This provides valuable information to predict

the transport modes of MPs, presenting a critical insight for multiple
environmental settings and future pollution control strategies.

Microplastics (MPs, plastic particles <5 mm) are increasingly con-
sidered an important component of suspended particulate matter
(SPM) pools in various aquatic environments due to the continuous
input of MPs'*. Flocculation is a fundamental process in the aquatic
environment that controls the fate of SPM (including MPs), whereby
fine particles are aggregated into large aggregates or ‘flocs’ (Fig. 1a,
aggregation processes), enhancing the sedimentation of incorporated
primary particles (including MPs)>®. The resultant flocs are loose, irreg-
ular, highly porous aggregates of minerogenic and biogenic material
with the probability of break-up increasing with size (Fig. 1a, breakage
processes)>’. Flocculation is a critical process that controls fine sedi-
ment transport in fluvial systems®, vertical carbon flux in the ocean®,
and water quality and nutrient cycling in lakes and reservoirs’ (Fig. 1b).

Once MPs are incorporated into flocs (Fig. 1a,c), their transport
reflects the hydrodynamic behaviour of the floc, including its hori-
zontalmovement', vertical settling" and resuspension'>" at multiple
temporal and spatial scales (Fig. 1b). As such, buoyant MPs may settle
with flocs and the overall settling velocity of non-buoyant MPs will
increase", enhancing the vertical depositional transport flux of MPs and
thustheir removal from the water column. Thus, flocculationis a critical

process that promotes the natural removal of MPs from the ocean
surface' ', contributes to both temporary and permanent sinks of MPs
in freshwater environments such as rivers, lakes and reservoirs'**",
reduces the river-to-sea flux of MPs in estuarine environments'®, and
influences the removal efficiency of MPs in coagulation and floccula-
tion in engineered” water environments (Fig. 1b). Many modelling
studies attempt to predict the fate and impact of MPs, but they either
ignore the importance of flocculation (by generally assuming that all
MPs are transported as individual inert particles?®*) or use inappropri-
ate parameters to characterize the flocculation of MPs (for example,
they assume that all MPs can be incorporated into flocs) to predict
their fate and functioning within aquatic environments'?>*, Conse-
quently, acomprehensive understanding of the flocculation of MPs is
afundamental and essential requirement to rigorously model the fate
and impact of MPs in both transport modes in aquatic environments.

For over a decade, many studies have investigated the influence
of the various parameters that contribute to the flocculation of MPs,
yet understanding and quantifying this process remains elusive**.
This is because MPs vary in size across six orders of magnitude and
exhibit wide-ranging physical (for example, shape, density and surface
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Fig.1|Influence of flocculation on the fate and impact of MPs in various
aquatic environments. a, The flocculation of fine particles aggregating into
large flocs and the disaggregation of large flocs into small flocs and individual
particles. Flocculi (<20 pm) are the building blocks of flocs. Brown particles,
flocs; red particles, MPs. b, Incorporation of MPs (red particles, microspheres
and fragments; threads, microfibres) with different properties into flocs (brown
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particles) in multiple aquatic environments, including rivers, reservoirs, lakes,
estuaries, marine environments, sea ice and water treatment plants (WTPs).

¢, Incorporation dynamics of MPs: while some MPs can be incorporated into
flocs, not all sizes of MP are suitable for incorporation. Those MPs that do get
incorporated are then transported along with flocs.

morphology) and chemical (for example, polymer type, hydrophobic-
ity, surface charge and ageing condition) properties>*. MPs have been
documented in all aquatic ecosystems with highly variable chemical
and hydrodynamic conditions, and the composition and concentration
of the flocs with which they associate are also diverse>”'¢" (Fig. 1a).
Hence, the rates and mechanisms by which MPs areincorporatedinto
flocs are, inall probability, likely to be highly variable and this presents
amajor challenge when predicting their transport behaviours.
Therefore, our overarching aimis to understand how MPs floccu-
late, specifically, which MPsize fractions can be incorporated into flocs
invariousaquaticenvironments. Hence, in this Article, we (1) examined
the flocculation of MPs with flocs from differing aquatic conditions
(derived from 2,580 data measurements) by means of ameta-analysis
and (2) conducted a series of flocculation experiments to quantify the
influence of MP properties on their flocculation behaviours. The results
of this study will have the potential to lead to considerable advances

in the development of empirical mathematical models to predict the
transport modes of MPs (that is, transported individually or as part of
flocs) in various aquatic environments.

