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Suspended clay and surfactants enhance buoyant
microplastic settling
Bruce R. Sutherland 1,2✉, Maninderpal S. Dhaliwal1, Dennis Thai1, Yuhao Li2, Murray Gingras2 &

Kurt Konhauser 2

Most of the plastic waste that enters rivers and the oceans is unaccounted for. Approximately

half of the world’s produced plastics are buoyant in water, meaning that processes must take

place that effectively increase their density, causing them to settle out of solution. One such

mechanism is biofouling, in which organic matter grows on the surface of plastics, making

them denser. Here we present a new mechanism supported by laboratory experiments for

buoyant plastic settling in which particles of clay adhere to the surface of the plastic,

mediated by the presence of surfactants. Although the plastic particles in our experiments

were a hundred times larger than the micrometer-sized clay particles, we show that clay can

adhere to the plastic with sufficient mass to cause the plastic to sink. This occurs even though

the plastic is electrically neutral. It is hypothesized that the hydrophobic tails of the surfactant

molecules are attracted to the plastic while the hydrophilic heads attract the clay. A greater

fraction of plastic sinks if the surfactant concentration is larger. Our findings suggest that

microplastic settling is enhanced in muddy rivers due to interactions with naturally occurring

or discharged surfactants, even in the absence of biofouling.
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Of the hundreds of millions of tonnes of plastic waste that
are produced each year, ~10 million tonnes of municipal
plastic waste enters the ocean, largely via rivers1,2. Sur-

prisingly, the total amount of floating plastic in the ocean is esti-
mated to be only 0.3 million tonnes3. This revelation is particularly
concerning in light of the fact that about half of all plastics pro-
duced are less dense than sea water4 and many other plastic items
(e.g., discarded water bottles) contain trapped air and so likewise
should float on the ocean. This raises the question: where is all the
missing plastic? Of particular concern is the fate of microplastics,
having sizes ranging from millimeters to nanometers. Lighter
microplastics accumulate in marine life near the surface, while
denser microplastics can settle through the water column and be
taken up by benthic organisms. Microplastics can be harmful to
marine life and, when consumed by fish and bivalves, they can
eventually bioaccumulate in humans, presenting long-term phy-
sical and chemical hazards. Although substantial research has been
conducted on plastic waste’s impact on aquatic ecosystems, less is
known about the pathways through which microplastics travel
within estuaries to the coastal ocean and beyond5.

Sedimentary microplastics have been found in many deposi-
tional settings, including lacustrine6, fluvial7, deltaic8, intertidal
flats9, shoreface10, offshore marine11 and in sea ice12. It is evident
that the distribution of microplastics in sediment is pervasive.
This is owing to its transportability by water. For example a study
of the Rhine River surface waters showed that microplastics were
found in all samples taken from 11 locations along 820 km of the
Rhine, averaging 892,777 particles per square kilometer, with a
peak of 3.9 million in the Rhine-Ruhr area13.

All plastic waste ultimately settles, though this process can take
days, months, years, or even centuries depending, in part, upon
the density and size of the plastics. The mechanisms involving the
transport, break-up, and settling of plastic waste in rivers and the
ocean remain poorly understood14. Floating plastics, with a
density less than that of water, can become more brittle due to
exposure to ultraviolet light from the sun15 and then broken up
into smaller pieces over time due to turbulence and waves16,17.
One mechanism for the ultimate settling of buoyant plastics is
through biofouling, in which microbes grow on the surface of
plastic particles, increasing their density18–23.

In this laboratory study, we demonstrate a different, inorganic,
mechanism for accelerating the settling of plastics by means of
surfactant-mediated clay accumulation on their surfaces.
Although, as we demonstrate, the plastic particles we use are
electrically neutral, recent studies have shown that surfactants can
interact with hydrophobic plastics making them hydrophilic24,25.
Thus, surfactants act as an intermediary through which clay can
attach to buoyant microplastics making them more dense than
their surroundings. Surfactants are naturally produced by marine
organisms such as phytoplankton26 as well as being released into
rivers and the coastal ocean from municipal wastewater treatment
plants27. Circumstances are thus prevalent where microplastics
released in muddy rivers and estuaries interact with both sus-
pended clay and surfactants.

