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ABSTRACT: Settling plays a crucial role in determining the residence time, distribution, transport, and
ultimate fate of microplastics (MPs) in aquatic environments. The settling dynamics of particles are
influenced by their macroscale shape, mesoscale roundness, and microscale surface properties, along
with ambient fluid flow conditions. Variations in the wettability of submillimeter MPs affect molecular
interactions at the particle−water interface, altering the microscopic flow field and subsequently
modifying drag forces during settling. This study examines the impact of wettability on the settling
behavior of aged acrylonitrile butadiene styrene MPs by measuring their settling velocities and contact
angles. It was shown that increased wettability promotes the settlement of the MPs. A drag model
incorporating the Eötvös number�a dimensionless ratio of buoyancy energy to contact angle-derived
surface energy�is developed to quantify the relationship between interfacial chemistry and
hydrodynamic resistance. Unlike the conventional models, our model considers wettability as a key
factor controlling the settling of MP particles. The model was validated using independently measured
data and four sets of published data for the MPs. Results demonstrate that the model significantly
improves the accuracy of the settling predictions for weathering spherical MPs. Additionally, by
integrating the shape factor, it effectively accounts for the settling behavior of irregularly shaped MPs using published data sets. This
improvement enhances predictability for MP transport pathways, helping assess MP accumulation zones and potential ecological
risks in marine and freshwater systems.
KEYWORDS: microplastics, terminal velocity, drag coefficient, surface wettability, interfacial tensions

1. INTRODUCTION
Microplastics (MPs) are widely found in ecosystems partly due
to their resistance to degradation and high mobility. These
particles can be transported over long distances to remote
regions, including polar ecosystems (Arctic and Antarctica),1−3

where they ultimately accumulate in both marine and
terrestrial environments. Due to their small sizes, MPs are
prone to ingestion by aquatic organisms, leading to gastro-
intestinal blockages and broader physiological disruptions.4,5

The transport of MPs is influenced by the interaction between
their specific physicochemical properties and the surrounding
hydrodynamic conditions. While hydrodynamic forces control
horizontal advection and dispersion, vertical transport is
primarily determined by the particles’ physicochemical
characteristics. Understanding the environmental behavior
and long-term fate of MPs remains both scientifically critical
and mechanistically complex.
For negatively buoyant MPs (e.g., polyvinyl chloride,

acrylonitrile butadiene styrene (ABS), polystyrene) and
neutrally buoyant particles (e.g., polyethylene, polypropylene),
settling kinematics govern vertical stratification and inform
transport-diffusion models. The terminal settling velocity
influences MP residence time, depth-specific concentration
gradients, and their trophic transfer within aquatic food

webs.6,7 Predicting this parameter accurately is key for source
apportionment of plastic pollutants,8 which is vital for
remediation strategies and risk assessment.
Unlike mineral-based sediments, MPs undergo relatively

faster weathering processes such as UV photodegradation,
mechanical abrasion, and biofouling,9−13 leading to morpho-
logical changes, density variations, and surface property
modifications.14−16 These alterations cause settling behaviors
distinct from those of unweathered MP particles. While
previous research identified particle morphology, size, and
density as key factors in settling velocities,17,18 existing drag
models fail to account for the effects of MP weathering
processes.19−21 Recent studies of MP settling mainly focus on
shape and density, neglecting surface chemistry effects.
It is intuitive that weathering can impact MP settling

behavior,19,22 but critical gaps remain in understanding such
effects by surface property changes.23−25 Drag forces result
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from viscous interactions at the particle-fluid interface, where
wettability and surface roughness alter boundary layer
dynamics.26−28 These changes affect local flow, modulating
viscous resistance and settling velocities�critical for vertical
transport.16,29 Recent evidence shows that hydrophilic/hydro-
phobic transitions significantly influence settling dynamics,30,31

underscoring the need for surface-aware drag models. ABS-
based MPs, widely present in aquatic environments due to
their high mechanical stability,32−34 were selected as the model
MPs in this study. Common environmental weathering
processes�such as UV exposure, mineral deposition, and
chlorination�were simulated, each of which resulted in
irreversible surface modifications and altered wettability.35

