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ABSTRACT: Many rivers are polluted with macro (>5 mm)- and
microplastics (<5 mm). We assess plastic pollution in rivers from crop
production and urbanization in 395 Chinese sub-basins. We develop and
evaluate an integrated model (MARINA-Plastics model, China-1.0) that
considers plastics in crop production (plastic films from mulching and
greenhouses, diffuse sources), sewage systems (point sources), and
mismanaged solid waste (diffuse source). Model results indicated that 716
kton of plastics entered Chinese rivers in 2015. Macroplastics in rivers
account for 85% of the total amount of plastics (in mass). Around 71% of
this total plastic is from about one-fifth of the basin area. These sub-basins
are located in central and eastern China, and they are densely populated
with intensive agricultural activities. Agricultural plastic films contribute 20%
to plastics in Chinese rivers. Moreover, 65% of plastics are from
mismanaged waste in urban and rural areas. Sewage is responsible for the majority of microplastics in rivers. Our study could
support the design of plastic pollution control policies and thus contribute to green development in China and elsewhere.
KEYWORDS: MARINA-Plastics (China-1.0), macro- and microplastics, agricultural plastic films, sewage, mismanaged solid waste

1. INTRODUCTION
One may define this century as the “Plastic Age” in which the
use of plastic products has increased worldwide.1 A side effect
of this is that plastics enter the environment and accumulate in
soils,2,3 sediments,4 and water.5−7 Larger plastic debris
(macroplastics >5 mm) can break down into microplastics
(<5 mm) causing secondary pollution.1,7,8 Both macro- and
microplastics with their additives pose a threat to society and
nature such as accumulation in the food web of aquatic
systems and damage to infrastructures.9−13 China is a country
with increasing use of plastics because of urbanization and crop
production.14,15 Urbanization can contribute to macroplastics
in rivers from mismanaged solid waste16 and microplastics
from sewage systems17 (Figure 1). Mismanaged solid waste is a
diffuse source because of runoff from streets to nearby water
systems.18,19 Sewage systems contain microplastics from car
tire wear, personal care products, laundry fiber, and household
dust.17,18 Sewage systems are point sources of microplastic
pollution. Crop production contributes to plastics in rivers
from the mulching of cropland and greenhouses (diffuse
sources).20 Mulching is used to cover crops with plastics.
Greenhouses are used to grow, for example, vegetables. These
are often diffuse sources of plastic pollution because of runoff

from cropland to rivers. Other plastic sources are architectural
coatings,21 landfill waste, and manufactory waste.22

Potential plastic sources are identified; however, the relative
contribution of each is not well studied. For instance, Wang et
al.21 indicate that 54 and 29% of the total microplastics are
from tire dust and synthetic fiber in China; however, the
contributions of other sources are not clear. Furthermore,
existing studies often focus on either macro- or micro-
plastics,16,17,23−26 covering the world or specific ba-
sins,8,17−19,25 and are limited to either urban or agricultural
sources. Modeling approaches to quantify plastic inputs to
aquatic systems exist for macroplastics and microplastics,18,19,26

but those models are limited to the sources and scale (e.g.,
basin versus country) and they do not focus especially on
China. Mulching and greenhouses in crop production are often
ignored in those models. Recently, the first sub-basin scale
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model accounting for both macro- and microplastics has been
developed (MARINA-Plastics Global-1.0 model).27 This
model considers the following sources: mismanaged solid
waste (diffuse source of macroplastics), sewage systems (point
source of microplastics), and the fragmentation of macro-
plastics into microplastics (diffuse source of microplastics).
However, they ignored agricultural plastic films from crop
production as a source of macro- and microplastic in rivers.
According to the Chinese State Oceanic Administration,

81% of coastal waters experience plastic pollution in China.10

This situation could be worse in the future because of
urbanization and intensive agriculture.28,29 Rivers are consid-
ered the dominant contributors to plastic pollution in the
ocean.26,28 Currently, the Chinese government promulgates
policies for plastic pollution reduction, but focuses more on
plastic pollution management in urban areas, compared to
agriculture (See Table S1).30 In 2012, around 13% of Chinese
cropland was mulched with agricultural plastic films, which
accounts for 60% of mulched cropland area globally.31 Thus, a
comprehensive assessment of how crop production (mulching
and greenhouses) affects river pollution with plastics is needed.
This will form the basis for designing plastic reduction
management strategies where both urbanization and crop
production are considered. Such strategies will also contribute
to green development in China, which aims at sustainable crop
production and a clean environment.
In this study, we assess the implications of crop production

and urbanization on river pollution with plastics in China. To
this end, we develop and evaluate a new version of the
MARINA-Plastics model that explicitly considers crop
production and urbanization for the year 2015. Our study
focuses on 395 river sub-basins in China and highlights macro-
and microplastic pollution hotspots. Our results contribute to
raising public awareness of plastic pollution and could inspire
regional governments for formulating strategies to support

future green development. The new model can serve as a basis
for similar assessments in other regions of the world.

