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A B S T R A C T   

Microplastics pose a significant and growing threat to marine ecosystems and human health. Rivers serve as 
critical pathways for the entry of inland-produced microplastics into marine environments. In this paper, we 
developed a numerical modeling scheme using OpenFOAM to investigate the fate and transport of microplastics 
in a river system. Our simulation results show that microplastics undergo significant aggregation and breakage as 
they are transported downstream by river flows. This significantly alters the particle size distribution of 
microplastics. The aggregation-breakage process is mainly controlled by river hydrodynamics and pollution 
scale. Our findings suggest that a significant extent of particle aggregation occurs at an early stage of the release 
of microplastics in the river, while the aggregation-breakage process becomes limited as the microplastic plume 
is gradually dispersed and diluted downstream. Eddy diffusivity drives the dispersion of the microplastic plume 
in the river, and its spatial patterns affect the aggregation-breakage process.   

1. Introduction 

Annual plastic production worldwide increased exponentially from 2 
million tons in 1950 to 391 million in 2021 (PlasticsEurope, 2021). Such 
wide uses of plastic products have been considered as one of the primary 
environmental problems negatively affecting marine ecosystems across 
the world. Studies indicate that over 250 marine species are believed to 
be contaminated by plastic ingestion (Anbumani and Kakkar, 2018; 
Laist, 1997). The plastic debris present in rivers, estuaries, and oceans is 
often subjected to fragmentation over time, as a result of photooxida
tion, the action of wind, current, and waves, and biodegradation (Auta 
et al., 2017; Borges-Ramírez et al., 2020). The plastic particles, size <5 
mm, are usually defined as microplastics. Among plastic debris of 
different sizes, microplastics have been found to be ubiquitously present 
and persist for a long duration in marine ecosystems (NOAA, 2016; 
Williams and Simmons, 1996). Microplastics are of special concern as 
‘emerging contaminants’, since their small size facilitates internalization 
by biota and adsorption of pollutants on their surface (Deng et al., 2017; 
Koelmans et al., 2016; Rillig, 2012; Schirinzi et al., 2017). Therefore, 
studies on the abundance, distribution, and fate of microplastics are 
becoming crucial to evaluate their stress on terrestrial and aquatic 
ecosystems (Lenaker et al., 2020; Pan et al., 2019; Tibbetts et al., 2018). 

Marine microplastic pollution is mainly derived from terrestrial 
sources, such as domestic, commercial, and industrial wastewater, 
stormwater runoff, and effluents and sludges from wastewater treatment 
plants (Dris et al., 2017; Dris et al., 2015). Rivers have been recognized 
as important pathways for the transport and fate of microplastics into 
the ocean (Mani et al., 2015; McCormick et al., 2016; Tibbetts et al., 
2018). Lebreton et al. (2017) presented a global model of plastic inputs 
from rivers into oceans based on waste management, population den
sity, and hydrological information. Their model estimated that between 
1.15 and 2.41 million tonnes of plastic waste currently enter the ocean 
every year from rivers, with over 74 % of releases occurring between 
May and October. The top 20 polluting rivers, mostly located in Asia, 
account for 67 % of the global total. Moore et al. (2005) measured that 
as high as ~1.3 billion plastic particles per day flowed into the Pacific 
Ocean from 2 rivers in Southern California, USA. Yonkos et al. (2014) 
collected surface water samples to enumerate microplastics from four 
estuarine tributaries within the Chesapeake Bay, New Jersey, USA. Their 
measurements show that the microplastic concentration in the Ches
apeake Bay varied from ~5500 particles/km2 to ~300,000 particles/ 
km2, which demonstrated positive correlations with population density 
and proportion of urban/suburban development within watersheds. 
Sutton et al. (2016) present the information on abundance, distribution, 
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and composition of microplastics at nine sites in San Francisco Bay, 
California, USA. They found that with an average microplastic abun
dance of ~700,000 particles/km2, the surface water appears to have 
higher microplastic levels than other urban water bodies sampled in 
North America. van der Wal et al. (2015) estimated the riverine plastic 
loads to European regional seas. The measurements indicate that the 
annual loads of microplastics (particles/year) from the Danube River to 
the Black Sea, from Po River to the Mediterranean Sea, and from the 
Rhine River to the North Sea are 2 trillion, 0.7 trillion, and 0.4 trillion, 
respectively. Eo et al. (2019) measured the abundance of microplastics 
in the Nakdong River and estimated the annual load of microplastics 
carried by the river in 2017 to be 5.4–11 trillion by number. Mai et al. 
(2019) conducted sampling at the eight major river outlets of the Pearl 
River Delta (PRD), South China, and estimated the annual riverine input 
of microplastics from the PRD into the South China sea was estimated to 
be 39 billion particles. 

