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Abstract

An experimental study was conducted on how polymer density affects the transport and fate of
microplastics in aquatic flows. For the first time, polypropylene (PP), polyethylene (PE),
polymethyl methacrylate (PMMA), polyetheretherketone (PEEK), and polyvinyl chloride (PVC)
were chemically stained and tested using solute transport techniques and velocities found among
rivers in the natural environment (0.016 — 0.361 m/s). The movement of 3D-polymers with
densities ranging from 0.9 — 1.4 g/cm3 was quantified in a laboratory flume scaled to simulate
open-channel flows in fluvial systems. Except for PP, in most conditions microplastics exhibited
similar transport characteristics to solutes regardless of density and established solute transport
models were successfully implemented to predict their transport and fate. Mass recoveries and
ADE routing model demonstrated microplastic deposition and resuspension was associated with
polymer density below critical velocity thresholds < 0.1 m/s. When density becomes the dominant
force at these slower velocities, concentrations of denser than water microplastics will be
momentarily or permanently deposited in channel beds and microplastics follow the classical
Shields sediment transport methodology. This data is the first to provide microplastic suspension
and deposition thresholds based on river velocity and polymer density, making a key contribution

to research predicting microplastic fate and organismal exposure.
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Environmental Implications

Microplastics are emerging contaminants that are ubiquitous to aquatic systems. Given their
size, microplastics have increased bioavailability and all aquatic organisms can be exposed
through direct ingestion, indirect ingestion via prey items, or respiration. Microplastics can act as
a pathway for disease-carrying pathogens and many questions remain as to their toxicity.
Microplastic transport and fate in fluvial systems is unknown and thereby which organisms
experience the most direct exposure. This study aims to reduce the knowledge gap currently
associated with how particle properties affect the transport of microplastics in agquatic flows, to

ultimately help remediate their impact on the environment.

1. Introduction

Microplastics, plastics > 1 um and < 5 mm (Frias & Nash, 2019), are now widely
recognized as global contaminants in aquatic systems due to several factors including but not
limited to their abundance, degradation resistance, ingestible size, pathogen adherence, chemical
leaching, and unknown toxicity to humans and the environment (Chamas et al., 2020; Do et al.,
2022; Kim & An, 2016; Rehse et al., 2016; Sana et al., 2020; Talbot & Chang, 2022; Yuan et al.,
2022; Stride et al., 2023b). All aquatic organisms can be exposed to microplastics through direct
ingestion, indirect ingestion via prey items, or by means of respiration (Miller et al., 2020).
Microplastics are often collated into one broad “compound” but in fact contain a complex variety
of differing physical characteristics such as composition, type, size, shape, and density (Kooi et
al., 2018; Onink et al., 2022; Waldschlager & Schittrumpf, 2019). Whilst moving through aquatic
systems microplastics can aggregate and flocculate with each other (de Haan et al., 2019; Wang

et al., 2021), enable biofilms to form on their surfaces (He et al., 2022; Hoellein et al., 2019), and



fragment into smaller pieces (Barnes et al., 2009; Pramanik et al., 2021) due to being exposed to
many physical, biological, and chemical factors. Accounting for these variables can be challenging
when trying to quantify their transport processes (Kooi et al.,, 2018; Onink et al., 2022;

Waldschlager et al., 2022) and ultimately determine their impact on humans and the environment.

Arguably, the most important physical properties that determine microplastic retention
within fluvial systems are particle shape, size, biofilm formation, and density (Eerkes- Medrano et
al., 2015; Hoellein et al.,, 2017; Kumar et al., 2021) along with the hydrodynamics of the
surrounding water (i.e., laminar or turbulent flow; Kumar et al., 2021) and sediment composition
(i.e., clays or gravels; Nizzetto et al., 2016). The impact polymer density has on the fate of
microplastics in relation to the other physical properties is unclear. Nizzetto et al's. (2016)
theoretical study suggested that microplastics with a diameter of < 200 um were not retained in
the river catchment studied regardless of density and only 16-38 % of microplastics with a higher
density than water were retained depending on catchment and soil characteristics. This contrasts
with Besseling et al.’s (2017) study which demonstrated for the size class of 1 — 200 pm
microplastic retention was strongly associated with polymer density and that particles <1 um were
not retained. Similarly, Hoellein et al. (2019) found that within different size classes differences in
particle density generated a significant variation in settling velocities. Most other microplastic
density studies investigated marine systems (Ballent et al., 2013; Coyle et al., 2020; Onink et al.,
2022; Suaria & Aliani, 2014) with a higher water density of 1.02 — 1.03 g/cm? than freshwater
systems (Ziccardi et al., 2016) making comparisons difficult. The dominant impact biofouling has
on microplastic fate in aquatic systems is the density change (He et al., 2022) which can be
through the increase in mass from the biofilms and attached suspended minerals themselves or
the resulting increase in hydrophilicity (Lobelle & Cunliffe, 2011). Both increases and decreases
in polymer density have been documented suggesting that the impacts of biofilms on microplastic

density are highly influenced by the chemical composition of each polymer (Chen et al., 2019;



Nguyen et al., 2020). No studies have quantified polymer density effects on transport in a
controlled environment (to reduce the effects of other aforementioned factors) scaled to simulate
real-life fluvial systems such as laboratory flumes. For further information on the literature see text

S1.

Microplastics generally have lower particle densities of 0.88 — 1.4 g/cm? than natural
sediments of 1.5 — 3 g/cm3® and their density is typically defined through polymer type
(Waldschlager et al. 2022). The most produced microplastic polymers are the four types of
polyethylene (high-density, medium-density PE, low-density, and linear low-density),
polypropylene (PP), polystyrene (PS), and polyvinyl chloride (PVC) which accumulatively account
for 65.7 % of the plastic demand in Europe (Plastics Europe, 2022). When including the next most
demanded polymers in Europe (polyurethane & polyethylene terephthalate) at least 81.8 % of
polymers (excluding thermosets or thermoplastics) contain densities between 0.88 — 1.4 g/cm?3
(Table 1). Given that most microplastics have a density closer to that of water (1 g/cm3) than
natural sediments (1.5 — 3 g/cm3), plus Chen et al. (2019) and Nguyen et al. (2020) demonstrating
relatively minor changes in polymer density through biofilms, solute transport techniques which
guantify microplastic density effects based on polymer type may be invaluable to determining

microplastic transport and fate in aguatic systems.