However, existing drag models do not account for hydrophilic/
hydrophobic changes in MPs, potentially leading to biased
predictions of their distribution and increased uncertainty in
assessing their long-term fate in aquatic systems. To date, the
influence of wettability on the MP settling behavior remains
poorly quantified.
To address this knowledge gap, we conducted a study to

examine how weathering-induced changes in surface wett-
ability affect the settling dynamics of MP particles in aquatic
environments. The settling velocities and contact angles were
measured under hydrostatic conditions for the weathered
spherical ABS-MPs. A drag model was developed that
incorporates the Eötvös number�a dimensionless ratio of
buoyancy energy to contact angle-derived surface energy�for
establishing a relationship between wettability and hydro-
dynamic resistance. Independently measured data and four sets
of published data for MPs were used for validating the model.
Results demonstrate that our model significantly improves the
accuracy of the settling predictions for spherical MPs.
Additionally, by integrating a shape factor and using published
data, the model can effectively predict the settling behavior for
irregularly shaped MPs. This study not only offers a
quantitative tool for assessing wettability effects on MP settling
but also enhances our understanding of particle transport
processes in aquatic systems.

2. MATERIALS AND METHODS
2.1. Materials, Microplastic Weathering, Character-

ization, and Contact Angle Measurements. The spherical
MPs used in this study were obtained commercially from
suppliers on online platforms (ABS, −COOH, and −NH2).
ABS was purchased from Zhangmutou Suzhan Plastic
Operations (Dongguan City, Guangdong Province). Function-
alized PS was obtained from Zhichuan Intelligent Technology
(Suzhou) Co., Ltd. Certified polystyrene microspheres were
purchased from Thermo Fisher Scientific Inc. Goethite and
octadecyl trichlorosilane (OTS) were purchased from Aladdin
Ltd. in Shanghai. Sodium hypochlorite (7.5% available
chlorine, AR) was purchased from Shanghai Titan Technology
Co., Ltd.
Four representative surface modifications for MPs were

implemented to simulate environmentally relevant MP aging
pathways: (i) UV photooxidation (UV) mimicking solar
degradation; (ii) sodium hypochlorite treatment (GL)
replicating wastewater disinfection processes; (iii) goethite
heteroaggregation (GT) modeling mineral−MP interactions;
(iv) the OTS emulating engineered hydrophobic surfaces.
Before being weathered, the fresh ABS MPs were thoroughly

rinsed with RO-treated high purity water and air-dried.
Samples were stored in the dark at room temperature and

labeled as untreated MPs (origin, −COOH, −NH2). To
identify the types of commercial plastics, an attenuated total
reflection Fourier transform infrared (ATR-FTIR) was applied
to determine the chemical composition of the cleaned MP
(Figure S2). All MPs including the fresh and weathered
particles were assessed in the laboratory for size and size
distribution, chemical composition, and mechanical integrity.
The densities of the MPs were estimated using the titration
method outlined in ISO 1183-1 (Section S1, page S3).
2.1.1. UV Aging (UV). Original ABS-MPs were placed in

glass Petri dishes and exposed to UV light (UVC-254 nm, 35
mW/cm2) for 3 days (UV-3 Day), 7 days (UV-7 Day), and 10
days (UV-10 Day), at a constant temperature of 25 ± 2 °C in a
light chamber.
2.1.2. Chlorination (GL). A 1.0 g portion of the original ABS

was immersed in 100 mL of sodium hypochlorite solution at
60.0 °C for 1.0 h. The solid was obtained by filtering through
filter paper, washed several times with RO water, and air-dried.
The effective chlorine concentrations used for the experiments
were 2.0 g/L (2GL) and 4.0 g/L (4GL).36

2.1.3. Goethite Deposition (GT). A 100 mg portion of the
original ABS was weighed, and the goethite (2, 5, 10, 100 mg)
and 50 mL of deionized water were added to create mass ratios
of goethite to MPs 1:50 (2GT), 1:20 (5GT), 1:10 (10GT),
and 1:1 (100GT), respectively. After shaking at 25 °C for 24 h
at 150 rpm, the sample was obtained by filtering with filter
paper and dried naturally.
2.1.4. Surface Modification with Octadecyl Trichlorosi-

lane (OTS). OTS is used to simulate the daily use of highly
hydrophobic polymers, such as fiberglass cloth.37 Two
milliliters of OTS (4.6 mmol) were mixed with 40 μL (2.2
mmol) of water, vortexed, and sonicated immediately. After 2
h at room temperature, the mixture was diluted with hexane
(5% v/v OTS/hexane) and sprayed onto the surface of the
original ABS using a spray bottle.38