The fate and transport of microplastics in rivers are driven by several 
fundamental processes. By means of riverine hydrodynamic forces and 
particle properties (e.g., size, density, and fractal dimension), micro
plastics usually undergo advection, dispersion, suspension, and settling 
in the water column (Atugoda et al., 2020). Advection refers to the 
streamwise transport following river flow velocity. Dispersion often 
represents mass transfer driven by shear flow coupled to a concentration 
gradient (i.e., spreading of mass from high concentration region to low 
concentration region). Besides being transported in the river, particles 
with a different density than the surrounding will have a vertical motion 
due to buoyancy, they can remain at the water surface (Cui et al., 2021a) 
or sink and deposit onto the sediments (Cui et al., 2021b; Khatmullina 
and Isachenko, 2017; Waldschläger and Schüttrumpf, 2019), and may 
reenter the water column attributed to erosion/resuspension of the 
riverbed (Hurley et al., 2018; Yan et al., 2021). During transport in 
riverine systems, microplastics may also be subjected to aggregation and 
breakage. Aggregation involves the motion of two particles toward each 
other to collide, followed by attachment. It can occur with two particles 
of the same type (called homoaggregation), or two different particles 
(called heteroaggregation) such as aggregation between microplastics 
and clay minerals and/or biota (Alimi et al., 2018). The aggregation of 
particles is usually conceptualized using the von Smoluchowski model. 
In the model, the formation of aggregates is kinetically formulated as a 
function of the colliding particle concentration, their size and densities, 
their collision frequencies and efficiencies (Barton et al., 2014; Ji et al., 
2021; Kooi et al., 2018; Liu et al., 2023; Zhao et al., 2016a; Zhao et al., 
2014). Following the population balance equation, Zhao et al. (2014) 
developed a comprehensive numerical model, VDROP, to simulate the 
transient oil droplet size distribution in turbulent regimes, which has 
been substantially used in the studies on the formation of droplets in 
aquatic environments (Cao et al., 2021; Liu et al., 2022; Ye et al., 2020; 
Zhao et al., 2017). Cui et al. (2021a) developed a numerical frame that 
coupled the VDROP model with river hydrodynamics to investigate the 
dispersion of oil droplets in riverine systems. The study revealed a sig
nificant breakup of oil droplets in rivers driven by the high energy 
dissipation rate in the water column. Ji et al. (2021) conducted lab ex
periments to investigate the impact of mixing energy on the formation of 
oil-particle aggregates. In particular, their study revealed that at high 
mixing energy, turbulent mixing dominates particle collision frequency. 

Numerical modeling has been recognized as an important tool in 
predicting the fate and transport of microplastics in aquatic systems 
(Wagner and Lambert, 2018). The modeling approach could mainly fall 
into two categories: Lagrangian particle tracking algorithms that deal 
with individual particles and track the trajectory of individual particles 
separately, and Eulerian models that describe particles in terms of their 
mass or volume concentrations. Previous numerical studies have 
demonstrated that the distribution of microplastics in the ocean can be 
predicted using Lagrangian tracking models, taking into account cur
rent, wind, and horizontal diffusion (Eriksen et al., 2013; Law and 
Thompson, 2014; Lebreton et al., 2012; Potemra, 2012; Zhang et al., 

2020). For instance, Lebreton et al. (2012) used the Lagrangian particle 
tracking model Pol3DD to simulate the floating debris in the world's 
oceans and simulated the high concentration in subtropical gyres. Zhang 
et al. (2020) implemented a Lagrangian particle tracking model to 
investigate the dispersion of suspended and floating microplastic parti
cles in the East China Sea and adjacent seas. Their results identified three 
major delivery channels for microplastics released from the coastal areas 
of China, Korea, and Japan. The Eulerian formulation has also been 
widely used for predicting the transport and distribution of micro
plastics. Mountford and Morales Maqueda (2019) used an Eulerian 
model based on the 3-D global ocean model Nucleus for European 
Modelling of the Ocean (NEMO) to simulate the dispersion of plastics in 
the global ocean. Their modeling results support the observation of 
positively buoyant plastic accumulations in the five garbage patches 
within subtropical ocean gyres; by contrast, the negatively buoyant 
plastic tends to accumulate within the deepest regions of the sea floor, 
loosely following the bathymetry. Genc et al. (2020) used the Eulerian 
scheme to simulate the advection and diffusion of 3 mm size polystyrene 
particles by the coastal currents in the surface waters of Fethiye Inner 
Bay, Turkey. Their simulation results revealed that microplastic accu
mulation is expected in certain regions of the bay. 

Although considerable efforts were made to simulate the fate and 
transport of microplastics, numerical studies on plastic migration in 
riverine systems are scarce. Inspired by an existing global model for 
nutrients, Siegfried et al. (2017) adopted the Global NEWS model to 
calculate river export of microplastics from point sources as a function of 
human activities on land and river retention. Their model was imple
mented at a relatively large scale, based on the STN-30p river system 
(Vörösmarty et al., 2000) at a grid of 0.5◦ × 0.5◦. However, a sophisti
cated numerical scheme integrating various physical processes that 
regulate the fate and transport of microplastics has not yet been 
developed-a research gap this paper aims to address. 