Meta-analysis of the size relationship between
MPs and flocs

The meta-dataset comprised 2,580 measurements of MPs and flocs,
predominantly derived from laboratory experiments (Fig. 2a), includ-
ing floc sizes ranging from 10 pm (the typical lower size limit of flocs
in natural and engineered water®’) to a few millimetres (macro- and
megaflocs) and various experimental parameters (for example, salinity,
turbulence, pH, temperature, organic matter component, SPM com-
positionand concentration) that represent wide-ranging aquatic envi-
ronments (for example, marine, estuary, freshwater and engineered
water; Fig. 2a,b). The MPs observed ranged from 100 nm to 5 mm and
included wide-ranging polymer types (Fig. 2c). Hence, the meta-dataset
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Fig.2|Meta-analysis of the size relationship between MPs and hosting flocs.
a, The meta-analysis for the incorporation of MPs into flocs as a function of size,
showing MPs incorporated into flocs (red dots) and unincorporated MPs (blue
dots). Aboundary curveis fitted to differentiate the MPs into two groups: those
thatare incorporated into flocs fall under the curve (red dots) and those that are
unincorporated lie above the curve (blue dots), with 95.4% of incorporated MPs
under the curve. The scatter plot is based on 2,580 measurements and comprises

Proportion of measurements

394 data dots. b, The meta-dataset composition of the environments of flocs
based on the number of measurements. ¢, The meta-dataset composition of
the MPs based on the proportion of measurements. Here, MP size (um) is the
smallest dimension: diameter for microspheres, diameter for microfibres and
minimum Feret diameter for irregular-shaped fragments. PS, polystyrene;
PE, polyethylene; PU, polyurethane.

represents a full spectrum of aquatic environmental conditions and
floc size, as well as MP size and polymer type.

We explored the relationship between MP size and floc size, and
even with remarkably high complexities in both the MPs and experi-
mental conditions, there is a clearly defined boundary curve (equa-
tion (1)) that differentiates MPs that are incorporated into, and hence
transported by flocs (MPg,.; under the curve) and MPs that are not
incorporated into flocs (MP,,.4.c above the curve) and thus trans-
ported as individual particles (Fig. 2a). Over 95% of MPy,. are below
the boundary curve:

X <900 um, y = —0.0002x2 + 0.36x o
1
X >900um, y =162

where x represents the size of flocs (um) and y represents the size of
MPs (um; measured along the shortest dimension).

This is the first study to predict the transport mode of MPs by
simply considering floc size, addressing agap in previous research that
has solely focused on how environmental properties such as salinity,
turbulence, pH, and the composition and concentration of SPM may

influence MP flocculation. Low turbulence*'%, high concentrations
of organic matter or bioflocculants'?, and high ion concentrations
(for example, high salinity)'>?® enhance the interaction and incorpo-
ration of MPs into flocs. While previous studies have described these
environmental effects, they have been unable to provide predictive
capabilities for MP flocculation across different environments?. Our
findings demonstrate that these parameters uniformly affect floc size,
which in turn is a meta-control on their capacity to incorporate MPs.
Thisunderstanding hasled us to identify floc size as a critical and effec-
tive predictor for the flocculation of MPs, as depicted in Fig. 2a. Thus,
flocsize emerges as a pivotal parameter, reflecting the environmental
conditions conducive to MP incorporation and enhancing our ability
to predict MP behaviour in various aquatic settings.

Whilst the meta-dataset covers a wide range of MP sizes and
environmental conditions, over 90% of the studies from which the
data derive used pristine microspheres and fragments, which is not
representative of the diversity of MPs typically found in the natural
environment (Fig. 2¢)>?. A large amount of the data stem from single
MP sizes and single floc sizes, reflecting a gap in the literature where
the size relationship between MPs and flocs is not a primary research
objective'*1***?°_ More importantly, previous studies only focused
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on one measure of size, namely, the longest dimension. These gaps
highlight the need to study a wide range of MPs with different sizes
and properties, alongside a continuous spectrum of floc sizes. This
work aimed to bridge the identified knowledge gaps and enhance the
predictability and accuracy of MP flocculation models, ultimately
contributing to a more robust understanding of MP distribution and
behaviour in various aquatic environments.