Surface topography was characterized via 3D optical
profilometry (Sensofar S neox 090) to obtain Sa roughness
parameters, while wettability was quantified through static
contact angle measurements by using a sessile drop method
(DataPhysics OCAH200). Particulate contact angles were
determined by the powder compression technique (detailed
protocols in Section S1, page S3).
2.2. Settling Experiments. The sinking experiment was

conducted in a temperature-controlled room to avoid
fluctuations in the viscosity of the medium during measure-
ments. The terminal settling velocities were measured at 25 ±
0.5 °C in a poly(methyl methacrylate) sedimentation column
(0.2 × 0.2 × 0.6 m, L × W × H; Figure S1). Due to the large
internal diameter of the column, wall effects can be neglected.
Before testing, MP particles were submerged in RO water for
24 h in sealed scintillation vials to mitigate electrostatic surface
charge interference. The particles were released at the center of
the column from a rubber-tipped dropper approximately 5 cm
below the surface of the water. To avoid turbulent
disturbances, the particles sink from the dropper in free fall.
Video acquisition was achieved using an industrial CMOS
camera (LT-USB1080P) with a 30 fps capability coupled to a
lens (LT-CS055016−3MP). An LED backlight was positioned
behind the water column to create a shadow of the settling
particles.21 From the recorded videos, still image sequences
depicting the settling kinematics were extracted at intervals of
1/30 s using MATLAB. The settling distance and diameter of
each particle were measured from these sequential images at
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known time intervals (i.e., 1/30 s) using the image measure-
ment software ImageJ (https://imagej.net/ij/). The settling
velocity of each particle was then calculated.
Methodological validation involved certified polystyrene

microspheres (Φ = 553 ± 11 μm, ρ = 1.050 g/cm3; Duke
Standards 4355A, Thermo Fisher Scientific). Repetitive
measurements of 50 times demonstrated <3% deviation from
Dietrich’s empirical model,39 consistent with prior MP
validation studies40,41 (Figure 1).
2.3. Improved Surface Drag Model. The Reynolds

number can be computed from the measured terminal settling
velocity, the diameter of the particles, and the kinetic viscosity
of the fluid:

d w
Re l t,mea

l

=
(1)

The drag coefficient for a given particle can be calculated
independently using the following equation:

C
d g

w

4 ( )

3d,mea
s l

l t,mea
2=

(2)

where d, g, and wt,mea are the particle diameter, gravity
constant, and particle settling velocity, respectively, and ρs and
ρl are, respectively, density of particle and water.
The dimensionless Eötvös number (Eo′, alternatively

termed the Bond number) is defined as the ratio of buoyancy
to surface tension forces:

gd
Eo

( )2
s l

sl

=
(3)

Particles with high Eo′ values (Eo′ ≫ 1) settle in buoyancy-
dominated regimes, where surface tension effects are negligible.
In contrast, particles with low Eo′ values (Eo′ ≪ 1) remain
stably suspended due to the dominance of surface tension

Figure 1. (a) Relative roughness ratio of weathering MPs. (b) Surface morphology of weathering MPs. (c) Measured settling velocities of the
certified PS calibration spheres (1050 kg·m−3, 553 ± 11 μm. Duke Standards, NIST Traceable Mean Diameter, Thermo Fisher Scientific,
Germany). Illustrating the fit to the reference law for spheres proposed by Dietrich (1982). (d) Assessment of the column setup, particle tracking,
image acquisition, and data postprocessing. PS calibration spheres were used for the test, and the measured settling velocity was then compared
with the theoretical settling velocity calculated by Dietrich’s law.
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forces.42,43 Particles with intermediate Eo′ values experience a
balance between these interfacial forces.
The surface free energy (γsl) was calculated from the model

proposed by Zhu et al.44 and Tang et al.45 in the following
equation:

2
( 1 sin cos )sl

lg 2= +
(4)

where γlg is 0.072 N/m representing water’s surface tension
and θ is the contact angle (in radians).
2.4. Data Established and Collection. The development

of a surface-aware drag model (eq 7) for weathered MPs
required the construction of a multiscale experimental
database. The entire experimental data set obtained in this
study consisted of 674 discrete settling experiments with
concomitant contact angle measurements (full data set in the
Supporting Information). For cross validation of the model, we
used 50% of the entire data set (n = 341) (termed as data set
1) to develop the drag model. We used the remainders (n =
333) (data set 2) for internal validation. We also evaluated four
independent data sets (data set 3, 4, 5, and 6) from four
different studies (i.e., Goral et al.,46 Dittmar et al.,20 Lin et al.,41

and Yu et al.,47 respectively) and utilized them for external
validation, with additional contact angle data curated from
literature sources to calculate Eo′ (Table S1).48−52

To incorporate Eo′ into the existing model and enhance the
generalizability of the model, data set 1 and data set 6 (n = 256
data) were used to derive an improved model (eq 8). The
derivation process is illustrated in the Supporting Information
(Figure S4).
2.5. Evaluation of the Existing Drag Models. Table 2

lists 13 models established based on the observations for
unweathered MPs having different shapes. Many of these
models could be used for predicting drag coefficients from
particle density, shape, size, and Reynolds number, but fewer

accounted for the effects of changes in particle surface
properties during weathering of MPs in aquatic systems.
The models listed in Table 2 and the accuracy of the

developed (eqs 7 and 8) models were evaluated for their
predictability of drag coefficients using eqs 5 and 6. The
experiment-based (data sets 1 and 2) and the model predicted
values are used for calculating average relative error (AE) and
the root-mean-square error (RMSE).