The majority of research into the fate of microplastics in fluvial systems has utilized natural
sediment theory and thus particle transport models (He et al., 2021; Hoellein et al., 2019; Kooi et
al., 2018; Nizzetto et al., 2016; Whitehead et al., 2021) with a smaller number of studies using
solute transport theory and focusing primarily on particles of a near neutral buoyancy (Abolfathi
et al. 2020; Boos et al., 2021; Cook et al. 2020; Stride et al., 2023). The strength of particle
transport models lies in incorporating specific aspects of the particle itself, which is missing from
solute transport models. Solute transport models require a well-mixed plume over depth to be

valid, which may not be the case for discrete polymers containing different zeta potentials or



densities lighter or heavier than water. Meanwhile, particle transport models do not account for
changes as microplastic particles move through a given flow regime and can only observe the
behaviour of discrete microplastics in real-time rather than continuous microplastic quantities in
real-time like solute transport models. The boundaries of where particle or solute transport models
are more applicable to predict microplastic movement need to be investigated in more detail.
Shape, size, and density effects on microplastic movement have previously been analysed
through settling velocities and deposition rates commonly used for natural particles in both labs
and streams (Ballent et al., 2013; Hoellein et al., 2019; Khatmullina & Isachenko, 2017; Mendrik
et al., 2023; Waldschlager & Schuttrumpf, 2019; Wang et al., 2021). Settling velocity can help
identify deposition rates of microplastics in both field studies and numerical simulations
(Khatmullina & Isachenko, 2017, Waldschlager & Schiittrumpf, 2019), but settling velocity only
analyses the speed a particle reaches as it falls through a fluid and not the variances of a particles

characteristics or their distribution as they travel through a given flow regime.

This study investigates the effects of particle density on the transport dynamics of
microplastics in open channels. This is with the aim of quantifying specific microplastic fate
thresholds based on density and velocity while addressing the knowledge gap currently
associated with how polymer density affects the transport and fate of microplastics in aquatic
flows. Cook et al’s. (2020) microplastic staining technique using Nile red dye was adopted to trace
five polymers with densities ranging from 0.9 g/cm3 to 1.4 g/cm?3 within the 20 - 200 um micro-size
class defined by Bermudez & Swarzenski (2021). Fluorometric techniques were employed using
Rhodamine WT fluorometers equally spaced over depth at each station, to determine
concentration differences over depth, and discover where the assumption of a well-mixed plume
is valid in a laboratory flume designed to simulate open-channel flow (Fig.1). Well-established
solute transport models based on the advection-dispersion equation (ADE) were implemented to

guantify both solute and microplastic mass recovery (MR), shear dispersion, and longitudinal



dispersion coefficients (D,.). Velocities collected through an Acoustic Doppler Velocimeter (ADV)
were used to theoretically predict D,.. The data and techniques can then be used to inform future

water quality projects of the fate of microplastic polymers in freshwater environments.

2. Methods

2.1  Experimental Setup

Experiments were conducted in a 0.30 m wide, 15 m long recirculating tilting Armfield
flume with a depth ranging from 0.25-0.254 m due to the variability at higher discharges (Fig. 1).
The total flume length was 18.05 m long and contained a series of rotating shafts that could be
used to adjust the bed slope. A consistent bed slope of 0.0020 (1/500) was used across the
different experimental velocities. The downstream sluice gate was altered to maintain a flow depth
of 0.25-0.254 m at different discharges by turning the handle above. A honeycomb structure was
implemented to straighten the flow and prevent any phenomena influencing the velocity profile
(Stride et al., 2023a). The injection point was located at the flow inlet to ensure the tracer cloud
was fully mixed before entering the main flow length. 10 ml of Rhodamine WT at 10000 ppb or 2
g of Nile red stained microplastics with < 20 ml of water was well-mixed into a syringe before each
injection. Separate syringes were used for each polymer and the flume and storage tanks were
emptied, cleaned, and refilled between discharge adjustments to prevent cross-contamination of
test runs, which were performed individually for each polymer and Rhodamine WT dye. Fig. 1

shows a 2D plan view of the length side of the flume with the flow direction going from left to right.

The ADV was positioned near the center of the flow length section to record 3D water
velocity measurements over depth (Fig. 1). A high-power level at 100 Hz for a 30-second duration
and a range to last cell of 72 mm was implemented, including a cell range of 32 mm consisting of
eight cells with a thickness of 4 mm. Data with averaged SNR values < 30 and correlation values

< 80 across all four beams were considered susceptible to pulse interference and removed.



Spikes in the ADV data were highlighted using a threshold calculated from the surrounding
datapoints and interpolated (along with low SNR and correlation values) using the mean of the
surrounding data points or the total mean if adjacent to each other in line with methods employed
by Goring & Nikora (2002). Velocity profiles were calculated by fitting a logarithmic curve through

the measured data points and theoretically predicted using logarithmic law by rearranging Eqg. (1):

u, = LN(E)’ (1)

where u, represents shear velocity from the bottom of the channel (m/s), u is the velocity (m/s),
k is the Von Karman constant, H is the mean channel depth (m), and y, is the relative roughness

of the channel bed (depending on the material) divided by 30 for hydraulically rough flows.

Discharges (Q) were set via a SIEMENS F M MAG6000 electromagnetic flow meter
adjusted by turning the worm and wheel gate valve located in the pipe between the pump and
flow meter. Four replicates (n) at seven discharges ranging from 0.001 — 0.027 m3/s were
implemented in accordance with Cook et al. (2020), enabling a direct comparison, with the
addition of a slower Q of 0.001 m?3/s to closer examine polymer density effects at slower velocities
(Table 2). Concentration data was gathered at time intervals every 0.5 seconds (2 Hz) for 0.001
m3/s, 0.2 seconds (5 Hz) for 0.002 m3/s, and 0.1 seconds (10 Hz) for discharges of 0.007 m3/s
and above through an automatic recorder logging voltage changes in the water column. Turner
Designs Cyclops-7 fluorometers were positioned at 3.0 m intervals, with a 9.0 m distance from
the first to fourth station, and at 90° angles ensuring maximum detection of the tracer cloud within
a specific depth within the water column. As illustrated by grey rectangles emitting green light in
the experimental setup above, twelve fluorometers were used in total and split over four stations
(Fig. 1). Three fluorometers were positioned at each station, one at the bottom of the water
column, one in the middle, and one at the top allowing three dispersion coefficients to be

calculated for each temporal concentration distribution. This was implemented with the aim of



analysing possible dispersion differences, due to the different microplastic densities potentially

producing different concentrations over depth.