The objective of this paper is to investigate the fate and transport of 
microplastics in river systems, considering advection, dispersion, sus
pension, settling, aggregation, and breakage processes. A numerical 
model was developed to simulate the fate and transport of microplastics 
in a river system. The model coupled river hydrodynamics and particle 
aggregation-breakage kinetics to multiple interactive transport equa
tions, each of which corresponds to microplastics within a particular size 
range. Impacts of the aggregation-breakage process as well as spatial 
variation of diffusivity on the fate and transport of microplastics in the 
river system were quantified. The paper provides insights into better 
understanding the fate and transport of microplastics in riverine 
systems. 

2. Methodology 

2.1. River hydrodynamics 

The vertical velocity profile u(z) can be expressed as a function of 
water elevation above streambed (z) by the log-wake formulation 
(Boufadel et al., 2018; Nezu and Nakagawa, 1993; White, 1991): 

ux(z)

u*
=

1
κ
ln

(
z
ks

)

+ w + χ. (1)  

where κ = 0.41 is the Von Karman constant; ks = riverbed roughness 
height; and χ is an empirical constant. Nezu et al. (1994) have suggested 
χ = 8.5 for completely rough beds, which will be used in this paper. For a 
stream with constant water depth, the friction velocity u* can be esti
mated by Boufadel et al. (2019): 

u* =
̅̅̅̅̅̅̅̅̅̅
gRhS

√
. (2)  

where S = slope of the river; g = acceleration of gravity; and Rh = hy
draulic radius. The second term on the right side of Eq. (1) is the wake 
function, defined as (Coles, 1956) 
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w(z) =
2
∏

κ
sin2

(πz
2h

)
. (3)  

where h = water depth; and Π is the wake strength parameter. 
To account for the effect of the roughness at the boundary, we 

derived the eddy viscosity profile (i.e., eddy diffusivity profile) by 
introducing roughness heights at the surface and bottom of the river, 
expressed as follows: 

νt(z)

u*
= κ

[
z + zb

(
1 −

z
h

) ](

1 −
z
h

+ zs
z
h2

)

. (4)  

where zb and zs represent roughness height at the river bottom and 
surface, respectively. Herein, we assumed zb ≈ 0.1ks, and zs ≈ 0.1ks. This 
is an approach that we adopted in our prior work (Boufadel et al., 2020). 
The parameter ks denotes the bottom roughness height, which can be 
estimated from the following expression (Limerinos, 1970). 

n
R1/6

h

=
1

21.9log12.2 Rh
ks

. (5)  

where n denotes the Manning roughness coefficient. 
An important parameter determining the breakup of aggregated 

particles in a turbulent regime is the energy dissipation rate, ε (Hinze, 
1955; Zhao et al., 2014). Techniques for estimating or measuring it have 
been conducted in oceanic (Terray et al., 1996) and laboratory (Kaku 
et al., 2006; Zhao et al., 2016b) systems. In river systems, Nezu (2005) 
proposed a universal function based on the experimental data of Nezu 
(1977) using hot film anemometry and of Komori et al. (1989) using 
laser Doppler anemometry. The expression for ε is 

εh
u*3 = 9.8

(z
h

)−1/2[
exp

(
− 3

z
h

) ]
. (6)  

2.2. Aggregation and breakage kinetics 

The aggregation-breakage dynamics of microplastics can be 
formalized by the change in particle-size distribution attributed to par
ticle aggregation and aggregate breakage. Such kinetics has been 
expressed below, following the form of the Smoluchowski equation 
(Coufort et al., 2007; Flesch et al., 1999; Shi et al., 2019; Smoluchowski, 
1918; Zhang and Li, 2003): 

dn(m)

dt
=

1
2

∫ m

0
αβn(m−x)n(x)dx−

∫ ∞

0
αβn(m)n(x)dx−sn(m)+

∫ ∞

m
γsn(x)dx.

(7)  

where t is time; n(m) is the particle size distribution with respect to the 
size identified by mass m; α represents the collision efficiency; β repre
sents the collision frequency; s represents the breakup rate of the ag
gregates; γ represents the breakage distribution function that defines the 
mass fraction of the fragments of size m breaking from the larger size 
aggregates. Here we assumed binary breakage, which defines the 
breakup of an aggregate into two equal fragments. On the right-hand 
side of Eq. (7), the first term is the gain term for the particle of size m 
attributed to aggregation between smaller particles; the second term 
represents the loss of aggregates of size m due to the increase in size by 
aggregation with other particles; the third term is for the loss of the 
aggregates of size m due to their breakage, and the fourth term repre
sents the gain of aggregates of size m from the breakage of larger size 
aggregates. 

2.3. Sectional governing equations 

The sectional approach has been widely used to solve Eq. (7) (Gel
bard et al., 1980; Hounslow, 1998). Following the common practice, the 
generation of size sections follows the rule that the upper bound of a 
section is twice its lower bound in terms of particle mass (i.e., mk =

2mk−1). Within a given section (e.g., the kth section), there are seven 
scenarios of aggregation and breakage that result in the gain and loss of 
particle mass, and the sectional governing equations can be expressed as 
follows: 

dMk

dt
= A

∑k−1

i=1

∫ mi

mi−1

∫ mk−1

mk−1−x
αβn(x)n(y)(x + y)dydx

+
∑k−1

i=1

∫ mi

mi−1

∫ mk−x

mk−1

αβn(x)n(y)xdydx −
∑k

i=1

∫ mi

mi−1

∫ mk

mk−x
αβn(x)n(y)ydydx

−
1
2

∫ mk

mk−1

∫ mk

mk−1

αβn(x)n(y)(x + y)dydx −
∑N

i=k+1

∫ mk

mk−1

∫ mi

mi−1

αβn(x)n(y)ydydx

−

∫ mk

mk−1

sn(x)xdxdy +
∑N

i=k+1

∫ mk

mk−1

∫ mi

mi−1

γsn(y)ydydx.