N
AE 100

i
N

1
Cd Cd

Cd
cal,i meas,i

meas,i= ×
=

| |

(5)

( )
N

RMSE 100
i
N

1
Cd Cd

Cd

2
i i

i

cal, meas,

meas,= ×
=

(6)

3. RESULT AND DISCUSSION
3.1. Effect of Physical Properties on MP Settling. The

settling velocity of MPs after weathering shows varying degrees
of changes (Figure 2a−d). Specifically, the settling velocity
increased after UV, chlorination, and mineral deposition, while
the settling velocity decreased after hydrophobic coating. This
variation can be attributed to the following factors.
3.1.1. Increasing in Density of the Polymer after

Weathering. Table 1 shows that, after UV aging, the density
of MPs increased by about 6%, from 1.08 ± 0.001 to 1.15 ±
0.005 g/cm3 (Table 1), with an additional 4.5% increase after
mineral deposition. UV irradiation disrupts the polymer chain
structure, enhancing crystallinity and density, as noted by Alimi
et al.64 Consequently, the increased density contributes to a
higher settling velocity, aligning with studies suggesting that
UV aging enhances MP deposition in sediments.
3.1.2. Surface Property Modifications.Weathering may not

only result in change in the density of the particles but also
alter their surface properties. As MPs undergo aging, new polar
functional groups may form on their surfaces, increasing their
hydrophilicity. As a result, changes in the settling velocity of
MPs cannot be attributed solely to increased density as surface
property modifications may also play a significant role.16 Lin et
al. also found in their study that changes in the surface
properties of MPs impact their settling behavior.41

3.1.3. Interfacial Hydrodynamics. Comparative analyses of
drag coefficient (Cd) versus Reynolds number (Re) relation-
ships (Figure 2e−h) reveal surface-dependent transport
regimes. Hydrophobic OTS-coated MPs demonstrate elevated
contact angles (θ = 110.0 ± 2.8°) and enhanced drag
coefficients, reducing settling velocities compared to those of
untreated controls (Figure 1d,h). This surface roughness
amplifies viscous dissipation at the solid−liquid interface,
creating turbulent boundary layers that impede settling.
Notably, mineral-deposited (excluding 100GT) and chlori-

nated MPs with comparable densities (1.08 ± 0.003 g/cm3)
exhibit higher settling velocities than pristine counterparts
(Figure 2a,b, more details in the Supporting Information,
Figure S5). Despite minimal density variation (Δρ < 0.01 g/
cm3), these treated particles experience reduced drag resistance
(Figure 2e,f), indicating interfacial phenomena influent the
hydrodynamic response.
To further characterize the effect of particle surface changes

on the settling behavior of MPs, we compared the terminal
velocities of MPs weathered using mineral deposition

Table 1. Basic Properties of MPs Used in Settling
Experiments

treatmenta condition
density
(g/cm3)

contact angle
(°)

particle size
range (μm)

origin origin 1.080 88.2 ± 2.0 363.9 806.2
mineral
deposition

2GT 1.084 89.3 ± 2.1 311.2 762.8
5GT 1.080 85.9 ± 3.5 339.5 730.1
10GT 1.086 86.2 ± 3.4 278.3 629.4
100GT 1.129 82.8 ± 1.5 455.6 748.8

chlorination 2GL 1.079 85.1 ± 1.6 504.2 691.3
4GL 1.077 79.8 ± 1.7 452.7 687.1

UV-aging UV-3
Day

1.149 92.5 ± 1.8 351.4 588.0

UV-7
Day

1.157 86.1 ± 2.6 310.8 627.3

UV-10
Day

1.156 72.8 ± 3.2 364.2 652.9

surface
treatment

−COOH 1.158 74.1 ± 2.5 477.9 847.1
−NH2 1.158 76.08 ± 2.1 557.2 889.4
OTS 1.079 110.0 ± 2.8 401.5 656.6

aMineral deposition: mass ratios of goethite to microplastics 1:50
(2GT), 1:20 (5GT), 1:10 (10GT), and 1:1 (100GT). Chlorination:
concentrations used for the chlorination were 2.0 g/L (2GL) and 4.0
g/L (4GL). UV aging: 3 days (UV-3 Day), 7 days (UV-7 Day), and
10 days (UV-10 Day). OTS-coated (OTS) and functional grouping
(−COOH, −NH2).