In our experiments, we used “Pliolite”, a plastic used globally in
paints and other consumer products. This relatively soft plastic is
easily ground and passed through sieves in order to study settling of
plastic particles in narrow size range. As Pliolite has a density of
1.023 g cm−3, the experiments were conducted in water mixed with
NaCl that has an ionic strength typical of seawater (≃1.03 g cm−3).
We used two common clay minerals, kaolinite and montmor-
illonite, as well as two types of surfactants, sodium dodecyl sulfate
(SDS) and Triton X-100 (TritonX). Dilute concentrations of the
plastic, clay and surfactant were used in all experiments. The sur-
factant concentrations were comparable to those measured
for urban wastewater entering in rivers (20–70mg/L)28. The clay

concentrations were relatively conservative compared to natural
clay concentrations found in modern estuaries (e.g., 29). The con-
centration of Pliolite was chosen so that its mass could be accurately
measured before and after each experiment. Though larger than
found in most natural settings, the concentration of plastic was
small enough in most experiments that there was sufficient clay to
allow the plastics to settle. (Of course, in a natural setting, smaller
plastic concentrations would be more prone to settling given the
relatively larger concentration of suspended clay.)

Details of the experiment set-up and measurement procedures
are given in the Methods section. In Supplementary Material, we
provide two tables listing the input parameters and results for
“good” experiments with no clay, with kaolinite and with mon-
tmorillonite clays (Supplementary Tables 1 and 2). Each experi-
ment was performed in a 600mL glass beaker (see methods) to
which 500mL of saline water was combined with a measured mass
of plastic, one of the two types of clay and one of the two types of
surfactants. Some experiments were performed with clay and
plastic and no surfactant, and some with plastic and surfactant and
no clay. In all cases the beaker contents were vigorously mixed over
10 seconds. In some cases, a magnetic stirrer performed additional
mixing for up to 1 h. After mixing, the beaker was covered and left
overnight. The following day, the particles floating on the surface
and those settled on the bottom were carefully extracted and put
onto different filter paper lying on separate Buchner funnels. The
samples were rinsed and then allowed to air-dry overnight. On
the second day, the two dried samples were weighed. Knowing the
masses of the filter papers, we thus determined the mass of floating
particles and the mass of settled particles. An experiment was
considered “good” if the sum of these masses was within 10% of
the sum of the initially added masses of plastic and clay. Below we
also include results from “acceptable” experiments for which
the sum of dried masses was within 20% of the initial sum. For
some experiments, after the settled and floating particles were dried
they were subjected to analysis under a scanning electron micro-
scope (SEM) using energy-dispersive X-ray spectroscopy.

Our results are given in terms of fs, which is the difference
between the measured mass of settled particles and the mass of
added clay, all divided by the mass of added plastic. If no clay
adhered to the floating particles, fs would represent the fraction of
settled plastic particles. Should some clay be attached to the
floating particles, the actual fraction of settled plastic particles
would be larger.

The results below clearly show that clay adhered to the plastic
particles and that the mass of settled plastic generally increased
with increasing mass of added surfactant and clay.

Results and discussion
Qualitative results. As shown in Fig. 1, SEM images revealed that
the floating settled particles, after being filtered and dried, com-
prised plastic particles of sizes consistent with what was added for
that specific experiment. Upon further magnification, it was
observed that micron-sized clay particles were attached to the
plastic surfaces. The presence of clay was additionally confirmed
through energy-dispersive X-ray spectroscopy, which showed
energy peaks corresponding to the presence of aluminum and
silicon, which are elements in kaolinite.

Table 1 lists the parameters and values of fs for a subset of the
77 good experiments performed. This subset was chosen for
illustrative purposes, with supplementary material giving values
for all good experiments in Supplementary Tables 1 and 2. Plastic
settling was only observed in experiments having both clay and
surfactant; no settling occurred in the absence of either clay or
surfactant. In general, experiments that used larger amounts of
surfactant and larger relative concentration of clay resulted in a
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greater mass of settled plastic. By comparison, the fraction of
added plastic that settled exhibited a weaker dependence on the
plastic size, the plastic mass relative to clay, the type of clay used,
and the type of surfactant.

Influence of clay and surfactant concentration. The importance
of clay and surfactant concentration on plastic settling is further
demonstrated in Fig. 2. The plot includes data for all experiments
that were deemed good (plotted as red symbols) or acceptable
(plotted as blue symbols).