(8)  

where N denotes the total number of sections; Mk denotes the total mass 
concentration within the kth section. Since Mi =

∫ mi
mi−1

xn(x)dx (Seinfeld 
and Pandis, 2008), on the right-hand side of Eq. (8) the particle size 
distribution within the ith section n(x) = Mi

(ln2)x2; coefficient A = {0.5, i =
k − 1; 1.0, i < k – 1}. The seven particle interaction terms at the right- 
hand side are described in detail in Fig. 1. 

2.4. Collision frequency and breakup rate 

The collision frequency β is based on the collision mechanism be
tween entities of different sizes due to turbulent shear, differential 
settling, and Brownian motion. For spherical entities, these three 
mechanisms are given by prior studies (Cui et al., 2021b; Ernest et al., 
1995; Jiang and Logan, 1991; Zhao et al., 2016a): 

For turbulent shear 

βsh(i, j) =
1
6

(
ε

νw

)1/2(
di + dj

)3 (9)   

For differential settling 

βds(i, j) =
π
4

(
di + dj

)2∣wi − wj∣ (10)   

For Brownian motion 

βBr(i, j) =
2κT
3ρwν

(
1
di

+
1
dj

)
(
di + dj

)
(11) 

The three interparticle collision frequency functions are independent 
and additive, and thereby, 

β(i, j) = βsh(i, j) + βds(i, j) + βBr(i, j). (12)  

where di and dj represent the equivalent diameter of two colliding en
tities, respectively; vw and μ represents the kinematic and dynamic of 
water, respectively; ρw represents the density of water; κ is the Boltz
mann constant equal to 1.38 × 10−23 (J/K); wi and wj represent the slip 
velocity (i.e., due to buoyancy), which can be obtained as follows (Zhao 
et al., 2015) 

w =
g
(
ρp − ρw

)
m

3πμρpd
(13) 

Eq. (13) implies that larger particle size leads to higher slip velocity. 
Such an effect is considered in the simulation by incorporating Eq. (13) 
to the transport equations of microplastics expressed in Eq. (15). The 
breakage rate can be formalized as a function of the shear rate (i.e., 
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(
ε

νw

)1/2
), and the aggregate volume (i.e., m

ρp
) (Chen et al., 1990; Flesch 

et al., 1999; Peng and Williams, 1994) 

s = E
(

ε
νw

)b/2(
m
ρp

)1/3

(14)  

where E and b are the breakage rate constants, which have been esti
mated to be 7 × 10−4 and 1.6, respectively, in Flesch et al. (1999). 

2.5. Transport of microplastics 

The movement of dispersed entities is simulated as passive scalars by 
the advection-diffusion-reaction equations, given by. 

∂Mk

∂t
= ∇⋅

(
D→∇Mk

)
− ∇⋅( u→Mk) + rk, k = 1, 2, …, N (15)  

where the eddy diffusivity D→ is assumed isotropic and calculated by Eq. 
(4), and the velocity vector u→ = (ux, wk); the source term rk represents 
the aggregation-breakage processes of microplastics within the kth 

section, described by Eq. (8). Note that the advection-diffusion-reaction 
model has been substantially used in our prior studies for various ap
plications (e.g., Cui et al., 2021a; Cui et al., 2021b; Geng et al., 2017; 
Geng et al., 2015; Geng et al., 2016). 

2.6. Numerical implementation 

The simulations were conducted through the OpenFOAM platform 
using the scalarTransporFoam solver. The scenario simulated herein is a 
point-source release of microplastics into a river channel. The width of 
the river is considered infinite, and therefore, the approach focuses on a 
vertical profile away from the river banks. The river water depth was 
assumed to be 4 m with a very mild slope of 1.5 × 10−5, and the resulting 
mean velocity is 0.3 m/s. Such an assumption was based loosely on a 
river system at the Lower Passaic River, New Jersey (Wilson and ho
mologs Dec, 2006). In river systems, microplastics denser than water do 
not readily reach distant regions, as they sink through the water column 
due to their high density. Therefore, microplastics lighter than water 
were selected for this numerical investigation. The primary micro
plastics were assumed 2.0 μm in diameter with a density of 900 kg/m3. 

Fig. 1. (a) Schematics of various fundamental processes of microplastics in rivers, including advection, diffusion, settling and suspension, and aggregation and 
breakage; (b) seven scenarios of particle aggregation (1–5) and breakage (6–7) within the sectional approach. Note that the microplastic plume is delineated with a 
dashed closed curve, within which spheres represent microplastics of varying particle sizes. The seven scenarios of particle aggregation and breakage correspond to 
the seven integration terms on the right-hand side of Eq. (8). 