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.4c11053
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c11053/suppl_file/es4c11053_si_001.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c11053/suppl_file/es4c11053_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c11053/suppl_file/es4c11053_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c11053/suppl_file/es4c11053_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c11053/suppl_file/es4c11053_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c11053/suppl_file/es4c11053_si_002.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c11053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(excluding 100 GT) and chlorination treatments, which have a
constant density and different contact angles. Figure 3a,b
indicates that contact angles are inversely related to particle
settling velocity, suggesting MP particles having smaller
contact angles and hence being more hydrophilic can settle
as faster velocities in water.
The inverse relationship between contact angles and settling

velocity could be explained via molecular interactions at the
microscopic interface. In general, particle settling can be
viewed as fluid flowing around the particles, where a boundary
layer (a thin fluid layer adjacent to the surface) forms on the
particle surface. During the slow settling process, the effects of
viscous forces within this boundary layer cannot be
neglected.65 Surfaces transitioning from hydrophobic to
hydrophilic nature can alter viscous forces and characteristics

of the surrounding aqueous fluid as hydrophilic surfaces tend
to be less resistant to water.
Moreover, smaller particles tend to exhibit more pro-

nounced interfacial interactions. Typically, alterations in the
wettability of particles modify the gravitational effects of the
particles on water molecules. When the hydrophilicity of an
MP surface increases, it lowers the free energy barrier for water
absorption on its surface and alters the interaction of its surface
with water molecules, thus tends to form a water shell on the
plastic surface.66 As a result, water molecules can slide more
easily along the hydrophilic surface, reducing the thickness of
the boundary layer and hence decreasing microturbulence of
particle surface flow. The lowered ratio of inertial to viscous
forces may keep the flow within the laminar regime, resulting
in faster particle settling. Therefore, as the contact angle
decreases, the drag on the particles decreases and the settling

Table 2. Typical Drag Coefficient Models for Particles

researcher drag coefficient formula factor

Clift and Gauvin53 Cd (1 0.15Re )24
Re

0.687 0.42

1 42500

Re1.16

= + +
+

Reynolds number

1 < Re < 103

Allen54 Cd 18.5

Re0.6= Reynolds number
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500 3 0.6
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Meng and Li63 i
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is relative roughness ratio and k is the average peak-to-valley depth.
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velocity increases (Figure 3a,b). The velocity was inversely
correlated significantly to contact angle, as further confirmed
by the correlation analysis (Figure 3c).
Our finding appears to be consistent with several prior

studies. Al Harraq et al. found that increase in wettability (i.e.,
decreasing in contact angle) can cause MP having hydrophobic
positive buoyancy to sink.31 Pete et al. reported that biofilm
formation can facilitate settlement of MPs likely due to
increased wettability.30 This suggests that wettability plays a
crucial role in the settling of fine particles, with complex
interplays of both molecular and particle scales. Therefore,
when MPs undergo environmental aging�particularly due to
UV irradiation and biofouling�the wettability of their surfaces
can be altered, affecting their interaction with water and
altering their settling velocities. The majority of negatively
buoyant MPs (i.e., particles with densities exceeding that of
water, such as those investigated in this study) demonstrate
consistent settling behavior regardless of the weathering state.
In contrast, neutrally buoyant particles exhibit weathering-
dependent settling characteristics, as increased hydrophilicity
reduces interfacial tension, thereby enhancing their propensity
for gravitational settling.
As mentioned above, prior studies on MP settling

predominantly emphasize morphological and physical param-
eters (e.g., particle geometry, size distribution, density
gradients), and fewer examined the effects of surface properties
on MP settling. As a result, the existing drag models show
limited predictive accuracy for weathered MPs.19,21 An
improved model should capture the strong effects of surface
chemistry alterations induced by environmental weathering on
the hydrodynamic behavior of MPs in aquatic systems.
3.2. Evaluation and Expansion of the Modified Drag