Experiments on the size relationship between
MPs and flocs

A series of laboratory experiments using a continuous size range of
MPs with different signature shapes (that is, fragments, microfibres
and microspheres), eight polymer types, three density ranges and
weathered versus pristine states were conducted to examine how
the properties of MPs influenced their incorporation into flocs with a
continuous size range of 10-1,100 pm (Methods and Supplementary
Tables 1and 2). The sizes of the flocs and incorporated MPs from this
experimental dataset were then plotted with >99.0% (1,894/1,913 for
microspheres and fragments and 2,202/2,204 for microfibres; Supple-
mentary Fig. 1) of MPg,. plotting under theboundary curve derived from
the meta-analysis (Fig. 3a). Moreover, theincorporationrate (the ratio
between the incorporated MPs and total MPs; Fig. 3a) is also aligned
withtheboundary curve. Theincorporationrate decreases as the size
of the MPs increases, starting at 97.0% for MPs smaller than 20 pm
and dropping to 9.7% for MPs larger than 162 pm (upper boundary of
theboundary curve, Figs. 2aand 3a). This indicates that the large MPs
above the boundary curve are rarely incorporated into flocs up to a
size 0f 1,100 um. Therefore, both our experimental data and the data
from the meta-analysis can be predicted based on the size relationship
between flocs and MPs, and the boundary curve can be used to predict
the flocculation behaviours of MPs in various aquatic environments.

Theboundary curve

The boundary curve can be divided into three distinct zones (Figs. 2a
and3a).InZonel(MPs < 63 pmand flocs <200 pum), the curveis nearly
linear. Flocs are frequently described as having scale-dependent or
‘fractal’ aggregation hierarchies® and hence the maximumsize of a par-
ticlethatcanbeincorporatedinto anexisting flocis proportional tothe
flocsize?®°. The flocsin Zone 1broadly coincide with the smallest floc
units, namely, ‘flocculi’ (<20 pm) and ‘microflocs’ (<200 pm), defined
intheliterature™ (Fig. 1a). Aggregation mechanisms are dominated by
electroflocculation and polymer-bridging, forming stable, dense flocs
with micrometre-scale intra-aggregate porosity”**%. Turbulence-led
disaggregation of MPs is linearly linked to their area and resistance to
hydrodynamic force, which is not strong enough to detach small MPs
(<63 um) from flocs. Here, aggregation is the dominant mechanism
by which MPs are incorporated into flocs, with the size ratio between
MPs and flocs (0.36, equation (1)) being the key limitation for MP floc-
culation. This is consistent with both the results of the meta-analysis
and our laboratory experiments.

Withincreasing MP size (>63 um), the nonlinearity of the bound-
ary curve in Zone 2 (flocs from 200 pm to 900 pm) implies that the
mechanisms by which MPs are incorporated into flocs are no longer
linear scale-dependent. These larger ‘macroflocs’ (sometimes defined
as flocs, with a size > 200 pm)>* are critical to the mass settling sedi-
ment flux (and also by implication to the MP settling flux) in aquatic
environments and are characterized by highly porous and irregular
structures, with bioflocculation and the extracellular polymeric sub-
stance (EPS) bridging effect playing an increasingly important role in
aggregation””, Here, the shear plane between MPs and flocsincreases
withincreasing size of the MPs on account of the hydrodynamic force
difference between the impermeable MPs and permeable flocs***. This
increases thelikelihood of the detachment of MPs (Fig. 1a, routes 6 and
4) and reduces both the flocculation efficiency and the maximum ize
range of MPs that can be incorporated into flocs. The slope between

the maximum size of MPs and floc size decreases with MPsize, reaching
0 for MPs > 162 pm; this zone demonstrates the influence of hydrody-
namic turbulent forces contributing towards a continuous process of
aggregation and break-up, resulting in a dynamic quasi-equilibrium
controlled by their particle bonding strength and floc size within a
givenshear field, typically as defined by the Kolmogorov microscale®.