X. Geng et al.                                                                                                                                                                                                                                    



Marine Pollution Bulletin 196 (2023) 115602

5

As we considered microplastics with density less than water, the settling 
process of microplastics was automatically excluded in the simulation. 
Here, 27 contiguous-size sections, labeled c1-c27, were considered with 
the setting of mk = 2mk−1, leading to a range of diameter from 2.0 μm to 
~500 μm. For instance, the first six size bins are listed as follows: [2 μm, 
2.52 μm], [2.52 μm, 3.17 μm], [3.17 μm, 4.0 μm], [2 μm, 5.04 μm], 
[5.04 μm, 6.35 μm], and [6.35 μm, 8 μm]. The aggregation-breakage 
model written in C++ was built up as an independent module into the 
OpenFOAM platform, coupled with ScalarTransportFoam at every time 
step. 

To validate the functionality of the aggregation-breakage model, we 
first conducted simulations without transport to reproduce the 
aggregation-breakage results presented in Zhang and Li (2003) and Li 
and Zhang (2003). In their study, the particle aggregation-breakage 
process was simulated under two different conditions with the initial 

concentration of the primary particles (Q0), shear rate (
(

ε
νw

)1/2
), and 

fractal dimension (D) equal to 5.0 × 10−5 kg/m3, 50 s−1, and 2.5, and 
5.0 × 10−3 kg/m3, 15 s−1, and 3.0, in Zhang and Li (2003) and Li and 
Zhang (2003), respectively. The primary particles were 1 μm in diameter 
with a density of 1.2 g⋅cm−2. The whole size range was from 1 μm to 
approximately 1 cm for particles, which extended further for fractal 
particle aggregates. There were 42 contiguous-size sections with the 
setting of mk = 2mk−1 for the lower and upper bounds of the kth section. 

To simulate the fate and transport of microplastics in rivers, the 
implementation is described as follows. The size of the domain was 200 
m (L) × 5 m (H). The domain was first discretized with a grid resolution 
of 2 cm and then refined with a vertical resolution of ~5 mm in the 
proximity of the river surface between 3.5 m and 4.2 m, resulting in 
~600,000 computational cells. The primary particles were instanta
neously released as a point source ~10 cm below the river surface and 
10 m away from the inlet boundary with a mass concentration of 5.0 kg/ 
m3. Note that the high initial mass concentration was adopted for the 
simulations to enable a more comprehensive analysis of how the particle 
size distribution evolves over a wide range of microplastic mass con
centrations, especially as the microplastic plume becomes diluted during 
downstream transport by river flows. The streamwise periodic boundary 
conditions, a so-called cyclic (translational) boundary in the Open
FOAM, were implemented at the inlet and outlet boundaries. The peri
odic boundary condition defines a physical connection between the 
outlet and inlet boundaries, creating a cyclic situation of the flow and 
solute across the boundaries. Such configuration could allow the simu
lation of the flow and transport processes in an infinitely long river 
channel using a smaller-length domain. No-flux boundary conditions 
were implemented at the river surface and riverbed. 

Simulations conducted in this study include the transport of micro
plastics with and without aggregation-breakup processes. Prior studies 
identified the impacts of eddy diffusivity on transport processes in 
aquatic systems (e.g., Boufadel et al., 2020; López and García, 1998). 
Therefore, simulations were conducted with spatially varied and con
stant diffusivities, respectively. The constant diffusivity is set as the in
tegrated average of the spatially varied diffusivity along its vertical 
profile (Eq. (4)), as done by Boufadel et al. (2020). The simulations aim 
to reveal the effects of particle aggregation and breakage on the fate and 
transport of microplastics in river systems. In addition, different diffu
sivity profiles were adopted in the simulations to further quantify the 
impacts of spatial variation in eddy diffusivity on simulating the fate and 
transport of microplastics in river environments. 

3. Results 

The characteristics of the river hydrodynamics in the OpenFOAM 
simulations are delineated in Fig. 2. The streamwise velocity was nearly 
zero at the riverbed due to bottom friction, and it increased with 
elevation by reaching the maximum of 0.4 m/s near the river surface 
(Fig. 2a). The increase in river velocity with elevation followed the 

logarithmic growth where the velocity gradients were the largest near 
the riverbed and tended to be smaller as elevation increased. The eddy 
diffusivity exhibited small values adjacent to the river surface and bot
tom, which is equal to 10 % of the bottom roughness height, illustrated 
in Eq. (1), while below the river surface and above the river bed, the 
diffusivity gradually increased and reached a maximum value of ~0.01 
m2/s at the mid-elevation of 2.0 m above the riverbed (Fig. 2b). The 
average of the eddy diffusivity of 6.68 × 10−3 m2/s was adopted in the 
cases simulated with a constant eddy diffusivity. The energy dissipation 
rate (ε) could have strong impacts on the aggregation and breakage of 
microplastics, and therefore its vertical profile is shown in Fig. 2c, 
demonstrating that ε was the lowest at the river surface and increased 
with depth by reaching the maximum of ~7 × 10−4 watt/kg near the 
riverbed. 