The minimum volume of clay necessary to attach to a plastic
particle to make the agglomerate more dense than its surround-
ings is (see Methods)

ϕc;crit ’
ρf � ρp
ρc � ρf

; ð1Þ

in which ρf, ρc, and ρp are the densities, respectively, of the
ambient fluid density, clay and plastic. Given the initial volume
concentration of clay in a beaker of volume Vf, we estimate the

volume of clay that interacts with a plastic particle over the fluid
column to be (see Methods)

ϕc ’
Vc

Vf

H
dp

; ð2Þ

in which Vc=mc/ρc is the volume of added clay, H is the fluid
depth and dp is the plastic particle diameter. Thus, we expect that
few plastic particles will settle if ϕc≲ ϕc,crit and that more settling
will occur for larger ϕc/ϕc,crit.

Despite the scatter of the data in Fig. 2, the results generally
show little settling of plastic particles for ϕc/ϕc,crit≲ 7 and more
settling (at fixed surfactant concentration) for larger relative ϕc.
The scatter is expected due to the random nature of the initial
turbulent mixing by the hand blending, bringing plastic and clay
particles together. Additionally mixing by the magnetic stirrer
resulted in no significant difference in fs with other parameters
being kept fixed (see Supplementary Tables 1 and 2).

The different symbols in Fig. 2 indicate different ranges in the
concentration of added surfactant. Despite the scatter, generally

Fig. 1 Scanning electron microscope analysis of plastics and clay. SEM images of particles recovered from the top (a–c) and bottom (e–g) of a beaker
after filtering and drying. In the experiment, 0.40 g of Pliolite particles of mean size dp≃ 83 (±8) μm) were mixed with 0.1 g kaolinite and 0.04 g SDS in
500mL of a salt water solution with density 1.031 g cm−3. The white box in (a) and (e) indicates the windows in (b) and (f), respectively, and the white box
in (b) and (g) indicates the windows in (c) and (g), respectively. The scale for each image is indicated at the top left. The energy-dispersive X-ray
spectroscopy analysis of the images in (b) and (f) are shown in (d) and (h), respectively.

Table 1 Measurements for selected experiments.

Exp. dp (μm) mp (g) clay type mc (g) ms (g) fs (%)

1 106–125 0.40 kaolinite 0.10 0.004 8 (±3)
2 106–125 0.40 kaolinite 0.10 0.022 38 (±4)
3 90–106 0.20 kaolinite 0.10 0.020 45 (±2)
4 90–106 0.10 kaolinite 0.20 0.020 40 (±4)
5 90–106 0.10 kaolinite 0.10 0.044 60 (±4)
6 90–106 0.10 kaolinite 0.10 0.082 95 (±5)
7 90–106 0.40 kaolinite 0.10 0.040 53 (±5)
8 75–90 0.40 kaolinite 0.10 0.026 38 (±3)
9 45–53 0.40 kaolinite 0.10 0.020 33 (±2)
10 106–125 0.40 montmorillonite 0.10 0.004 5 (±3)
11 106–125 0.40 montmorillonite 0.10 0.020 20 (±2)
12 90–106 0.40 montmorillonite 0.10 0.020 48 (±3)
13 63–75 0.40 montmorillonite 0.10 0.020 53 (±3)
14 45-53 0.40 montmorillonite 0.10 0.020 43 (±2)

Results for a subset of experiments showing plastic particle size ranges (dp, in μm) and added plastic mass (mp, in g), clay type and added clay mass (mc, in g), added mass of SDS surfactant (ms, in g) and
the excess of measured bottom mass to added clay mass relative to the added plastic mass, fs (errors in parentheses).
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more plastic settling occurs if more surfactant is added, at least in
the ranges explored up to 0.2 g L−1 of surfactant in solution. For
kaolinite (montmorillonite) with 7 ≤ ϕc/ϕc,crit≤ 20, the mean
settled fraction is �f s ¼ 11% (12%) for ms < 0.2 g, �f s ¼ 47%
(44%) for 0.2 ≤ms < 0.4 g, and �f s ¼ 67% (59%) for ms≥ 0.4 g.

In these plots, fs would represent the fraction of added plastic
that settles only if no clay is attached to the floating plastic
particles. Because SEM images show that some clay is also
attached to the floating plastic, fs is actually a lower bound on the
relative mass of plastic that settles. We can estimate an upper
bound on the relative mass of settled plastic, f sp;max, by supposing
the maximum relative volume of clay, ϕc,crit, is attached to each
floating particle, rendering each neutrally buoyant. In this case,
the relative mass of settled particles is given in terms of fs by (see
Methods)

f sp;max ¼
f s þ ϕc;crit ρc=ρp
1þ ϕc;crit ρc=ρp

: ð3Þ

In our experiments, ϕc,crit is on the order of 1%. And so f sp;max is
no larger than 1% of fs. That is, within the errors of our
experiments, fs is a good estimate of the fraction of added plastic
that settles.