For the meta-analysis, the boundary curve (Zone 3) plateaus
for MPs >162 pum. For the experimental data, the incorporation rate
for MPs >162 pm is extremely low at 9.7%, even for very large flocs
(>1,100 pm; Fig. 3a and Supplementary Data 2), which means that
MPs >162 pm are highly unlikely to be incorporated. The incorpora-
tion rate of the experimental data aligns with the boundary curve.
In Zone 3, we have ‘megaflocs’ (>900 pm)’, which are associations of
macroflocs held together very loosely by biopolymer backbone and
anchoring mechanisms often with millimetre-scale porosity”*. Here,
the mechanisms leading to aggregation between MPs and flocs are not
stable, even for flocs in excess of 3,000 um (ref. 12). This is due to the
shear plane between MPs and flocs always surpassing the relatively
weak cohesive forces and compelling MPs to detach from the floc
structure®. This part of the boundary curve is predominantly based on
datafromthe meta-analysis as the experimental dataset is very limited
when flocs are larger than 1,100 um (Figs. 2a and 3a).

Environmental monitoring of MPs in flocs in the field is rare, but
some recent studies also support our boundary curve. MPs detected
in marine snow'®*>*® and algal aggregates under sea ice in the Arctic'
all fall under the boundary curve. Many studies have reported that
small MPs (<100 um) are correlated with SPM in the water column and
sediment, but the same relationships have not been observed for large
MPs (>200 pm)'**"*°, However, we note that in some extreme situations
with high concentrations of EPS or flocculant (for example, water treat-
ment facilities), very large flocs (a few millimetres) can be produced
and potentially this could lead to a high rate of incorporation of MPs
larger than 162 pum (ref. 41). However, this is not representative of the
natural aquatic environment'®**,

Although not explored here and rarely observed in the natural
environment, nanoplastics (that is, plastic particles <100 nm) would
fallbelow the boundary curve and beincorporatedinto flocs as flocsin
natural and engineered waters® are typically larger than 20 pum (ref. 26).
Furthermore, as clay particles are commonly included in flocs and
have an upper size boundary of 2 um (refs. 5,29), nanoplastics, being
considerably smaller, are also integrated into flocs without limitation.

Implications and significance of the boundary
curve
Theboundary curve canbe used to predict the transport mode of MPs
invariousaquatic environments, aiding the prediction of the fateand
transport of MPs separately for MPs,.and MP, .4 in the water environ-
ment. In particular, it can helpinestuarine modelling to determine the
river-to-sea flux of MPs and the rate of ocean deposition of small MPs.
These insights are crucial to understand the missing budget of MPs
in the ocean®*>, Water treatment strategies can also be improved by
strategically designing the removal of MPs that fall below the bound-
ary curve through flocculation, making use of the MP size filter and
other processesto prioritize MP,,,..q,. removal processes for larger MPs.
Many studies have proposed that the association between MPs and
SPM caninfluence thessize, structure and transport of flocs, impacting
biogeochemical cycling in various aquatic environments (Fig. 1b),
including the biological carbon pump in oceans***, nutrient cycling
inlakes’, and the transport of fine sediment and organic matter within
river deltas and estuaries'® (Fig. 1a). The accurate estimation of which
size fraction of MPs associate with flocs is an important prerequisite
toassess thisinfluence. Thisboundary curve furtherimplies that only
MP;.. will have an effect on the structure, size and settling velocity of
flocs across different aquatic environments. Therefore, a more accu-
rate prediction of the influence of MPs on the ocean biological carbon
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Fig.3 | Experimental size relationship between MPs and hosting flocs. a, The
relationship between incorporated MPs (fragments (n =1,804) and microspheres
(n=109)) and flocs plotted as a function of size (x-axis range of 0-1,200 pm and
y-axis range of 0-200 pm) and overlaid on the boundary curve based on the
meta-analysis. The colours of the dots represent the incorporation rate of each
type of MP (the ratio between the number of incorporated MPs and the total
number of MPs was calculated for each type of MP in the flocculation experiment,
see Methods); theincorporation rate decreases with increasing MP size. The
boundary curveis divided into three zones: linear scale dependent, nonlinear
scale dependent and no dependence. Eleven types of microfibre (n =2,204)

with different diameters and lengths and distinct polymer types are illustrated
inSupplementary Fig. 1. b-g, Examples of MP fragments and microspheres
incorporated into flocs: PEFN (b), PETFN (c), PETFN (d), PPFN (e), PEBW (f) and
PPFW (g). Scale bars inb-g,100 pm. Each MP is represented by an abbreviation.
Thefirst two or three letters represent the type of polymer of the MP, namely, PE,
PS, polypropylene (PP), polyethylene terephthalate (PET) and polyvinyl chloride
(PVC). The next letter represents the shape of the MP: B represents microspheres
and F represents fragments. The final letter is either N (non-weathered and
pristine MP) or W (UV-weathered MP). Details of these MPs can also be found in
Supplementary Tables1and 2.

pump, lake nutrient cycling, estuary and river sediment transport,
and other SPM migrations in various aquatic environments can now
beestablished (Fig.1a).