Fig. 3 shows the temporal evolution of particle size distribution 
caused by aggregation and breakage under different mixing conditions. 
The results demonstrate that the simulations conducted in this paper 
well reproduced the evolution of particle size distribution that was 
modeled in the prior studies of Zhang and Li (2003) and Li and Zhang 
(2003). In the early phase of the aggregation-breakage process, the 
particle size distribution gradually shifted to large-size bins with time, 
indicating significant aggregation of particles occurred. After major 
particle aggregation occurred, the particle size distributions tended to be 
stable. Specifically, in Fig. 3a, the particle size distribution reached a 
steady state after 15,000 s. Therefore, the distribution remained the 
same afterward. This is most likely because particle aggregates tended to 
be more fragile as their size increased, and the resulting breakage 
limited the continuous growth of particle sizes. Eventually, a steady 
state was reached as the rates of aggregation and breakage were nearly 
equal to each other, which ceased any significant changes in particle size 
distribution. 

The microplastics experience significant aggregation as they moved 
downstream driven by river flows (Fig. 4). The simulation of the no- 
reaction case shows that the point-source release of the microplastics 
in the river system generated a microplastic plume that migrated and 
expanded downstream with river flows, driven by advection and 
dispersion, respectively. The microplastic plume formed a remarkable 
tail as the plume migrated downstream and expanded to the river bed. 
This is most likely due to relatively low streamwise velocity caused by 
bottom friction, which limited the advection of microplastics near the 
river bed. By contrast, the simulation taking into account microplastics' 
aggregation and breakage process demonstrates a relatively low con
centration of the microplastics within the smallest size bin (i.e., c1, the 
initial size of the microplastics), indicating significant aggregation of 
microplastics occurred in the river along with their downstream trans
port. This fact can also be proved by the concentration contour of 
microplastics within large-size bins (e.g., c2 and c3). Large-size aggre
gates are quickly generated after the release of the small-size micro
plastics in the river, which migrated and spread downstream. In 
particular, the contours show that the concentrations of microplastic 

Fig. 2. River hydrodynamics of (a) streamwise velocity, (b) eddy diffusivity, 
and (c) energy dissipation rate. Note that the dashed line in panel b denotes the 
integrated average of the eddy diffusivity along its vertical profile, which is 
used in the simulations with constant diffusivity. 
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plume within size bins c1 and c2 are in the same order of magnitude, 
indicating significant particle aggregation occurred in the river. 

Spatial distributions of eddy diffusivity have strong impacts on the 
transport and aggregation of microplastics as they migrate downstream 
in a river system. When a spatially varied diffusivity was adopted, the 
vertical profile at the horizontal centroid of the microplastic plume show 
a higher concentration near the river surface and a lower concentration 
at a relatively lower elevation at the early stage of the transport (e.g., t =
100 s and 500 s), compared to the case simulated with the constant 
diffusivity (Fig. 5). It is consistent with the spatial distribution of eddy 
diffusivity along the river depth. For the case simulated with spatially 
varied diffusivity, extremely low diffusivity near the river surface 
limited dispersion of the microplastic plume there, while relatively 
higher diffusivity near the mid-depth of the river to some extent inten
sified microplastics to disperse at the deeper location. At a later stage (e. 

g., t = 900 s), it shows relatively high microplastic concentration along 
all the depths in the river for the case simulated with spatially varied 
diffusivity. This is because the microplastics simulated in this paper 
were lighter than water, and therefore they tended to float near the river 
surface. For the case simulated with spatially varied diffusivity, rela
tively low eddy diffusivity near the river surface to some extent limited 
overall dispersion of the microplastic plume in the river. As shown in the 
figure, such mechanisms applied to both aggregation-breakage and no 
reaction cases for all the simulated particle sizes. Fig. 5 also demon
strates significant aggregation of microplastics as they migrated down
stream along with river flows. A remarkable amount of microplastics 
within size bins larger than c1 was formed (e.g., c2 and c3) with similar 
vertical distribution patterns, indicating an important interplay between 
the transport process and aggregation-breakage process of microplastics 
in the river. 

Fig. 3. Modeling results of the particle aggregation-breakage examples presented in Zhang and Li (2003) and Li and Zhang (2003). The results represent the 
evolution of particle size distribution at different time under a certain mixing condition. Note that bold-colored lines and symbolic lines represent the results 
simulated in this paper and Zhang and Li (2003) and Li and Zhang (2003), respectively. The unit of ‘s’ marked in the legends denotes second. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Simulated concentration contours of microplastics within different size bins (c1–c3) for no reaction and aggregation-breakup cases with spatially varied eddy 
diffusivity. The c1, c2, and c3 represent the first three size bins, respectively. 
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The aggregation and breakage process provides significant control 
on the particle size distribution of microplastics in river systems. Fig. 6a 
and b shows the concentration of different size particles at the center of 
the microplastic plume, simulated with spatially varied and constant 
diffusivity, respectively. The mass concentration decreased with time for 
the microplastics within all size bins, which is mainly due to the 
dispersion of the microplastic plume along its downstream path. Note 
that in the early time of t = 200 s and 400 s, due to less dispersion, the 
concentration is slightly higher at the center of the microplastic plume 
for the case simulated with the constant diffusivity. This is consistent 
with the results illustrated in Fig. 5. Compared to mass concentration, 
the volume fraction of different size microplastics tended to be stable 
after 200 s of the release for both the simulated cases (Fig. 6c and d). 
Only a slight change in volume fraction was observed afterward, indi
cating that significant aggregation of microplastics occurred in the early 
time of the release. This phenomenon can be interpreted by the under
lying mechanism of particle aggregation, mathematically expressed in 
Eqs. (7)–(8). The extent of particle aggregation is related to particle 
population density (i.e., the number of particles per unit volume). A 
dense particle population of the microplastic plume at the initial stage of 
the release facilitated the aggregation of small-size particles into larger- 
size aggregates. By contrast, after the release, the microplastic plume 
became more dispersed and diluted with time, and the subsequent low 
population density of the particles limited the aggregation process of 
microplastics in the river. 