Electric neutrality of plastic. Potentiometric acid-base titration30

and cadmium (Cd) adsorption experiments31,32 were performed
to confirm that Pliolite is an electrically neutral plastic. The two
methods are generally used to measure the surface electric
properties of particles. In titration experiments, successive
quantities of acid and base were added to a solution of salt water
with and without particles and the resultant pH was measured. In
the Cd adsorption experiments, the change in the concentration
of dissolved Cd2+ was measured over time. (See Methods.) In the
titration experiments, the presence of plastics exhibited negligible
change to the variation of pH with added acid and base, as shown
in Fig. 3. The saltwater weakly buffered the addition of acid and
base, as indicated by the plateau in the difference of acid and base
concentration as the pH varied from ≃5 to 9. However, the
measured curve with and without plastics was the same, to
within errors. This indicated that the plastics had no surface
charge, which would have changed the structure of the
plateau. In contrast, we show the titration results for solutions
with montmorillonite clay and with cyanobacteria, whose
surface reactivities were previously well-characterized in other
studies29,33 (see Supplementary Fig. 1). In comparison to
experiments without clay or bacteria, the experiments clearly

show a different response to the pH of the solution as the con-
centration of acid and base is varied. Likewise, a continuously
mixed solution of Cd2+ and plastic particles showed no sig-
nificant difference in the Cd concentration over two and a half
days. Therefore, it is concluded that Cd did not adsorb onto
microplastic particles studied here, further indicating their non-
reactive nature.

Because these experiments show that the surface of Pliolite
particles are electrically neutral and non-reactive, the mechanism
by which electrically charged clay particles might attach to the
plastic requires an additional ingredient. We hypothesize a
conceptual model in which surfactant acts as an intermediary that
draws clay to the surface of plastic.

Conceptual model. We propose a mechanism for how the pre-
sence of surfactant enhances the attraction of clay to plastic
(Fig. 4). Surfactants have hydrophobic tails that avoid water and
tend to collect near solid surfaces or intertwine as micelles34.
Consequently, even though plastics are electrically neutral, the
hydrophobic tails of surfactants naturally accumulate onto their
surfaces to avoid being surrounded by water. By contrast, the
hydrophilic heads of surfactants are attracted to ionic molecules,
and hence, naturally attract dipolar-charged clay particles. Thus,

Fig. 2 Measurements of settled plastic mass. For experiments with (a) kaolinite and (b) montmorillonite, approximate relative mass of settled plastic, fs,
as it depends on the prediction of clay concentration (Eq. (2)) relative to the minimum concentration required for settling (Eq. (1)). The latter ratio is
plotted on a log axis. Blue symbols are good and red symbols are acceptable (see text), with error bars drawn as vertical lines. In both plots, different
symbols correspond to the mass of added surfactant as indicated in the legend in (a): ms < 0.02 g (solid circles), 0.02 g≤ms < 0.04 g (open squares),
ms≥ 0.04 g (open circles). Vertical bars on each symbol denote errors associated with measurement of masses of particles and filters.

Fig. 3 Titration experiments. Representative results from each of the three
triplicate potentiometric acid-base titration experiments. Vertical axis
represents the concentration difference in molar between acid added during
the initial down titration to pH 3 and base added during the subsequent
forward titration from pH 3 to pH 10. Horizontal axis represents real time
pH values during the respective forward titration. The titration curve from
both sizes of microplastic particles show identical buffering capacity
compared to the blank, which indicates that both samples have little to non-
reactive sites on their surfaces.
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surfactants serve as an intermediary mechanism, facilitating the
attraction of clays to the surface of plastics, or any other sub-
merged particle that is electrically neutral.

It has previously been shown that clay flocculation is enhanced
in the presence of dissolved salts35. Thus, the accumulation of
clay onto plastics is further enhanced in saline water through the
formation of flocs, as is evident in Fig. 1, which shows stacks of
clay particles on the surface.