The flocculation of MPs can also influence their ecological risk to
organisms by changing exposure pathways. The redistribution of MPs
through floc settling increases the bioavailability to subsurface and
bottom-dwelling organisms™" and MP can be preferentially ingested
by sediment-and detritus-feeding organisms****, Insome cases, flocs
canalsoactasashield to mitigate the toxicity of MPs and further influ-
ence ecological risk*. This enhanced understanding of the fate and
transport of MPs also informs our comprehension of their ecological
risk. Consequently, the boundary curve can also be incorporated
into the development of risk assessment frameworks for MPs.

Conclusions

The boundary curve, developed by integrating a large-scale
meta-analysis with novel experimental data, unites flocculation theory
with environmental observations across a range of aquatic environ-
ments. Theseresults demonstrate that MP and flocinteractions can be
predicted viatwo simple andrelatively easy-to-measure parameters: the
size of MPs and the size of flocs in complex systems where the MPs are
constantly changing (for example, through weathering and fragmen-
tation) and the variability of the natural aquatic environment drives
variability in floc formation.

The boundary curve model substantially enhances our under-
standing of the fate and behaviour of MPs in aquatic environments by
providing areliable method to predict whether MPs will be transported
individually or as part of flocs. This development has broad implica-
tions, improving the modelling of MP fate and transport, optimizing
MP removal from waste and raw water, and deepening our understand-
ing of how flocculation affects ecological risks and biogeochemical
impacts. Thus, this model not only advances our knowledge of MP
dynamics but also supports more effective control and management
of MP pollution across diverse aquatic settings.

Methods

Meta-analysis

Systematic review. Using the Web of Science, Scopus, Science Direct,
PubMed and Google Scholar databases, we searched for papers on
microplastic flocculation published between January 1907 (the year
that Bakelite was developed*’) and November 2022. We used the fol-
lowing keywords and conditions in the searches: (microplastic(s) OR
plastic debris OR nanoplastic(s)) AND (aggregation OR agglomeration
OR flocculation OR coagulation OR incorporation OR aggregate(s)
OR floc(s) OR agglomerate(s)). A total of 2,407 articles related to
these search terms were found. We filtered this list based on our spe-
cific research question, such that relevant articles should (1) include
information relating to plastics and MPs, (2) relate to the flocculation
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processes of MPs in aquatic environments and (3) be peer-reviewed,
original research articles. After applying these criteria, 117 articles
remained. Of these remaining papers, only those that reported (1) the
size and shape of MPs and (2) the size of aggregates were considered
for analysis in this Article. As this study focused on how MPs interact
with SPM through flocculation in the water column, processes such
as the biological passage of MPs from uptake to excretion, leading to
the formation of faecal pellets that contain MPs, were not covered in
thisinvestigation.

Data collection. From this final corpus of papers, details of the MPs
and flocculation process were systematically compiled (Supplemen-
tary Data1). The MPs in the flocculation experiments were first cate-
gorized into three distinct shapes: microspheres (perfect spherical
shape), fragments (irregular shape degraded fromlarge plastic pieces)
and microfibres (elongated shape shed from textile materials such as
clothes, masks and fishing tools). The size of the MPs was also recorded,
including the diameter of microspheres and the diameter and length
of microfibres. For fragments, the longest and shortest axes were
recorded, but it was noted that some of the studies lacked either the
shortest or the longest axis length. Furthermore, the long and short
dimensions were analysed using the aspect ratio (AR). When the AR
was not available, nominal ARs of 1.5 for particle-shaped fragments
and 3.0 for fibre-shaped fragments were assigned*. The upper and
lower limits of the size range, together with the median/mean size, were
recorded (depending on their availability). Moreover, the polymer type,
weathering condition, density and surface roughness of the MPs were
also collated for analysis, to indicate how these parameters influence
and contribute towards flocculation.