Aggregation and breakage are important processes when micro
plastics are released into a river system. The simulations conducted 

herein show that a significant amount of microplastics aggregated into 
larger size particles after the release in the river (Fig. 7a). After the 
microplastics were released into the river, there was a sharp increase in 
the cumulative mass of the microplastics within large-size bins within 
the first 10 min, particularly for the particles within the size bins c2 and 
c3 (Fig. 7a). It indicates that at the early stage, a significant amount of 
the microplastics within the size bin c1 aggregated into larger size 
particles in the river. The increase in cumulative mass became slower at 
a later stage (t > 10 min). It is probably because as the microplastic 
aggregates accumulated in the river, the breakage of these aggregates 
came to be significant, which attenuated the mass accumulation of 
microplastics within the large-size bins. Our simulation results show 
that after an hour of the release, the mass of microplastics within the first 
five size bins (i.e., c1–c5) accounted for approximately 50 %, 30 %, 15 
%, 4 %, and 1 % of the total mass, respectively (Fig. 7b). It indicates a 
significant change in the particle size distribution of the microplastics in 
the river after the initial release due to the aggregation-breakage pro
cess. Our simulation results also show a slight difference in predicting 
aggregation and breakage of microplastics in a river system when 
different spatial patterns of eddy diffusivity were adopted in the simu
lations. The case simulated with the constant eddy diffusivity resulted in 
a lower amount of microplastic aggregation in the river. For the case 
simulated with the constant diffusivity, the microplastic plume became 
more dispersed, and it consequently induced a lower population density 
of particles that to some extent limited the aggregation of particles in the 
river. 

Particle concentration and energy dissipation rate are major 

Fig. 5. Concentration distribution of microplastics within different size bins (c1–c3) along the vertical centerline of the microplastic plume for different simulated 
cases. Note that c1, c2, and c3 represent the first three size bins, respectively. 

X. Geng et al.                                                                                                                                                                                                                                    



Marine Pollution Bulletin 196 (2023) 115602

8

controlling factors of the microplastic aggregation-breakage process in 
river systems. Fig. 8 shows the steady-state volume fraction of different 
size microplastics under different conditions of mass concentration and 
energy dissipation rate without considering river hydrodynamics. High 
particle concentration prompted the aggregation of microplastics. As 
shown in the figure, the steady-state volume fraction for large-size ag
gregates was remarkably elevated with an increase in particle concen
tration. In particular, for high-energy-dissipation cases (e.g., ε =1 ×

10−3 m2/s3 and 1 × 10−4 m2/s3), the peak size of particle aggregates 
increased from the initial size of 2 μm to over 100 μm when the particle 
concentration reached above 0.7 kg/m3. The energy dissipation rate also 
positively affected the microplastic aggregation process. As the energy 
dissipation rate increased from 1 × 10−6 m2/s3 to 1 × 10−5 m2/s3, and to 
1 × 10−4 m2/s4, for the cases simulated with the largest concentration of 
1 kg/m3, the peak size of the particle aggregates increased from 5 μm to 
25 μm, and to ~500 μm, respectively. Interestingly, as the energy 
dissipation rate further increased from 1 × 10−4 m2/s3 to 1 × 10−3 m2/ 
s3, the peak size of the particles remained at ~500 μm, but its volume 
fraction decreased from 73 % to 55 %. This is most likely because the 
high energy dissipation rate also intensified the breakage of aggregates 
that to some extent attenuated the volume fraction of the largest-size 
aggregates. Our results also demonstrated that particle aggregation 
was significantly prohibited when the particle concentration and energy 
dissipation rate were both extremely low, particularly for the cases 
simulated with particle concentration <0.01 kg/m3 and energy dissi
pation rate lower than 1 × 10−3 m2/s3. It indicates that particle con
centration and energy dissipation rate are equally important for particle 
aggregation to occur. 