2.2 Microplastics

Five 3D-spherical polymers with different densities ranging from 0.9 — 1.4 g/cm? were
stained with Nile red dye and calibrated for each fluorometer (Fig. S1): PP (TECO3CON346,
Goonvean Fibres) of 90 um in diameter and 0.9 — 0.91 g/cm? density, PE (434272, Sigma-Aldrich)
of 40 — 46 um in diameter and 0.94 g/cm3 density, polymethyl methacrylate (PMMA; 463183,
Sigma-Aldrich) of 50 um in diameter and 1.19 g/cm3 density, polyetheretherketone (PEEK; 430-
005-24, Goodfellow) of 80 um in diameter and 1.26 — 1.32 g/cm? density, and PVC (81387, Sigma-
Aldrich) of 63 — 150 um in diameter and 1.4 g/cm3 density. The specific microplastic staining
process is outlined in Cook et al. (2020). Sieving in line with methodology used for natural
sediments (Waldschlager et al., 2022) was utilized to ensure particle sizes agree with the
specifications provided by manufacturers. Four sieves with pore sizes of 38 um, 63 um, 90 um,
and 150 um were employed. All polymers except PVC passed through the 90 um sieve with
portions of the others also passing through 63 um (38 < 90 um). PE was the only polymer for all
its mass to pass through the 63 pum pore size making it the smallest (38 < 63 pum) and most
consistent in relation to manufacturer specifications. PVC’s diameter was the largest and had the
greatest range (63 < 150 um). Rhodamine WT dye was employed as the representative solute to

be used as a comparison to the dispersion of microplastics.

To test the fluorescence of the Nile Red stained microplastics, calibrations were performed
using the Turner Designs Cyclops-7 fluorometers (Fig. S1) at a x1 or x10 gain within a 5-litre
beaker and a blacked-out background. This tested the quality of the measurements recorded
using the fluorometers to minimize any uncertainty in the data collected. Solutions were stirred
during each calibration using a Heidolph overhead stirrer to enable microplastic concentrations to

be well-mixed over depth regardless of density. Denser microplastics such as PEEK and PVC



were stained a darker shade of pink while lighter microplastics such as PP and PE were stained
a lighter shade as a result of the chemical impregnation process (Fig. S2). This phenomenon
caused the denser microplastics to produce higher voltages relative to their concentrations,
illustrated by the total mean calibration curves for each polymer in Fig. 2 due to them emitting and

exciting different wavelengths of light.

As a result, the sensitivity of the Cyclops-7 fluorometers (built for Rhodamine WTs
wavelengths) for detecting each polymer varies. Fig. 2 plots concentration against the mean
voltage of all twelve Cyclops-7 fluorometers to calculate the mean gradient of each polymer. The
higher the gradient the greater the ability for the fluorometers to detect polymer concentrations.
This makes PEEK (5.4196x + 0.115) the closest shade of pink to Rhodamine WT dye and the
easiest polymer for Rhodamine Cyclops-7 fluorometers to detect. Therefore, lower concentrations
of PEEK can be injected relative to the other polymers to be accurately traced. Consequently, the
inverse is also true with PP demonstrating a shallow gradient of 0.1805x + 0.003 thus potentially

requiring higher initial concentrations when injected.

Velocities for Rhodamine WT dye and each microplastic were calculated relative to the
position of each region over depth in the water column through Eq. (2) and highlighted in Fig. 1

as F1 - F4 for the bottom, F5-F8 for the middle, and F9-F12 for the top fluorometers.

_ X3— X1
- ta— dq’ (2)

where x, and x; represent the distance from the inlet (the location of the fourth and first
fluorometers; m) and u, and y, is the travel time between the centroids (s) of the fourth and first
fluorometers respectively. Reynolds numbers for each velocity were calculated through Eq. (3)

and determine the turbulence exhibited on each concentration:

Re = 3)

v



where v is the kinematic viscosity (m2/s).

2.3 Data Analysis

With Cyclops-7 fluorometers varying in their sensitivity to each microplastic, despite the
flume and storage tanks being constantly cleaned and refilled, spikes did occur in the
concentration data for less-sensitive polymers due to the recirculating flume and thus the nature
of the experiment. This was because minute amounts of more-sensitive polymers were
resuspended during their test runs at higher discharges that resuspended retained microplastics
into the main flow length. Concentration spikes in each dataset were identified, removed, and
interpolated using a threshold and mean calculated from the surrounding data points. Background
removal of concentration data was applied by subtracting the mean of the first 30 seconds of data
collection for each concentration curve. Smoothing was implemented through a running average
containing 1 % of the total number of data points, enabling a larger or smaller window to be
implemented depending on the logging length/discharge. Confidence intervals of all concentration
data analyses were determined by calculating the standard deviation (¢2) and applying an «

value of 5%.

D, was used to describe the change in characteristics of a tracer cloud as it travels in the
longitudinal direction by applying Taylor’s (1954) original analysis for calculating the longitudinal
dispersion of a solute or vertically well-mixed particle within turbulent flow. D, was generated from

the temporal concentration distribution of each tracer injection through Fischer’s (1966) equation:

_ 1 2ddt
Dx_zu dt’ (4)

where (¢?) is the standard deviation of the response curves and t is time (s). Cutoff values for
the start and end of the peaks were selected using approximately 5% of the peak concentration
and were checked by plotting the values on the respective distributions. Moments of the

distributions were calculated (Rutherford, 1994) and a regression was fitted to calculate the



gradient of time to centroid against the variance where only values with an R? > 0.8 were
accepted. Where no R? values were greater than 0.8, the highest value within that section of the

water column was implemented and highlighted for reference.

Through Rutherford’s (1994) moments, the MR of a pulse injection was achieved by
dividing the first moment of area (M,) at the last station by M, in the first, then multiplying the
answer by 100. This was with the aim of calculating how much of the injected dye or microplastic
mass exited the system and how much had been retained. For the slow discharges of 0.001 m3/s
and 0.002 m3/s, moments and velocities were calculated from the second station instead of the

first to ensure full mixing over depth at slower velocities. With u, being known, a factor (:"

) can

Uy

be estimated as a measure of shear dispersion generated by the channel bed for each
microplastic in the longitudinal direction and compared to Elder’s (1959) theoretical 5.93 factor for
mixing in uniform open channels. To validate observed dispersion coefficients, it is important to
compare them to predicted coefficients based off proven theoretical methods that utilize the
hydraulic parameters of the system. Elder’s (1959) proven equation can theoretically predict D,

by accounting for the effects of shear dispersion in Eq. (5):

D, = 5.93Hu,, (5)

u, was calculated through dividing the depth-averaged velocity u by between 10 and 20
depending on the roughness of the channel bed, with 10 being rough and 20 being smooth
(Rutherford, 1994). However, velocity profiles for Elder’s (1959) equation must obey logarithmic
law over the vertical as it does not account for fluctuations in velocity like Chikwendu’s (1986) N-

zone model.