Model. 3.2.1. Comparison with the Existing Drag Model.
Unraveling the impact of surface properties on the settling
kinetics of MPs remains a considerable challenge with limited
studies quantifying how these properties influence MP settling.
Understanding this effect is essential for clarifying the intricate
interactions and behaviors of environmentally weathered MPs
in aquatic systems. Environmental weathering modifies MP

settling behavior by altering surface properties and adsorption
capacity as these changes influence wettability and adjust the
surface free energy of the particles.
The interfacial tension of particles represents the inter-

actions between particles and liquids, offering insight into
wetting, adsorption, and adhesion in the solid−liquid phases.
To better define the relationship between the drag coefficient
and the particle Reynolds number for MPs with varying
wettability, MPs with a constant particle density were selected
for nonlinear regression (Figures S3 and S6), incorporating the
effects of particle interfacial tension. The remaining data set
was then utilized to validate the proposed expression (eq 7).

i
k
jjj y

{
zzzCd

199.80
Re

1 0.15 Re Eo3.74 0.28= +
(7)

The comparative analysis of drag coefficient predictions
reveals critical limitations in existing models when applied to
weathered MPs (Figure 4 and Table 3). While conventional
models including those by Allen,54 Clift and Gauvin,53 Zhiyao
et al.,55 and Alcerreca et al.57 demonstrate reasonable accuracy
for pristine MPs (AE = 24.59−30.01%, Figure 4a−c,e), their
performance degrades substantially (AE = 48.66%, Table 3)
when predicting drag coefficients for MPs subjected to
chlorination, UV aging, or surface coating. This deterioration
stems from inadequate consideration of weathering-induced
surface modifications such as wettability gradients, porosity
development, and dynamic surface property alterations.57

While Wang et al.29 developed a predictive model for
wettability-dependent settling velocities using silica particles as
the experimental substrate, its application to MPs reveals
critical limitations. The model demonstrates restricted
applicability (Re < 0.35), failing to accurately predict MP
settling in transitional flow regimes (Re > 1, Figure 4g; AE =
50.71%). This divergence primarily stems from fundamental
material differences: unlike natural sedimentary particles, MPs
exhibit a lower density and inherent hydrophobicity. Environ-
mental weathering induces surface oxidation and polymer
degradation, modifying MP wettability and amplifying

Figure 2. (a−d) Particle settling velocity as a function of particle diameter for various treatments. (e−h) Particle drag coefficient as a function of
particle Reynolds number for different treatments. (a, e) Mineral deposition. Mass ratios of goethite to MPs were 1:50 (2GT), 1:20 (5GT), 1:10
(10GT), and 1:1 (100GT). (b, f) Chlorination. Concentrations used for the treatment were 2.0 g/L (2GL) and 4.0 g/L (4GL) (c, g) UV aging.
UV aging for 3 days (UV-3 Day), 7 days (UV-7 Day), and 10 days (UV-10 Day). (d, h) OTS-coated (OTS) and functional grouping (−COOH,
−NH2); The Reynolds number and drag coefficients were calculated using eqs 1 and 2, respectively.
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interfacial tension sensitivity�critical factors governing their
hydrodynamic behavior. These physicochemical transforma-
tions introduce additional complexity to surface-mediated
settling processes that conventional silica-based models cannot
adequately capture.
Specialized MP models show mixed success (Figure 4,

yellow background). Yu et al.47 MP-shape formulation achieves
moderate accuracy (AE = 33.42%, Figure 4k) but systemati-
cally underestimates drag coefficients for surface-modified
particles. Shape-dependent models by Waldschla ̈ger and
Schüttrumpf60 and Wang et al.61 exhibit particularly poor
performance (AE = 85.81 and 76.23%, Figure 4i,j), likely due
to their development for millimeter-scale particles. The model
proposed by Zhang and Choi62 exhibits systematic over-
prediction (AE = 52.39%, Figure 4l), while Khatmullina and
Isachenko’s formulation59 demonstrates inverse underestima-
tion trends (AE = 47.65%, Figure 4h).

Although methodologically innovative for biofilm-mediated
surface modification, the roughness-dependent model pro-
posed by Meng and Li63 shows constrained predictive
capability in wettability-governed MP systems (AE = 73.64%,
Figure 4m). This discrepancy originates from distinct under-
lying mechanisms: although their approach considers bio-
logically mediated roughness evolution via microbial activity,
the present study quantifies physicochemical wettability
transformations induced by environmental exposure. Rough-
ness-based models struggle to accurately predict hydro-
philicity-shifting MPs due to the absence of interfacial tension
parametrization.
Our developed model (eq 7) works well for predicting

spherically weathered MPs, reducing prediction errors by 21−
74% (AE = 5.84−30.03 vs 7.86−90.44%; RMSE = 7.34−32.84
vs 10.49−90.48%, Table 3). This advancement stems from the
explicit inclusion of wettability-dependent interfacial tension