Conclusions
We have shown that surfactants (SDS and Triton X) can cause
clays (kaolinite and montmorillonite) to accumulate on the sur-
face of the plastic Pliolite. The accumulation of clay can increase
the bulk density of the plastic to make it sink through the ambient
fluid. As opposed to the process of biofouling, our study indicates
what, to the best of our knowledge, is a new inorganic process
through which buoyant plastics may ultimately sink, and dense
plastics may settle more rapidly.

Surfactants are commonly mixed with synthetic plastic fibers in
clothing, some of which are released in tandem into municipal
wastewater when laundered. Natural surfactants, such as phos-
pholipids—originating from cell membranes, are also present in
rivers and estuaries. These may interact with fibers from clothing,
tires, or plastics from other consumer products to increase the
density and settling rate of microplastics.

Our study has focused on Pliolite, a type of plastic which is more
dense than fresh water, but buoyant in sea water. We hypothesized
that the specific type of plastic used has little influence on clay
accumulation as it only serves as an electrically neutral solid surface.
This hypothesis is supported by separate ongoing research showing
that glass particles are attracted to a plastic that is lighter than fresh
water. The presence of saltwater in our experiments can increase
clay flocculation, resulting in larger masses of clay on their surface.
To what degree this may enhance plastic particle settling in estu-
aries and coastal regions has yet to be investigated.

Methods
Plastic, clays, and surfactants. Pliolite is a polymerized styrene
produced by Goodyear Chemical. Being relatively soft, it is readily
ground to small size using a mortar and pestle. After grinding, the
particles were put into a stack of sieves that were then shaken to
produce batches of particles in different sizes with mean dia-
meters, dp, in the following ranges: 49 (±4) μm, 58 (±5) μm,
69 (±6) μm, 83 (±7) μm, 98 (±8) μm and 116 (±10) μm.

Our experiments used two types of clays: kaolinite (aluminum
silicate, Al2Si22O7.2H2O) was provided by Thermo Fisher
Scientific Chemicals; montmorillonite, originating from Saskatch-
ewan, Canada, was provided by Plainsman Pottery Supply.

The two types of surfactants used (SDS and TritonX) were both
provided by Fisher Scientific.

Experiment set-up. A stock NaCl saline solution was prepared and
its density measured to 5-digit accuracy with an Anton Paar DMA
4500 densitometer. Typical fluid densities were ρf ≃ 1.03 g cm−3

(0.56M), set to be about 1 percent larger than the density of the
Pliolite plastic. A measured mass (between 0.02 and 0.41 g) of
Pliolite of a given size range was put in a petri dish along with a
measured mass of clay (between 0.10 and 0.40 g). Separately, a
measured mass of surfactant (0.004–0.42 g) was put into a 600mL
glass beaker. The beaker was then filled to ~200mL with the stock
saline solution and the plastic and clay were added. The contents
were vigorously mixed with a Braun hand mixer in a series of pulses
for 10 s. This uniformly combined the particles in solution, over-
coming any effects of surface tension. The mixer was pulled out of
the solution, hovering over the surface while and more of the stock
saline solution was poured over the mixer to rinse any clinging
particles into the beaker. The beaker was then topped off with more
of the saline solution until the mixture had a volume of 500mL. In
most experiments, the beaker was then covered and then left to rest
until particles settled on the bottom or floated to the top, the latter
initially mingling with the surfactant-induced foam floating on the
surface as a consequence of the mixing. In some experiments, the
beaker was placed on a magnetic stirrer with a stir bar that con-
tinued to mix the contents of the beaker for a set amount of time
between 5 and 60min. Afterwards, the magnet was removed and
clinging particles rinsed off with saline solution into the beaker. The
beaker was then covered and left to rest. Although most of the
settling occurred within tens of minutes after mixing, the beaker
was typically left to rest overnight allowing all the particles either to
rise to the surface or settle on the bottom.

Particle extraction and measurement. After resting overnight,
the settled particles lay consolidated at the bottom of the beaker
in a sediment layer less than 1 mm deep. At the surface, any
bubbles that formed during the previous day’s mixing had dis-
sipated and the floating particles were confined to the surface.
The ambient fluid was perfectly clear between the bottom-settled
and surface-floating particles.