Chikwendu’s (1986) N-zone model divides the channel cross-section into an infinite
number of zones (j) and thus considers potential changes in velocity over depth in agreement

with Taylor's (1954) original formulas. Mixing in each zone is dependent on the velocity



differences of the zones either side of it (g, +q; + -+ q;) [1 = (a1 + gz + -+ ¢;)] [wa.; —
u(jH).__N]z divided by the vertical diffusivity bj;,.1) with the longitudinal diffusivity Zj?;l q;Dy; added

to the total

N—1 (Q1+‘I2+"'+‘Ij)2[1—(611""12+"'+Qj)]2[u1,2...j—u(j+1)...N]2

Dx(N) = Zj:l

+ 2j14;Dyj, (6)

bj(j+1)

where j = (1,2,..N), q = % Dy; is the average longitudinal diffusivity, and h; is the thickness of

each zone. The average vertical diffusivity between each zone is calculated by

2Dzj(j+1) (7)

bj(j+1) = H2(qj+d41)’

where D,;j+1) = Hku,q(1 — q) using Elder’s (1959) equation for vertical diffusivity or D1y =

kuT*H when using a depth-averaged value (Jobson & Sayre, 1970).

u, is a representation of shear stress and was used to calculate critical shear stress (u..)
to determine the incipient motion of solid particles such as microplastics. Critical shear stress
values were compared to Shields (1936) and Miller et al. (1977) curves in line with sediment
transport theory to enable a direct comparison between solute and sediment transport techniques.
The Shields (1936) and Miller et al. (1977) curves predict the conditions where sediment starts to

move using a dimensionless Shields parameter (6) and the particle Reynolds number (Re,):

_ T
" (ps-p)gD’ (8)
Re, = %2 9)

where 7 is the shear stress and can be calculated by T = u?., p; is the particle density (kg/m3), p
is the fluid density (kg/m3), g is acceleration due to gravity (m2/s), and D is the particle diameter

(m). This method cannot be used for polymers with densities < 1 g/cm?3 because it was designed



for sediments with densities greater than water and (p; — p) would be negative resulting in

negative 6 values.

Another common method to predict mixing in fluvial systems are routing procedures that
model concentration distributions of observed data. The standard method within open channels
is the ADE routing model that quantifies the downstream concentration distribution c(x,,t) by

using the upstream trace c(xy, t):

_ [(® c(xpy)u _ u?(ty— t1—t+y)?
c(rz t) = fy=—°°1/4nox(fz—fl) ex [ 4D, (E,— £1) d (10)

where y is the integration variable. t; is the travel time between the centroids of the distributions

given through Eq. (11) and dt is the distance covered by each concentration:

_ Jo_ o telrytat

L= anar (11)

An R? parameter can then be utilized to quantify the goodness of fit of a predicted downstream

temporal concentration profile p(x,, t) in relation to the measured downstream data c(x,, t):

RZ=1- Eiealcep )= pC O] (12)

2
Z?=1 c(xz,t)

An R? value of 1.0 indicates a perfect fit from the model in question and values less than 1.0
indicate a weaker predictive capability depending on what is classified as an accurate R?

(Guymer & Stovin, 2011).

3. Results

3.1 Response Curves
PP’s shallow gradient of 0.1805x + 0.003 (see 82.2) required higher initial concentrations
when injected and could not be sufficiently detected when compared to background

concentrations for analysis. The microplastic staining method needs to be adapted or



fluorometers with different optics need to be used so PP can be detected within laboratory flumes
containing a large volume of water. At faster velocities it was unclear as to whether this was a
result of the staining and detection process or the bulk of the concentration mass missing the
fluorometers by being suspended at the water surface, or a combination of both. In many cases
small PP response curves could be detected at the first station but not the second or third. An
image analysis was implemented to provide a qualitative investigation into PP transport (see
83.4). PVC could not be detected for the slowest depth-averaged velocity of 0.016 m/s and by the
top and middle fluorometers at 0.031 m/s (Table 2). Example response curves for the depth-
averaged velocity of 0.235 m/s (0.017 m?/s) are shown in Fig. 3 with R? values for all discharges
and corresponding depth-averaged velocities displayed in Table 2. The ADE model struggled to
predict the mixing of PMMA and PEEK at 0.016 - 0.031 m/s with R? varying from 0.268 — 0.908
and had zero capability for PVC at 0.016 - 0.101 m/s. All other concentrations had R? > 0.95
except for PE at 0.361 m/s and PVC at 0.3 m/s. When averaged across all polymers R? was
between 0.959 — 0.968 depending on whether the bottom, middle, or top fluorometers were used.
Positioning the fluorometers at different depths over the vertical had no effect on the predictive
capability of the ADE. The ADE model had the lowest mean R? for PVC at 0.939 with the other

polymers all between 0.966 — 0.980.

Fig. 4 illustrates the first attempt to quantify microplastic recovery percentages through a
range of velocities experienced in rivers worldwide. MR was lowest for PVC at slower velocities
of 0.016 - 0.101 m/s and for PMMA and PEEK for the slowest velocities of 0.016 - 0.031 m/s (Fig.
4). Approximately 100 % of PVC mass was retained within the main flow section for 0.016 m/s
and at 0.031 m/s for the top and middle fluorometers, where only 7.95 + 22.86 % reached the
bottom fluorometer at the fourth station (hence the large Cl) when averaged. PMMA and PEEK
displayed similar recover percentages throughout where 72.92 + 20.63 — 87.41 + 13.55 % reached

the fourth station for 0.016 - 0.031 m/s and at least 93.71 + 9.51 for all other velocities. PMMA



and PEEK’s MR at 0.016 - 0.031 m/s decreased from = 100 % at the water surface to between
43.08 - 49.33 % for 0.016 m/s and 67.18 — 81.52 % for 0.031 m/s at the channel bed, with this
difference being highlighted in Fig. S3. PE exhibited similar MR to Rhodamine WT dye and both

exhibited no differences with velocity (Fig. 4).

Where PMMA, PEEK, and PVC had reduced MR for slower depth-averaged velocities,
the MR for the bottom fluorometers was most affected with no changes in top fluorometer MR for
PMMA and PEEK (Fig. S4). MR showed the greatest variability for PVC and was near to 100 %
for all polymers at velocities of 0.169 m/s or greater (Fig. 4). Two-Factor ANOVA'’s with replication
revealed a significant difference in MRs between polymers across all velocities (p-value < 0.05)
and no significant difference was found across all velocities when PVC was removed (p-value >
0.05). No significant difference was found for velocities = 0.101 m/s (including PVC) although a
significant difference was found for MR over depth between the bottom, middle, and top
fluorometers (p-value < 0.05). No significant MR differences were found over depth or between

polymers for velocities = 0.169 m/s (p-value > 0.05).