Figure 3. Relationship between contact angle and the settling velocity of MP in the small particle size range: (a) MP contact angle vs settling
velocity after mineral deposition; (b) MP contact angle vs settling velocity after chlorination. (c) Spearman correlation analysis, CA: contact angle;
*: p < 0.05; **: 0.001 ≤ p < 0.01; ***: p < 0.001
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effects, enabling precise predictions of submillimeter MP
settling across transitional flow regimes (1 < Re < 20).
3.2.2. Validation of the New Model on Different Data

Sets. Figure 5a−c presents a comparative analysis of measured
versus model-predicted drag coefficients for MPs across
various data sets using the improved model (eq 7). The
model demonstrated strong predictive accuracy for data set 2
and data set 5 (combined, AE = 15.97%, RMSE = 19.15%,
Figure 5a). However, substantial discrepancies arose for data
set 3 (AE = 48.96%, RMSE = 51.56%, Figure 5c), particularly
in high-Reynolds conditions (Re > 300), where deviations
approached 50%.
Similarly, the model exhibited limited applicability in the

laminar regime (data set 4, fragmented MPs, 1 < Re), with
prediction errors spanning 6−7 orders of magnitude. Notably,
Wang et al.’s model29,34 achieved better accuracy in the
laminar regime (Re < 1, AE = 31.58%) for data set 4 contact

angle-varied MPs, reinforcing Eo′ as an effective wettability
descriptor.
We infer that the impact of surface properties on resistance

is dictated by flow regime: (1) the laminar regime (Re < 1),
where wettability modulates boundary layer dynamics, (2) the
transitional regime (1 < Re < 300), characterized by competing
forces, and (3) the turbulent regime (Re > 300), where surface
effects diminish. Further studies are needed to assess the
model’s reliability at higher Reynolds numbers.
For Yu et al.’s irregularly shaped MPs (data set 6),47 the

model revealed shape-dependent limitations (AE = 43.17%,
RMSE = 47.28%, Figure 5b), though it maintained accuracy
for spherical particles (AE = 7.51%, RMSE = 9.64%). The
intentional spherical focus in eq 7 isolates surface wettability
effects by minimizing shape-induced flow separation complex-
ities, albeit at the cost of broader applicability to morpholog-
ically diverse MPs.

Figure 4. (a−n) Measured drag coefficient vs corresponding predictions by different models. Models derived specifically for MP are highlighted
with a yellow background. (a) Allen,54 (b) Clift and Gauvin,53 (c) Zhiyao et al.,55 (d) Cheng,56 (e) Alcerreca et al.,57 (f) Song et al.,58 (g)Wang et
al.,29 (h) Khatmullina and Isachenko,59 (i) Waldschlag̈er and Schüttrumpf,60 (j) Wang et al.,61 (k) Yu et al.,47 (l) Zhang and Choi,62 (m) Meng and
Li,63 and (n) present study.
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3.2.3. Expansion for Different Shapes of Plastics. To
improve the generality of the model, the shape factor was
integrated in the model, which was further validated using
reported data. The refined model (eq 8) demonstrated
validation efficacy across multiple data sets: data set 6 (AE =
18.73%, RMSE = 23.70%, Figure 5e). Data set 5 (AE =
13.31%, RMSE = 18.75%) and data set 2 (AE = 33.15%,
RMSE = 36.90%) combined (AE = 32.74%, RMSE = 36.63%,
Figure 5d). Notably, the contact angle inputs were derived
from secondary literature sources rather than direct exper-
imental measurements, introducing inherent uncertainties from
(i) polymer additive variations and (ii) surface−adsorbate
heterogeneity. These material-dependent variations, com-
pounded by potential changes in surface properties induced
by compression during sample preparation, represent the
primary sources of error in the current model (eq 8).

d
Cd
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( CSF )d d

0.342
s

7.6938 0.1282.2510 0.6479=
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ab( )0.5= where a, b, and c

are the lengths of the longest, intermediate, and shortest sides
of a particle, respectively. The range of core shape factor
(CSF) is 0−1, where 0 is for a disk and 1 is for a cube or a
sphere. Sphericity (

A

A
sph

s
= ) was used to describe their

difference compared to perfect spheres (Φ = 1), where As is
the surface area of the real particle and A d4 ( )nsph /2