2. MATERIALS AND METHODS
We developed a new version of the MARINA-Plastics model
for China based on the existing models. Below, we first
introduced the existing version MARINA-Plastics (Global-1.0).
Next, we described our newly developed version MARINA-
Plastics (China-1.0).

2.1. Existing MARINA-Plastics Model (Global-1.0). The
MARINA-Plastics model (Global-1.0) is a Model to Assess
River Inputs of pollutaNts to seA for Plastics on a global scale.
This model was developed based on existing sub-basin
modeling approaches from Strokal et al.17 and plastic models
from van Wijnen et al.18 and Siegfried et al.32 MARINA-
Plastics (Global-1.0) can quantify annual river export of micro
and macroplastics by sources from sub-basins to coastal waters
of the world. This model can run for 10,226 river sub-basins
globally. This model mainly focused on urbanization-related
sources including mismanaged solid waste and sewage systems
originating from the urban and rural populations. Mismanaged
solid waste refers to plastic waste that stays on land without
proper management and collection. Mismanaged solid waste is
a diffuse source of macro- and microplastics in rivers. Sewage
systems are point sources of microplastics in rivers. Sewage
systems that discharge microplastics to rivers from laundry
fibers, household dust, car tire wear, and personal care
products.17 Agricultural sources are not considered in this
existing MARINA-Plastics (Global-1.0) model.

2.2. New MARINA-Plastics Model (China-1.0). We took
the MARINA-Plastics model (Global-1.0) and developed it
further for 395 Chinese sub-basins. The MARINA-Plastics
model (China-1.0) is used to quantify the annual input of
macro- and microplastics to rivers and sources in 395 sub-
basins in China for the year 2015 (Figure 1). MARINA-
Plastics (China-1.0) is a deterministic (not stochastic) and

Figure 1. Main pathways of macro- and microplastic inputs to rivers from urbanization-related sources and crop production-related sources as
implemented in the MARINA-Plastic model (China-1.0). Source: literature as reviewed in the Introduction and Materials and Methods sections.
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uncalibrated model. The model considers crop production-
related sources and urbanization-related sources (Figure 1,
Table S2). Crop production-related sources include agricul-
tural plastic films, which are plastics from mulching and
greenhouses. After agricultural plastic film application on the
cropland, not all plastics are collected. A certain amount
(macro- and microplastics) stays on the land and can enter
rivers via a diffuse pathway (e.g., surface runoff). These are
diffuse sources of water pollution. Urbanization-related sources
refer to sewage systems and mismanaged solid waste resulting
from urban and rural populations. Sewage systems are the
pipes discharging effluents (containing microplastics) to rivers
after treatment. We consider that inputs of microplastics to
rivers resulting from sewage systems are point sources of water
pollution. However, not all microplastics from car tire wear
reach sewage systems. Some microplastics can stay on nearby
land and reach rivers via runoff as a diffuse source. We do not
consider this diffuse source in our model because of data
availability. Mismanaged solid waste is not managed properly
and contains plastics that can enter rivers in a diffuse matter
(e.g., via surface runoff). This is a diffuse source of water
pollution that we consider in our model.
Our new MARINA-Plastics (China-1.0) model differs from

the original version in two main aspects. First, we developed a
new modeling approach to calculate the annual input of macro-
and microplastics to rivers from mulching and greenhouse
plastics in crop production as inspired by existing studies.33−35

Second, we updated the local information about macro- and
microplastic inputs to rivers in 395 Chinese sub-basins for the
year 2015. The data sources of our model inputs and data
processing are presented in Supplementary Information Tables
S3 and S4.
For plastics from crop production, we took a lumped

approach to quantify the annual input of macro- and
microplastics to rivers from agricultural plastic films in the
MARINA-Plastics model (China-1.0). We accounted for the
transformation, degradation, and transportation processes of
macro- and microplastics from cropland to rivers (Figure 1).
For example, we considered microplastic inputs to land from
the mechanical abrasion of agricultural plastic films. After
plastics are collected from land, their films are left partly in
soils as macroplastic residues. Macro- and microplastic in soils
can degrade and be transported to rivers via surface runoff. We
also consider the impact of urbanization on water pollution.
Urbanization includes the effects of human activities in urban
and rural areas related to sewage connections of urban and
rural populations and mismanaged solid waste that is produced
from the total population. For plastics from urbanization-
related sources, we followed the MARINA-Plastics model
(Global-1.0) approach to quantify macro- and microplastic
inputs to rivers. Below, we explained how we calculated the
annual input of macro- and microplastics to rivers from crop
production and urbanization-related sources.