3.2 Hydraulic Characteristics

Depth-averaged velocities and corresponding Reynolds numbers for each discharge are
presented in Table 2. Measured, fitted, and theoretical mean velocities for each ADV setup for all
discharges are shown in Fig. 5, with all velocities for each ADV setup shown in Fig. S5. Distinct
bands can be seen for each ADV setup in Fig. S5 due to the nature of the equipment which made
little difference to the resulting fitted velocity profiles when averaged in Fig. 5. Velocity differences
over depth increased with discharge for 0.007 m3/s and above, with faster velocities closer to the
water surface and slower velocities near the channel bed. Velocity profiles for 0.001 m3/s and
0.002 m3/s exhibited very little change over depth with the difference between the bottom and top
measurements by the ADV being just 0.00072 m/s and 0.00213 m/s for each discharge

respectively compared to 0.098 m/s for 0.027 m?3/s.



Reynolds numbers ranged from 3896 — 85699 when using depth-averaged velocities
obtained from the ADV. Shear dispersion factors in the longitudinal direction were plotted against

Re for Rhodamine WT dye and each microplastic in Fig. 6a and for each set of fluorometers over

depth in Fig. 6b.

:;‘ was largest at lower Re with values reaching up to 13.96 + 2.19 for PE and

smallest also for PE at the depth-averaged velocity of 0.3 m/s with a Re and factor of 69174 and

Dy
Hu,

2.83 £ 0.44 respectively.

was similar for Re > 20000 experiencing fully turbulent flow compared

D
to =
H

with Re < 7000 which subsequently increased with decreasing Re (Fig. 6a). When averaged

*

across all velocities Rhodamine WT dyes factor was the largest at 6.58 and PEEK'’s was the

smallest at 5.08. When Re > 7000 there was a visible relationship with :—;‘ over depth (Fig. 6b).

:;‘ was largest closer to the channel bed with factors ranging from 6.18 — 7.78 and decreases

with distance in the vertical direction, ranging from 4.05 — 6.43 at the surface.

Dimensionless Shields parameters and particle Reynolds numbers were calculated for
each polymer with a density > 1 g/cm? used in this study and plotted against each other using a
logarithmic scale in Fig. 7. 8 and Re, in Fig. 7 for PVC at the two slowest velocities were predicted
using u, calculated from ADV velocities due to PVC dropping out, resulting in no measurable
concentration data being collected by the fluorometers. All denser than water polymers were
below the Shields (1936) and Miller et al. (1977) curves for the slowest two depth-averaged
velocities with PVC also being below for 0.101 m/s showing deposition and in agreement with
calculated MRs Fig. 7. 6 decreases with increasing polymer density, with PMMA ranging from
0.012 — 6.5 and PVC from 0.0016 — 1.88, while Re, increases with D with PMMA ranging from
0.092 — 2.12 and PVC from 0.070 — 2.4 (Fig. 7). Both 8 and Re, increase with u, and thus velocity.
The green measured polymer zone in Fig. 7 covers the main area on the Shields diagram where
polymers with densities ranging from 1.19 — 1.4 g/cm?3 within the 20 - 200 pm size class are

expected to be located for the range of velocities and smooth channel bed used in this experiment.



3.3 Longitudinal Dispersion
Longitudinal dispersion coefficients for Rhodamine WT dye and each polymer were

compared with the N-zone and Elder's (1959) models in Fig. 8. The N-zone computed a 5.97

factor, similar to Elder’s 5.93, and a — of 20 indicating a smooth channel bed. Elder’s (1959)

*

model was not plotted in Fig. 8 because of the equivalent D, predictions made by the N-zone
model as a result. The N-zone model exhibited reliable predictions when plotted alongside the
concentration data. D, increased linearly with velocity for Rhodamine WT dye and all polymers
displayed an R? between 0.77 and 0.89. D, showed greater deviation from the mean at higher
velocities and ranged from 0.0012 £ 0.00031 at the slowest depth-averaged velocity of 0.016 m/s
to 0.0372 + 0.0216 at the fastest of 0.361 m/s (Table 2). D, demonstrated the greatest variability
for PVC in line with MR data (83.1). PMMA and PEEK’s D, (0.0012 + 0.00031 & 0.0016 + 0.00033
m?/s) was marginally lower than dye and PE’s (0.0021 + 0.00022 & 0.0024 + 0.00039 m?/s) at
0.016 m/s, similar to PVC’s D, of 0.00685 + 0.00233 at 0.169 m/s when compared to dye and

PE’s (0.011 £ 0.0018 & 0.012 + 0.0023 m?/s).

Greater dispersion coefficients were recorded for the bottom fluorometers when compared
to the middle and top with the difference increasing with velocity (Fig. S6). The longitudinal
dispersion increase due to shear was indicative of the velocity profiles displayed in Fig. 5. To
measure the average difference between predicted D, values and measured D, values for
Rhodamine WT dye and each microplastic a root mean square error (RMSE) analysis was
undertaken and displayed in Table 3. Polymers were compared to Rhodamine WT dye and the
N-zone model where all RMSE values were calculated to be less than 0.006. Marginally better
values were calculated using Rhodamine WT dye as the predicted value for microplastic
dispersion than the N-zone model, indicating that dye was an agreeable substitute when used as

a proxy for microplastic movement at most velocities present in fluvial systems.



Regressions were plotted for each polymer against Rhodamine WT in Fig. 9 where an R?
> 0.9 was achieved for each microplastic. Despite zero longitudinal dispersion being recorded for
PVC at 0.016 m/s and 0.031 m/s all polymers dispersed similarly to Rhodamine WT dye with PE
and PMMA showing the strongest correlation at 0.98 and 0.99 respectively. When the regression
was plotted only for polymer velocities with MR percentages > 90, PVC’s R? was less at 0.86,
indicating that the zero dispersion values were slightly skewing the data, although a good R? was
retrieved regardless (Fig. S7). R? for other polymers showed minimal differences if any (Fig. S7).
Two-Factor ANOVA'’s with replication showed no significant difference in D, over depth or
between polymers across all velocities (p-value > 0.05). One-Way ANOVA'’s comparing each
individual polymers D, against Rhodamine WT dye’s D, also showed no significant difference (p-

value > 0.05).