Flocculation datawere collected simultaneously and subsequently
paired with the respective MP characteristics. The size of flocs with a
solitary characteristic dimension (that is, longest axis) was collected
because this is the classic method to characterize flocs®. The floc data
were sorted in terms of the lower limit, mean/medium and upper limit,
eachdepending on dataavailability. The mean or mediumssize of flocs
was used to analyse their relationship with MPs, and the lower- and
upper-bound were also included depending on data availability. The
environmental conditions for generating flocs were also recorded,
including hydrodynamics, SPM type and concentration, salinity, and
organic and inorganic matter (as these can enhance flocculation dur-
ing experiments). The acquisition domains were then classified into
six categories: marine, freshwater, estuary, lake and reservoir, river
and water treatment plants, each according to their environmental
conditions and floc type.

The efficiency of MP incorporation into flocs was recorded and
expressedintermsof theincorporationrate, whichis the ratio between
incorporated MPs and total MPs. If the incorporation rate was below
10%, the MPs were considered as unincorporated. If theincorporation
rate was in the range of 10-40% for one type of MP, the lower limit of
the MP size range was recorded as incorporated. If the incorporation
rate was between 40% and 80%, the lower limit and mean/medium
wererecorded asincorporated. Iftheincorporation rate was >80%, all
sizes (lower limit, mean/medium and upper limit) were acknowledged
as beingincorporated. Quantitative data were not available for some
studies and only the qualitative data were collected. In these cases,
the incorporation rate was nominally classified as Low, Medium or
High (accordingto the narrative description). Bothincorporated and
unincorporated MPs were compiled and analysed. Some data were
not available in the text and tables of main articles and so the data
were directly acquired by digitally re-measuring figuresin the original
articles thatillustrated incorporated MPs within the respective flocs,
initially using ImageJ software. The figures were then further assessed
for MP and floc size using WebPlotDigitizer (version 4.6). To maintain
consistency, the data collection protocols employed for the other
datasets were observed in the redigitized data acquisition.

Data analysis. A total of 2,580 measurements were compiled from
28 scientific articles (Supplementary Data 1). The size relationships
between MPs and flocs were plotted in Fig. 2 using Matplotlib (3.3.4)
in Python (3.6.4). The boundary curve between incorporated MPs
and unincorporated MPs was derived from quantile regression of the
incorporated MPs.

Laboratory flocculation experiments

Materials. MPs were selected on the basis of the meta-analysis (Fig. 2).
Three shapes of MPs (microspheres, fragments and microfibres) with
wide size ranges were used in the flocculation experiments. Due to
the extensive studies previously conducted on microspheres, only
PE microspheres (Cospheric) with a size range of 10-150 pm were
included in these experiments. Microspheres were weathered using
ultraviolet (UV) light to assess the influence of MP ageing on the floc-
culation process. Inthe case of fragments, previous studies tended to
use limited size ranges and polymer types to study the flocculation of
fragment MPs, even though fragments are regarded as the most domi-
nantand environmentally important MPsin the natural environment.
Five polymer types (PE, PP, PS, PET and PVC) with various fragment
densities were used (Supplementary Text 1). Their sizes were in the
range of 10-250 pum, which is in the size range of the boundary curve
determined from the meta-analysis. The characteristics of various
MPs are presented in Supplementary Tables 1 and 2. Microfibres are
the most detectable MPs found in the natural environment*+*%, but
the study of their flocculation behaviour is quite limited". Previous
studies mostly focused on the length of MPs or the different behaviours
of microfibres compared with fragments and microspheres, but there
havebeen no studies that systematically examined the flocculation of
microfibres®. Therefore, a wide range of microfibres of different tex-
tile materials were included. These ranged from N95 masks, clothes,
cigarette filter, carpet, ropes and duvet filling. The fibre diameters
spanned 9.77 £ 0.71 pm to 48.90 + 3.33 um with lengths ranging from
below10 pmtoover 2,000 pm (Supplementary Table 1) and comprised
five polymer classifications (PP, PET, polyamide/nylon, acrylicand cel-
lulose acetate) and three density types (low, medium and high density
relative to the density of seawater).

To study the influence of weathering on flocculation, six types of
MP (PE microspheres and fragments, PP fragments, and three PP micro-
fibres with different diameters and textures), together with a full size
range of pristine MPs, were selected. The MPs were weathered using UV
light (Vilber Lourmat TFX-35 MC UV lamp) for 3 days (Supplementary
Text 2). The weathered MPs are deemed to more closely resemble the
MPs originating from the natural environment®*, It should be noted
that the weathering process changed only the surface chemistry and
not the physical parameters, such as size and surface roughness. This
enabled us control asingle variable to gauge the influence of weather-
ing. In total, 20 types of MP with different size ranges were included
in this Article to investigate the influence of MP properties on floc-
culationand also to validate the results of the meta-analysis (detailed
information on the MPs are presented in Supplementary Tables 1
and 2). Non-fluorescent MPs were dyed with Nile Red to distinguish
MPs from the encapsulating flocs by fluorescence microscopy™
(Supplementary Text 3).