2.3. Inputs of Macro- and Microplastics to Rivers
from Crop Production. The total amount of plastics in rivers
from crop production is the sum of macro- and microplastics
from agricultural plastic films (1). The annual input of macro-
and microplastics to rivers from agricultural plastic films is
quantified in two steps. First, we quantified macro- and
microplastic residues in soils from the application of
agricultural plastic films (2 and 3). This was done as a
function of the mechanical abrasion, solar radiation, and
residue rates of macroplastics in soils. The mechanical abrasion

depends on plastic materials. Polyethylene (PE) and poly(vinyl
chloride) (PVC) are the dominant categories of agricultural
plastic films in China.34 Here, we considered the mechanical
abrasion for both PE and PVC based on the study of Ren et
al.33 (Tables S3 and S4). Moreover, we distributed the residue
rate for macroplastics in soils at the sub-basin scale based on
the study of Zhang et al.35 The residue rate implies that
macroplastics are left in the soil after agricultural plastic films
are collected (Tables S3 and S4).
Second, we accounted for macro- and microplastic

degradation in soils as a function of various processes and
surface runoff (4 and 5). The degradation rate influences losses
of macro- and microplastics during export from land to rivers.
Physical (e.g., solar radiation-related plastic degradation),
chemical (e.g., soil pH-related plastic degradation), and
biological (e.g.,microorganisms-related degradation) processes
influence the degradation rates of plastics in soils (Figure S1,
Table S5). We estimated the degradation rate of plastics in soil
based on the existing experimental studies (Table S5). Plastics
can be decomposed into carbon dioxide, organic matter, and
water. We assigned the plastic degradation rate of 1−5% in
soils to sub-basins based on the results of physical, chemical,
and biological processes (see Tables S3−S5, Figure S1).
Annual input of macro- and microplastics to rivers is
influenced by runoff and precipitation (4 and 5). In general,
more runoff means more chance that plastics enter rivers
compared to sub-basins with less runoff. Steep landscapes
generally have a higher velocity of runoff. Our model used
runoff for up-, middle-, and downstream sub-basins.
The equations of MARINA-Plastics (China-1.0) for

calculating the annual input of macro- and microplastics
from agricultural plastic films (crop production) are as follows

RSapf RSdif RSdifj j jmic.mac. mic.apf. mac.apf.= + (1)

WSdif APF MFj j jmic.apf. = × (2)

WSdif (APF WSdif ) frj j j jmac.apf. mic.apf. residue.= × (3)

RSdif WSdif (1 fr ) FEsrj j j jmic.apf. mic.apf. deg.= × × (4)

RSdif WSdif (1 fr ) FEsrj j j jmac.apf. mac.apf. deg.= × × (5)

where,
RSapfmic.mac.j is the total annual input of macro- and

microplastics (mac, mic) to rivers from agricultural plastic films
(apf) in sub-basin (j) (kg/yr);
RSdifmic.apf.j and RSdifmac.apf.j are the annual input of

microplastics (mic) and macroplastics (mac) to rivers from
agricultural plastic films (apf) in sub-basin (j), respectively
(kg/yr);
APFj is the annual application amount of agricultural plastic

films (mulching and greenhouse plastics) in sub-basin (j) (kg/
yr);
WSdifmic.apf.j is the annual input of microplastics (mic) to

cropland from agricultural plastic films (apf) in sub-basin (j)
(kg/yr);
WSdifmac.apf.j is the annual input of macroplastics (mac) to

cropland from agricultural plastic films (apf) in sub-basin (j)
(kg/yr);
MFj is the mechanical abrasion factor of microplastics from

the agricultural plastic films in sub-basin (j) (unitless). We
took the averaged mechanical value for polyethylene (PE) and
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poly(vinyl chloride) (PVC) based on the experimental study of
Ren et al.33 Details are presented in Table S4.
frresidue.j is the residue rate of macroplastics in soils (0−1).