2= is the
surface area of the volume-equivalent sphere.
For data set 3, while the AE reached 149.86%, the model

maintained good accuracy (AE = 36.59%, Figure 5f when
excluding plate-like MPs. This is due to the settling orientation
of disks along the trajectory impacts the Cd−Re relationship.67
In addition, Data set 3 had a high Re = 73 to 1135. At higher
Reynolds numbers, it is possible that the effect of wettability is
relatively weak. This is likely due to the settling orientation of
disk-shaped particles, which influences their interaction with
the surrounding fluid and, in turn, modifies the drag forces. We
infer that the unsteady sinking motion of disks or sheets
generates turbulent disturbances in the fluid, potentially
masking the effects of the surface wettability. This may explain
the model’s inaccuracies at high Reynolds numbers. MPs occur
in a wide range of shapes�including cylinders, discs, granules,
fibers, fragments, and films�with different core shape factors
(CSF, distinguish MP fragments and fibers) and sphericity (Φ,
distinction MP films and nonfilm MPs). It is likely that the
influence of wettability diminishes as particle shapes deviate
further from spheres. The specific impact of wettability on the
settling behavior of sheet-like or disk-like MPs remains an area
for further investigation.
Our model demonstrates complementary strengths: eq 7

excels for spherical MPs (1 < Re< 20), while eq 8 extends
applicability to morphologically complex MPs (1 < Re < 200)
through incorporation of CSF and Φ. However, it is important
to note that the new model (eqs 7 and 8) does not account for
the potential influence of environmental factors. For instance,

Figure 5. Prediction of the improved model (eq 7 with white background and eq 8 with yellow background) for different MP settling velocity data
sets. (a, d) Data set 2 and data set 5 (Lin et al.’s data set with validation set in this study). Spherical MPs have different contact angles and the
particles are in the transition flow regime (1 < Re < 23). (b, e) Data set 6 (Yu et al.’s data set). MPs with fragment, nodular, sphere, and particles
are in transition regime (2 < Re < 285). (c, f) Data set 3 (Goral et al.’s data set). MPs with rectangular prism, square prism, cube, circular cylinder,
(except square plate and circular disk), and the particles are in the transition regime (73 < Re < 1134).
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seasonal variations can alter the physical properties of water�
such as temperature, density, and viscosity�which may affect
the model’s accuracy. Furthermore, the surface wettability of
MPs evolves dynamically during long-term natural weathering,
resulting in a nonlinear superposition of drag coefficients. The
applicability of the model in complex, real-world environments
remains to be further investigated.
3.3. Environmental Implications. This study demon-

strated that the terminal settling velocity of submillimeter MPs
is affected by their wettability, which could significantly
influence their environmental behavior and fate. The inherent
wettability and hydrophobicity of pristine MPs gradually
transform through weathering processes such as photo-
oxidation, biofilm formation, and contaminant sorption. The
drag model we proposed and evaluated in this study is derived
primarily based on our current findings for variously weathered
MPs. Specifically, it counts for changes in wettability due to
weathering processes. Our parametric analysis indicates that
decreased contact angle or enhanced hydrophilicity can
accelerate settling velocity, contingent on particle size and
fluid flow conditions. The proposed Eo′-based drag model
(eqs 7 and 8) effectively quantifies this surface-dependent
transport modification.
Compared to conventional models that often overlook

wettability effects, our newly developed Eo′-based drag model
provides an accurate prediction of MP settling velocity in
aquatic systems. By explicitly incorporating wettability-driven
variations in drag force, this model accounts for the progressive
surface modifications that MPs undergo in natural environ-
ments. Our results show that for hydrophilic MPs, the
predicted settling velocities align more closely with exper-
imental measurements, reducing discrepancies observed in
previous models.
Despite the model improvements made in this study for

predicting MP drag coefficients, challenges persist. The refined
model (eqs 7 and 8) does not demonstrate significantly
improved accuracy in estimating drag coefficients within the
laminar and turbulent flow regimes. This suggests that the
model may have limitations in environments with stronger
hydrodynamic conditions, such as estuaries and areas with
current disturbances. Additionally, the mixing of freshwater
and seawater in estuary systems creates complex flow
hierarchies that the model does not currently address.
Moreover, the study only examined the effects of iron oxide
mineral deposition on MP surfaces, whereas in turbid water
MPs may interact with a variety of suspended particles, each
potentially influencing MP wettability to different extents. As a
result, the applicability of the refined model under real
environmental conditions remains uncertain. To enhance
model applicability, future research should focus on simulta-
neous evaluation of the combined contact angle-settling
velocity, shape factor relationship, and environmental con-
ditions under controlled aging conditions and the extent to
which surface properties respond to the complexity of the
environment. This integrated approach would facilitate linking
surface weathering effects to turbulent flow interactions.
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