Bentonite (Sigma-Aldrich, 285234), a commonly used artificial
clay mineral sediment*, was used in this Article as SPM at a concentra-
tion of 250 mg I, which is in the range of estuarine turbidity maxima
concentrations®*, Xanthan gum (Sigma-Aldrich, G1253) is a proxy for
the natural exopolymer secreted by microorganisms, often referred
to as EPS, and is widely used as EPS in flocculation experiments®.
The concentration of xanthan gum was set at 4% of the sediment, at
10 mg 17, which is in the region of organic concentrations typically
found in estuaries™. Artificial seawater was made from artificial sea
salt (Sigma-Aldrich, S9883) by dissolving 34 g artificial sea saltin 11
deionized water.
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One millimetre of 10 mg I fluorescently labelled MPs was charac-
terized using a Leica DMIL inverted microscope with a Leica EL 6000
fluorescent light source and pictured using a Leica DFC420 C colour
camera. The digital images contained 1,360 x 1,024 pixels with a pixel
size of 1.095 um? and were used to characterize the size distribution
and shape of the MPs. The captured images were processed using
Image] software (Fiji, Version 2.0) to determine the size distribution
of the MPs. The surface morphology of the MPs was also analysed by
scanningelectron microscopy (FEl Inspect-F; Supplementary Table 2).
The size distribution of bentonite was determined using a Beckman
Coulter laser granulometer.

Flocculation experiments. The suspended sediment (250 mg1™),
xanthan gum (10 mg 1™) and each type of MP (10 mg 1) were added
to roller bottles (400 ml). Each roller bottle was filled with artificial
seawater and then immersed in an ultrasonic water bath for 15 min to
break up the preformed flocs. Each roller bottle was then rolled on a
roller table for 2 h (Thermo Scientific Roller) at a rotational speed of
25 rpm. The hydrodynamic conditions were close to those typically
observed inlow hydrodynamic estuarial and ocean surface water col-
umn conditions"” (Supplementary Text 4). After rolling, a modified
wide pipette (6 mm)*>** was used to promptly sample the suspension
(2 ml, midpoint of the roller bottle). The sampled suspension was care-
fully and evenly deposited into a Petri dish. Each sample contained 30
drops of suspension and were observed with aninverted fluorescence
microscope with an objective of x100 and digitally imaged. Each MP
was observed and recorded, and100-300 digital stills were taken (the
frequency was dependent on the type of MP). The experiments were
performed in triplicate for each MP type.

The influence of Nile Red on the flocculation characteristics was
evaluated using PET and PP fibres. We found that there was no differ-
ence between dyed and pristine MPs regarding incorporation rate.
Different sampling volumes were also tested (2, 5and 10 ml); we found
that 2 ml was sufficient to identify the status of the MPs (incorpo-
rated and unincorporated). A sampling volume of 2 mlincluded over
200 MPs, which was deemed sufficient data to rigorously analyse the
flocculation behaviour of MPs.

Data processing and analysis. The raw pictures were imported into
Image] (Fiji, Version 2.0) and the MP status (incorporated and unin-
corporated) was recorded, together with the measured size of the
MPs (diameter for microspheres, length for microfibres, and Feret
and MinFeret diameters for fragments). The incorporation rate was
calculated astheratio betweenincorporated MPs and the total MPsin
eachsizerange of MPs. The sizes of theincorporated MPs and hosting
flocs were measured manually to analyse the size relationships. The size
relationships between MPs and flocs are plotted in Fig. 3. The ratios of
incorporated MPs below or above the boundary curve derived from
the meta-analysis were used to assess the robustness of the boundary
curve. The incorporation rate of MPs with different sizes and proper-
ties was also used to compare the boundary size from meta-analysis.

Data availability
Alldatafilesin .xIsx format are available as Supplementary Dataland 2.

Code availability
Thecodefor plotting the figuresis available via Figshare at https://doi.
org/10.6084/m9.figshare.27119601 (ref. 51).
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