The particles floating on the surface were carefully extracted
onto Whatman (10312644) filter paper (pore size < 2 μm) lying
on a Buchner funnel. Particles that settled on the bottom were
extracted onto Filtrafine PTFE filter paper (pore size 0.1 μm) lying
on a separate Buchner funnel. These extracted samples from the
surface and bottom were then air-dried overnight, and the dry
samples were weighed. Knowing the masses of the filter papers,
we determined the mass of floating particles, mtop, and the mass
of settled particles, mbottom,. An experiment was considered good
(acceptable) if the sum of these masses was within 10% (20%) of
the sum of the initially added masses of plastic and clay. The
fraction of added plastic that settled was estimated from the

Fig. 4 Schematic showing proposed mechanism for clay accretion onto plastic. The hydrophobic tails of surfactant molecules accumulate onto the plastic
surface to avoid immersion in water. Platelets of clay are then attracted to the hydrophilic heads of the surfactant molecules.
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measured mass of settled particles minus the mass of added clay:
fs= (mbottom−mc)/mp.

Titration experiments. Two sizes of microplastic particles
(63–75 mm; and 106–125 mm) were examined for their surface
charges via potentiometric acid-base titrations on a Metrohm
Titrando 905 titrator. Each titration started with 250 mL of
0.56M NaCl solution at a density of 1.032 g cm−3 in a titration
vessel with a stir bar continuously stirring the solution to create a
vortex. Subsequently, 0.2 g of sample was slowly added into the
vortex to assure that the majority of plastic particles remained in
the background solution throughout the experiment. The titra-
tion vessel was then carefully sealed and the mixture was purged
with N2 gas for 30 min to create an anoxic environment. From
nearly circumneutral pH 7, the pH of each sample was first
titrated down to 3 by incremental additions of 0.1 M HNO3. This
was followed by increasing the pH of the mixture to 10 with
incremental additions of 0.1 M NaOH. Finally, to test the rever-
sibility, the pH was again titrated down to pH 3 using the same
acid. The real-time experimental data including pH values, and
the corresponding amounts of acid and base added into the
mixture was recorded. Titrations were conducted in triplicates for
both sizes of microplastics plus a blank control without micro-
plastics. The results are shown in Fig. 3.

We also conducted Cd adsorption experiments in seawater with
pH 8 to confirm and characterize the surface reactive sites on the
sample of interest if they were present on the samples. Cd was
chosen as the model cation because it is commonly used in metal
adsorption experiments (e.g., to bacteria, clays, organic polymers)
and thus the plastic reactivity can be compared to other
substrata31,32,36. An aliquot of microplastic particles in the range
of 63–75mm was added and suspended in a 50mL falcon tube with
0.56M NaCl and Cd-spiked solution at an initial Cd concentration
of 0.8 ppm. Immediately afterwards, the pH of the mixture solution
was adjusted to 8. The mixture solution was then vigorously stirred
overnight followed by another pH adjustment to 8 and put on a
rotator for constant mixing for up to 60 h, during which pH of the
mixture was carefully monitored and re-adjusted when needed. A
total of 4 samples were extracted from the original mixture solution
at the following four stages: 1) beginning of the experiment right
after the first pH adjustment; 2) 24 h after mixing; 3) 48 h after
mixing; and 4) 60 hours after mixing. Each sample was filtered
through a 0.22 μm filter membrane and subsequently diluted with a
2% HNO3 and 0.5% HCl solution, and lastly measured for dissolved
Cd concentration on an Agilent 8800 Triple Quadrupole ICP-MS.
The result is shown in Table 2.

During the 60 h incubation and four different time points, the
concentrations of free Cd cations that stayed in solution remained at
the same level with the initial concentration of 0.8 ppm [Table 2].
The most pronounced difference in dissolved Cd concentration in
solution came from the last sampling time point, where the Cd
concentration was only 4.41% higher compared to the initial value.
The 4.41% discrepancy in Cd concentration is well below the
manufacturer-specified level of instrumental error of 5 to 10%.
Therefore, it is concluded that Cd did not adsorb onto microplastic
particles studied here, further indicating their non-reactive nature.