3.4 Image Analysis

With fluorometric technigues unable to accurately quantify PP at all velocities and PVC at
slower velocities, a qualitative image analysis was performed for the two density extremes (PP &
PVC) at depth-averaged velocities of 0.016 — 0.3 m/s (Mov. S1 — 18). 0.361 m/s was too fast to
get any meaningful recordings from the camera and for flows = 0.101 m/s recordings were
analysed at 0.25x the normal speed (Mov. S6 — 13). Upon injecting PP and PVC at the beginning
of the main flow length of the flume, both polymers were seen to be greatly affected by their
respective densities (0.9 — 0.91 g/cm3 and 1.4 g/cm3) for the slower velocities of 0.016 — 0.101
m/s. Large quantities of the injected concentration mass for PP were seen at the water surface
for all recorded velocities while the bulk of the of PVC concentration mass settled on the channel
bed between 0.016 — 0.101 m/s. PP ascended towards the water surface with little mass
remaining at the bottom of the water column, while PVC descended towards the channel bed
where it eventually settled with little mass remaining near the top of the water column. Once PP

reached the water surface it was subjected to surface tension where it remained. PVC saltated



along the channel bed in straight lines (simulating water flow lines) slowly at 0.101 m/s and faster
at 0.169 m/s (Mov. S15 & S16) where large quantities accumulated at the end of the flume (Fig.
S8). The bulk of the accumulated PVC mass on the channel bed was reintroduced into the main
flow at 0.101 m/s while small amounts saltated along the channel bed and trace amounts at 0.3
m/s. When transported within the water column for flows = 0.101 m/s the bulk of the PVC mass
was transported in the longitudinal direction and was difficult to discern from the water.

Representative screenshots for PP and PVC at 0.031 m/s are provided in Fig. S9.

4. Discussion

4.1 Transport and Fate

Image analysis revealed virgin PP was expected to become trapped on the water surface
over the small timescales used in this study (< 1 h) regardless of velocity. This demonstrates that
PP had the greatest mobility of the polymers studied and will likely travel the greatest distances
over larger timescales, agreeing with results from Hollein et al. (2019). Considering PP
possesses a density very close to that of PE, that is proven to follow the same pathways as
neutrally buoyant particles (Abolfathi et al., 2020; Cook et al., 2020; Stride et al., 2023a; Stride et
al. 2023b), our results confirm a significant density threshold occurs between 0.9 — 0.94 g/cm3.
More research is needed to confirm whether biofilm formation, aggregation, and an increase in
hydrophilicity will cause PP to become neutrally buoyant and sink below the surface after a
significant amount of time has passed. Whether this density increase will be significant enough is
unclear with Chen et al. (2019) only finding PP density increases of 0.1 g/cm3 after four weeks for

particles with much larger surface areas (0.3 mm thick sheets of 5 x 5 mm).

Determined dispersion characteristics of PE match results from Cook et al. (2020) and
Stride et al. (2023a), with PE following the same transport pathways as solutes within the water

column, even for the slowest depth-averaged velocity of 0.016 m/s. The denser polymers of



PMMA and PEEK followed the same transport pathways as both solutes and PE for depth-
averaged velocities 2 0.101 m/s through response curves, MR, and D, (Figs. 3, 4, 6, & 7). This
indicates that within rivers containing velocities = 0.101 m/s, the bulk of spherical polymers
containing densities of 0.94 — 1.32 g/cm3 in the 20 - 200 um size class will remain in the water
column and eventually be deposited in marine ecosystems. This conclusion was the same for
PVC (1.4 g/cm3) at higher depth-averaged velocities = 0.169 m/s. As displayed in Table 1 and
discussed in 81, the majority of microplastics produced within Europe fall within this density range
highlighting the applicability of these findings. It is not expected that the different chemical
compositions of other polymers would affect their transport and fate over the small timescales
used in this study. The two slowest velocities of 0.016 m/s and 0.031 m/s are at the very bottom
of the range of mean velocities exhibited by rivers in the environment (Guymer, 2002) and are
more indicative to wetlands or ponds. In addition, Khatmullina & Isachenko (2017) and Zhen
Wang et al. (2021) concluded that settlement law for various shapes does not significantly differ
for cylinders and fragments from that of spherical particles in smaller size ranges for both static
and dynamic water conditions. This increases the significance of the results and suggests that
once 3D-microplastics (1 - 200 um in size) with a density < 1.32 g/cm3 enter the water column of
a river, most will remain within the water column as long as their density stays below the calculated
threshold between 1.32 — 1.4 g/cm? that causes them to sink at higher velocities between 0.101
m/s and 0.169 m/s. Polymers with densities near 1.4 g/cm?3 are still likely to saltate along the
channel bed and could be resuspended at these higher velocities as demonstrated in Mov. S15

& S16.

Mixing differences found at slower velocities were highlighted through the ADE’s inability
to predict accurate response curves presented in Table 2 and lower MR presented in Fig. 4.
Although D, was slightly lower for PMMA and PEEK than dye and PE at 0.016 m/s, and for PVC

at 0.169 m/s, it was debateable whether these differences were significant enough to draw a



specific conclusion on D, alone given the regressions in Fig's. 8 & 9. Combined with MR and
routing model R? results we can conclude a significant difference was found for PMMA, PEEK,
and PVC concentrations over depth at these slower velocities. Fig's 8 & 9 do however, support
the hypothesis that when moving within the water column, 3D-microplastics exhibit similar
dispersion characteristics in the longitudinal direction to that of solutes given a high enough
velocity. This was despite the significant difference found in polymer MR across all velocities (p-
value < 0.05) because no difference was found in polymer D, across all velocities (p-value >
0.05). Where polymer mixing differences were found, MRs were influenced by where the particles
were located over depth (Fig. S3). Particles located near the water surface were not deposited at
the same rates as particles located near the channel bed. This indicates that when polymer
density starts to affect microplastic deposition at slower velocities, particles located lower in the
water column contain a higher probability of being deposited. Subsequently, this provides
valuable information to the limited knowledge of the vertical distribution of microplastics in the
water column (Skalska et al., 2020). These results align with Besseling et al. (2017) demonstrating
that for the size class of 20 — 200 um microplastic retention in fluvial systems is strongly

associated with polymer density.