4. Discussion 

This study highlights the importance of integrating various funda
mental physical processes into simulations of the fate and transport of 
microplastics in riverine systems. Rivers provide important pathways for 
inland-produced microplastics to enter marine environments (Sarijan 

et al., 2021; Su et al., 2022; van Wijnen et al., 2019). Thus, quantifying 
the fate and transport of microplastics in river systems is critical for 
sustainable management and risk assessment of plastic debris in 
terrestrial and aquatic environments (Er et al., 2023; Kumar et al., 2021; 
Tejaswini et al., 2022). Prior studies have revealed that rivers could 
create a dynamic hydraulic environment that strongly impacts the 
extent of aggregation and breakage of particles (e.g., oil droplets) at 
different downstream locations and depths of the river (Boufadel et al., 
2019; Cui et al., 2021a; Cui et al., 2021b). Our simulation results 
revealed that river hydrodynamics significantly affected the aggregation 
and breakage processes of microplastics in rivers, and therefore, altered 
the particle size distribution of the microplastics within riverine sys
tems. The primary driving factors of the aggregation-breakage process 
are particle concentration of microplastics and energy dissipation rate, 
and the interplay between these two factors results in a significantly 
distinct size distribution of microplastics within rivers. River-flow- 
induced transport (e.g., advection and dispersion) provides strong con
trols on tempo-spatial particle concentration distribution of micro
plastics in rivers, while river hydrodynamics determines the magnitude 
and distribution of energy dissipation rate along the river depth. Our 
findings indicate that transport dynamics have strong implications on 
the aggregation and breakage of microplastics in rivers. Meanwhile, 
aggregation and breakage of microplastics alter the buoyancy of the 
aggregates and thus affect the vertical transport process of microplastics 
in river systems. The strong interplay between the transport and 
aggregation-breakage process highlights a necessity to integrate multi
ple physical processes in simulating microplastic characteristics in 
rivers. Our results also identified the great extent of particle aggregation 
at the early stage of the release of microplastics in rivers, which is mainly 
caused by relatively high particle concentration after the initial release. 
It highlights the importance of understanding river hydrodynamics, 
especially near the source location, as well as the scale of microplastic 
pollution such as the amount and period of the release for more thor
ough assessing and mitigating microplastic pollution in the river 
environment. 

Fig. 6. (a–b) Mass concentration and (c–d) volume fraction of microplastics with different sizes for the simulated cases with spatially varied and constant eddy 
diffusivity, respectively. 
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In the paper, we considered the homo-aggregation of microplastics 
where aggregates are formed by microplastics among a range of particle 
sizes. Studies have revealed that microplastics in riverine environments 
also interact with other particles (e.g., phytoplankton) to form hetero- 
aggregates that influences their downstream transport and distribution 
(Lagarde et al., 2016; Long et al., 2017; Yang et al., 2021). Microplastics 
might undergo other processes such as degradation and fragmentation 
(Andrady, 2017; Andrady and Koongolla, 2022; Sorasan et al., 2022), 
which are not considered in this paper. In addition, the aggregation 
behaviors of microplastics are influenced by other various factors, such 
as formation of biofilm, aggregating with other heavy particle (e.g., 
clay), zeta potentials, dissolved organic matters, and ionic strength. To 
gain a comprehensive understanding of the fate and transport of 
microplastics in rivers, future research should focus on modeling these 
processes, accompanied by proper model validation with real-world 
settings that integrate all the physical processes considered in the 
model. This work lays a sound foundation for such research. 

5. Conclusion 

In this paper, we developed a numerical modeling scheme using 
OpenFOAM to simulate the fate and transport of microplastics in a river 
system, taking into account various physical processes such as advec
tion, dispersion, suspension, settling, aggregation, and breakage. This 
modeling scheme addresses the research gap in predicting the fate and 

transport of microplastics in riverine systems by incorporating a range of 
physical driving mechanisms. Our simulation results show that micro
plastics experience significant aggregation and breakage when they 
transport downstream driven by river flows. It significantly alters the 
particle size distribution of microplastics in the river. The aggregation- 
breakage process of microplastics is primarily controlled by river hy
drodynamics and pollution scale. Due to relatively high concentration, a 
great extent of particle aggregation occurs near the surface at the early 
stage of the release of microplastics in the river. At the later stage, the 
aggregation process becomes limited as the microplastic plume is 
gradually dispersed and diluted downstream. Due to the dispersion, 
strong aggregation of microplastics occurred at deep location due to 
relatively high energy dissipation rate close to the river bed. Eddy 
diffusivity drives the dispersion of the microplastic plume, and thus 
negatively affects the aggregation-breakage process of microplastics in 
the river. Overall, our numerical study demonstrates various physical 
processes that likely affect the fate and transport of microplastics in 
riverine systems. It highlights the importance of integrating various 
fundamental physical processes into simulations of the fate and trans
port of microplastics in riverine systems. The numerical modeling 
scheme established in this paper provides insights into the assessment 
and mitigation of microplastic pollution in river environments, which 
has the potential to be improved by incorporating additional processes 
as modules to further simulate the fate and transport of microplastics in 
more complex riverine environment. 

Fig. 7. (a) Temporal mass change and (b) the percentage mass distribution of the total mass after 1 h of the release for different size microplastics (c1–c5) that were 
simulated with spatially varied and constant eddy diffusivity, respectively. Note that c1, c2, c3, c4, and c5 represent the first five size bins, respectively. 
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