Model for critical clay concentration. Consider a plastic particle
of volume Vp1 and density ρp in fluid of density ρf > ρp. Suppose a
volume Vc of clay, with density ρc, adheres to the plastic particle.
The effective density of the plastic with attached clay is

ρpc ¼ ðρpVp1 þ ρcVcÞ=ðVp1 þ VcÞ;
and the difference between this and the fluid density is

ρpc � ρf ¼ ½ðρp � ρf ÞVp1 þ ðρc � ρf ÞVc�=ðVp1 þ VcÞ:
We seek the critical volume of clay, Vc,crit, such that this density
difference is zero, meaning that any larger volume of attached
clay would make the particle settle. Assuming the density of
plastic is much closer to the fluid than the density of clay, we may
assume Vc,crit is much less than Vp1. And so the critical volume of
clay relative to the volume of plastic is

Vc;crit=Vp1 ’ ϕc;crit ’
ρf � ρp
ρc � ρf

:

This is the quantity defined as ϕc,crit in Eq. (1). For typical density
values for the experiments presented here, we have ϕc,crit ~ 0.01.

The question is whether in our experiments, a single plastic
particle initially mixed in solution can interact with a sufficient
volume of clay particles before rising to the surface so that it
becomes more dense and sinks. Let Vc1 be the (mean) volume of
single clay particle. If a mass, mc, of clay is added to a volume, Vf,
of fluid, the number concentration of clay particles is nc= [mc/
(ρcVp1)]/Vf. Suppose the plastic particle has (mean) diameter dp
and that it traverses a distance H before reaching the surface. An
estimate of the number of clay particles with which it interacts
over this distance is N ’ ncðd2pHÞ. So the volume ratio of clay
particles that interact with a plastic particle is

NVc1

Vp1
� mc=ρc

Vf

H
dp

:

This is the quantity defined as ϕc in (2). Taking H= 9.3 cm as the
depth of fluid in the beaker, we find ϕc ~ 0.1. In reality, this is an
under-estimate since the initial mixing would cause the particle to
sample a longer distance before reaching the surface. Even using
the beaker depth for H, ϕc is an order of magnitude larger than
ϕc,crit. This indicates that it, in most experiments is reasonable to
assume a plastic particle will interact with a sufficient number of
clay particles before rising to the surface to reverse its buoyancy,
causing it to settle should all the clay attach to the plastic. In
Fig. 2, the percent of settled plastic is plotted against ϕc/ϕc,crit. In
all cases, this ratio is larger than unity

Model for maximum settled plastic. Generally, the mass of
settled and floating clay and plastic can be written as mb= α
mc+ βmp and mt= (1− α)mc+ (1− β)mp, respectively. Here α
and β represent the fraction of added clay and plastic, respec-
tively, that settle. If all the clay settles (none being attached to
floating plastic) then α= 1 and β ¼ ðmb �mcÞ=mp ¼ f sp;min is
the minimum relative mass of settled plastic.

Now, suppose the maximum volume of clay is attached to the
floating plastic, such that any more clay would make at least some
floating particles more dense than their surroundings, causing
them to sink. This volume of clay at the surface is (1− α⋆)
Vc=Vc,critNpf, in which Vc=mc/ρc is the volume of clay added
and Npf is the number of floating plastic particles. Using
Npf= (1− β)Vp/Vp1 and (1), we find (1− α⋆)Vc= (1− β)ϕc,critVp

and, therefore,

α?Vc ¼ Vc � ð1� βÞϕc;critVp: ð4Þ
Replacing α with α⋆ in the expression for mb thus gives an
expression for the settled mass in terms of the maximum fraction,

Table 2 Cadmium adsorption experiment results.

Hours 0 24 48 60

Concentration
(ppm)

0.8090 0.8155 0.8155 0.8447

The concentrations of dissolved Cd that remained in solution during the course of 60 h
incubation of Cd adsorption onto the microplastic particles (63–75mm range).

ARTICLE COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-023-01055-2

6 COMMUNICATIONS EARTH & ENVIRONMENT |           (2023) 4:393 | https://doi.org/10.1038/s43247-023-01055-2 | www.nature.com/commsenv

www.nature.com/commsenv


β⋆, of settled plastic particles:

m?
b ¼ mc þ β? � ð1� β?Þϕc;critρc=ρp

� �
mp; ð5Þ

in which β⋆ is the corresponding relative mass of settled plastic.
We define f s ¼ ðm?

b �mcÞ=mp as the relative difference of the
measured settled mass and added clay. the maximum mass of clay
is attached to floating plastic particles. Using (5), we have
fs=− (1− β⋆)ϕc,critρc/ρp+ β⋆. Rearranging gives the expression
for the maximum relative settled plastic mass f sp;max � β?, which
is given by (3).

Data availability
The datasets generated and analyzed during the current study are available in
the Supplementary Material. They are also available at https://doi.org/10.5281/zenodo.
8429163.
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