In flow domains with slower velocities typical of wetlands and ponds, or dead zones within
rivers, microplastics with densities = 1.19 g/cm? are likely to be deposited in the sediment bed
given a long enough exposure time. This was emphasized in Fig. S7 where PVC was deposited
in large quantities at a dead zone located at the end of the flume at a depth-averaged velocity of
0.169 m/s (0.012 m?3/s) due to dropping out and saltating along the channel bed (Mov. S15 & S16).
As a result, an increase in direct microplastic ingestion and respiration may occur for benthic
organisms during low flow periods and pelagic organisms during high flow periods. Microplastics
have been shown to bioaccumulate within each trophic level (Miller et al., 2020) and results of

previous studies have indicated that microplastic exposure may strongly correlate with toxicity



(Kim & An, 2020). However, these microplastic “hot spots” can be used for microplastic
remediation through collecting and treating denser microplastics, thus preventing them from being
resuspended in the water column and as a result the environment. River loads exhibit high
degrees of variation meaning that microplastics deposited in these hot spots will likely be
resuspended during high flows in line with results from Lu et al. (2023). Precipitation events in an
urban part of the Rhone catchment were shown to increase plastic concentrations up to 150 times
(Faure et al., 2015). Therefore, management strategies should be in place to identify these hot
spots with slower velocities or construct them as designated water treatment areas. Proven
microplastic collection techniques can then be implemented to reduce resuspension during high
flows. Many other factors such as aggregation, biofilm formation, and sediment composition,
along with microplastic shape and size (discussed in 81) need to be quantified to determine which

are the most dominant and thus important in determining microplastic fate.

Waldschlager et al.’s (2022) review highlighted the need for quantifying the dynamic
behaviour of microplastics and conducting flume experiments determining shear stress thresholds
for microplastic resuspension. Fig. 7 is the first instance of calculating shear stress thresholds for
microplastic resuspension that covers a range of polymer types and densities. The Shields
diagram supports our findings in that PMMA and PEEK were below Shields (1936) and Miller et
al. (1977) curves for velocities < 0.031 m/s and for PVC < 0.101 m/s. Fig. 7 matched against our
experimental data confirms that the majority of microplastics with densities < 1.32 g/cm? will either
be suspended in the water column or floating at the surface at velocities 2 0.101 m/s. Marginally
reduced MRs were detected for PVC at 0.169 m/s, demonstrating a potential discrepancy
between the expected deposition of PVC due to 8 being above both the Shields (1936) and Miller
et al. (1977) curves. PVCs saltating at 0.169 m/s or the true velocity threshold of PVC deposition
being between 0.101 — 0.169 m/s are likely the contributing factors. Even if a significant portion

is depositing in the channel bed and not detected by the fluorometers, this portion is still in motion



and thus above the Shields (1936) and Miller et al. (1977) curves. As Shields parameters analyse
the onset of motion, with studies normally starting with particles on the channel bed, it is difficult
to determine whether microplastics are transported significantly earlier than sediments as
suggested by Waldschlager & Schattrumpf (2019). With large portions still in motion for PMMA
and PEEK (MR = 73 — 87 %), over the short distance of the flume, whilst being below the Shields
(1936) and Miller et al., (1977) curves there is evidence to support this. Overall, our experiment
indicates that Shields parameters can produce good first predictions of polymer shear stress

thresholds and provide a reasonable first estimate of microplastic fate based on density and D.

It is expected for the 20 — 200 um size class that approximate critical motion or
resuspension thresholds will occur between 6 values of approximately 0.51 for the lightest
polymers > 1 g/cm3 at 1.05 g/cm? (PS) and 0.09 for the densest most common polymers around

1.4 g/cm? (PVC) when predicting 8 utilizing a ui of 20 and extreme values of D (20 um for PS and

200 pm for PVC). For the smooth bed in this experiment these corresponded to approximate
depth-averaged velocities of 0.046 — 0.17 m/s. Given that PSs density is close to that of water
there is a chance that most of the concentration mass will remain in the water column similar to
PE across all velocities used in this study, preventing deposition. Apparent Re, increases with
density in Fig. 7 are due to slightly larger D values for the denser polymers chosen in this study.
This is because density is not used to calculate Re, in Eg. (9) and obtaining multiple polymers
with the exact same D for tests is notoriously difficult. The predicted polymer zone indicates that

microplastics may produce lower Re, than expected from some natural sediments.

4.2 Mixing and Fluorometric Fundamentals

The ADE model provided robust predictions with reliable accuracies of R? > 0.95 showing
that simple routing models can be used to predict microplastic mixing for 3D-spheres < 200 pm
in size. The accuracy of the ADE routing model was ultimately dependent on the density of the

microplastic and the corresponding velocity in the water column (Table 2). Response curves can



be accurately predicted within the water column for PE with depth-averaged velocities 2 0.016
m/s, PMMA and PEEK = 0.101 m/s, and PVC = 0.169 m/s. With the PVC used in this experiment
containing the largest diameter of the polymers tested (63 — 150 um) the signal fluctuation of the
optical sensor in the fluorometers was close to reaching the upper size limit at faster velocities to
accurately quantify solid particle movement. This was indicated through PVC’s larger confidence
intervals in the concentration data compared to the other polymers and therefore it is not
recommended that studies utilize fluorometric techniques for solid particles > 150 um in diameter.
The ADE R? of 0.871 for PVC at a depth-averaged velocity of 0.3 m/s (Table 2) is an example of
signal fluctuation potentially influencing results. With Boos et al. (2021) utilizing fluorometric
techniques for microplastics 1-10 um in diameter, we can confirm stained particles with diameters
of 1 — 150 um can be accurately traced using fluorometric techniques (see Fig. 3). Fluorometric
quantification for microplastics worked best for smaller microplastic sizes and it is likely that
microplastics < 1 um can be traced but a lower size limit for fluorometric detection still needs to

be quantified.

Low RMSE values and matching regressions in Fig. 8 demonstrate the applicability of both
Elder's (1959) and Chikwendu’s (1986) N-zone model for predicting microplastic dispersion
coefficients. Simply analysing velocities over depth can then reasonably predict the dispersion of
3D-microplastics for polymers with densities ranging from 0.94 — 1.4 g/cm3 over short timescales
in fluvial environments when velocities are high enough and polymers are well-mixed over depth.
We have determined this to be a above depth-averaged velocity thresholds = 0.016 m/s for
polymers of a near-neutral buoyancy, = 0.101 m/s for polymers with densities ranging from 1.19
—1.32 g/cm3, and = 0.169 m/s for polymers with densities near 1.4 g/cm3.Rhodamine WT dyes
mean shear dispersion factor of 6.58 is in line with Elder’s (1959) 5.93 when including shear
dispersion initiated by the flume walls, thus validating dispersion results against proven theoretical

means. PE displayed a similar average dispersion factor of 6.17 and PMMA, PEEK, and PVC



ranged between 5.16 — 5.35. This was due to larger shear dispersion factors found at Re < 7000
in Figs. 6a & 6b which were less for PMMA, PEEK, and PVC due to not being well-mixed over
depth (Figs. 4 & S3) and lower D, values (Table 2) because of their higher densities. Therefore,
Elder's (1959) 5.93 shear dispersion factor is an excellent guideline for mixing studies, but it
should be noted that higher factors are expected at lower Re as the flow becomes more laminar
and less turbulent for solid particles as well as solutes. Fig. 6b also showed that shear dispersion
and therefore D, was affected by where the fluorometer was positioned over depth. As distance
increased from the channel bed, dispersion due to shear decreased and smaller D, values were
produced as a result. This was likely due to the relative effects turbulence generated from the
channel bed had on the flow in relation to the turbulence produced by differential advection,
illustrated in the Fig. 5 velocity profiles. Future studies employing fluorometric techniques should
consider the influence of particle size, Re, and distance from the channel bed when performing

experiments.

5. Conclusion

The effects of density on the transport and fate of microplastics in open channel flows
were comprehensively explored for 3D-polymers within the 20 — 200 pm size class. The
boundaries of fluorometric and staining techniques for solid particles within the water column of
fluvial environments required polymer densities to be > 0.9 g/cm? and their particle size to be <
150 um for accurate quantification. Critical suspension and deposition thresholds using solute
transport techniques agreed with the classical Shields (1936) methodology (Fig. 7). Reliable
model predictions for the ADE and N-zone were confirmed for specific depth-averaged velocities
related to each polymer (see 84.2). In the vast majority of conditions tested microplastics exhibited
similar transport characteristics to solutes, where solute transport techniques are more applicable

to determine microplastic fate. However, microplastic deposition and resuspension was strongly



associated with polymer density for critical velocity thresholds < 0.101 m/s, where particle

transport techniques are more applicable.

For this class of microplastics, in freshwater systems containing velocities that are low
enough for particle density to become the dominant force (< 0.031 m/s), concentrations of denser
than water microplastics will be momentarily or permanently deposited in channel beds. This may
increase direct microplastic exposure for benthic organisms during low flow periods and pelagic
organisms during high flow periods. The velocity threshold for microplastics with densities 1.19
g/cm3 < 1.32 g/cm? was < 0.031 m/s (Re < 7254) and for polymers with a density nearer to 1.4
g/cm? £ 0.101 m/s (Re < 24018) demonstrating a density threshold occurs between 1.32 — 1.4
g/cm3 where faster velocities are required for microplastic suspension. When polymer density
starts to affect microplastic deposition at slower velocities, particles located lower in the water
column were found to contain a higher probability of being deposited. For the same class of
microplastics, polymers with densities < 0.9 g/cm?3 will ascend to the surface regardless of velocity
making them the most mobile. This data is the first to provide specific microplastic suspension
and deposition thresholds based on river velocity and polymer density, making a key contribution
to research predicting microplastic fate and organismal exposure. It is important to recognize this
study is limited to open channels and a specific class of microplastics over short timescales < 1
h. The effects microplastic density within other microplastic classes and flow domains over
timescales long enough for polymer degradation to occur need to be researched in future studies.
The resulting effects on polymer density can then be compared to the results in this study to see

if the same determined density and velocity thresholds apply.
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Tables

Table 1. Plastic polymer production, demand, and density. Data provided by Plastics Europe (2022) and
the British Plastics Federation

Polymer Type Production Demand (%) Metric Tonnes (Mt) Density (g/cm3)

Polyethylene (PE)
high-density, medium-density, 29.4 14.8 0.917 - 0.965
low-density, linear low-density

Polyethylene terephthalate

(PET) 7.9 4 13-14
Polypropylene (PP) 19.8 10 0.895 - 0.92
Polystyrene (PS) 6.2 15 0.96 - 1.06
Polyurethane (PUR) 8.2 a1 192
solid
Polyvinyl Chloride (PVC) 10.3 5.2 1.38-14
Total 81.8 39.6 N/A

Table 2. Summary of experimental flow conditions and parameters. Where n is the number of replicates,
Q is the initial discharge in the pipe, Re is the Reynolds number, u, is the bed shear velocity

D, (m2/s) R? (ADE/ADV)
n e Depth-Averaged Dy PM PE PV Ed N Dy PM PE PV
3 3

(m (m/ Velocity (m/s) Re y e PE MA  EK C er zon e PE MA  EK C
/s) s) e

4 0.00 0.016 38 00|00 00 00 00 N/A 00 00 |09 09 05 02 N/

1 ' 96 008 | 021 024 012 016 012 012 | 87 60 15 68 A

4 0.00 0.031 72 00| 00 00 00 00 N/A 00 00 |09 09 08 09 N

2 ' 54 015 | 029 021 016 023 023 023 | 91 89 98 04 A

4 0.00 0.101 gi 00|00 00O 00 OO0 00O OO 00|09 09 09 09 o00

7 ' 8 051 | 069 070 072 059 055 076 076 | 86 83 68 94 00

4 0.01 0.169 ?_'8 00|00 00O 00 O00O0 00O OO 00|09 09 09 09 09

2 ) 0 085 | 107 115 114 111 069 126 126 | 83 66 70 76 65
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Table 3. Root mean square error (RMSE) comparison between microplastic polymers, Rhodamine WT

dye and the N-zone model

RMSE
Comparison Dye PE PMMA PEEK PVvC
Dye N/A 0.00223 0.00170 0.00369 0.00522
N-zone 0.00441 0.00570 0.00503 0.00599 0.00536
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Environmental Implications

Microplastics are emerging contaminants that are ubiquitous to aquatic systems. Given their
size, microplastics have increased bioavailability and all aquatic organisms can be exposed
through direct ingestion, indirect ingestion via prey items, or respiration. Microplastics can act as
a pathway for disease-carrying pathogens and many questions remain as to their toxicity.
Microplastic transport and fate in fluvial systems is unknown and thereby which organisms
experience the most direct exposure. This study aims to reduce the knowledge gap currently
associated with how particle properties affect the transport of microplastics in aquatic flows, to
ultimately help remediate their impact on the environment.
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¢ In most conditions, polymers exhibited similar transport characteristics to solutes

e Microplastic deposition was associated with polymer density at velocities < 0.101 m/s

e When deposition occurred, mass recovery was lower near bottom of the water column

¢ Significant microplastic density thresholds were < 0.94 g/cm3 and > 1.32 g/cm?3

e Mixing models and Shields parameters were capable of reliable fate predictions