This residue rate is based on the study of Zhang et al.35 which
considers the collection and recycling of greenhouse plastics
and mulching (Figure S2, Tables S3 and S4).
frdeg.j is the fraction of macro- and microplastics that are

degraded (deg) in soils in sub-basin (j) (0−1). Details are in
Tables S3 and S4 and Figure S1.
FEsrj is the export fraction of macro- and microplastics from

land to rivers via runoff (sr) in sub-basin (j) (0−1). This
fraction is calculated as the 30 years’ averaged runoff divided
by the 30 years’ averaged precipitation per sub-basin, following
the approach of Zheng et al.36 (see details in Tables S3 and
S4).

2.4. Inputs of Macro- and Microplastics to Rivers
from Urbanization-Related Sources. We distinguished two
types of sources for macro- and microplastics in rivers from
urbanization-related sources (Figure 1, Table S2). We did our
calculation in two steps. First, we calculated microplastics
entering rivers from sewage systems. Sewage systems collect
wastewater from the urban and rural populations. This
wastewater goes to treatment facilities. After treatment, sewage
effluents enter rivers. These effluents contain microplastics (7).
This was done by integrating information from the modeling
approaches of van Wijnen et al.18 Strokal et al.17,19 and
Siegfried et al.32 Details of data sources and data processing
can be founded in Tables S3 and S4.
Second, we calculated macro- and microplastics entering

rivers from mismanaged solid wastes based on the data of
Lebreton and Andrady.6 Details of our data processing are
presented in Table S4. Then, we followed the approaches of
Strokal et al.,19 van Wijnen et al.,18 and Siegfried et al.32 to
calculate the transport of macro- and microplastics to rivers.
This was done as a function of microplastic releases from
macroplastics, residence time, sub-basin characteristics (e.g.,
slow and fast fraction), and the fraction of macroplastics
entering rivers (8−18). The residence time, fast and slow
fractions reflect the transportation ability and fragmentation of
macro- and microplastics in the environment. In general, we
implicitly account for two pathways of microplastic export
from land to rivers following the approach of van Wijnen et
al.18 The release rate of microplastics from the fragmentation
of macroplastics is based on two fractions: slow and fast. The
slow fraction has a longer residence time of microplastic
release because macroplastics can be retained among river
banks and it takes time for microplastics to release from
macroplastics. The fast fraction has a shorter residence time of
microplastic release because these macroplastics can easily be
exported from sources to river systems, and these macro-
plastics are not stuck along river banks for a long time. The
residence time depends on the drainage land area of the rivers.
We followed the approach of Strokal et al.19 to calculate the
residence time at the sub-basin scale.
Below, we list the equations to quantify the annual input of

macro- and microplastics to rivers from urbanization-related
sources. The data sources of our model inputs and data
processing are presented in Supplementary Information Tables
S3 and S4.

RShum RSdif RSdif

RSpnt

j j j

j

mic.mac. mac.mpw. mic.mpw.

mic.sew.

= +

+ (6)

RSpnt WScap (1 hw ) PopConj j j jmic.sew. mic. mic.sew.= × ×
(7)

RSdif (WS RSdif )j j jmac.mpw. mic.mpw.= (8)

t FRSdif (WS t WS )j j j jmic.mpw. f. res.f. s. res.s.j mac= × + × ×
(9)

WS FR WSj f jf. = × (10)

WS FR WSj js. s= × (11)

t
Area

Area 60
1

365j
j

res.f.
land.

average
=

×
×

(12)

i
k
jjjjj

y
{
zzzzz

i

k
jjjjjjj

i
k
jjjjjj

y
{
zzzzzz

y

{
zzzzzzz

t 0.4 0.6
5000

Area

Area

Area
60

1
365

j
j

res.f.
land

land.

average
= + × × ×

×
(13)

t 5jres.s. = (14)

P FWSj j jMPW. leakage.= × (15)

P WSdif Popj j jMPW. mac.= × (16)

Pop Urb Rurj j j= + (17)

PopCon fr Urb fr Rurj j j j jurb.con. rur.con.= × + × (18)

where,
RShummic.mac.j is the annual input of macro- and micro-

plastics (mac, mic) to rivers from human waste in sub-basin
(j). It consists of diffuse (mismanaged solid waste) and point
sources (sewage systems) of plastics in rivers (see 7−9);
RSpntmic.sew.j is the annual input of microplastics (mic) to

rivers from sewage systems (sew) in sub-basin (j) (kg/yr). It is
a point source of microplastics in rivers;
RSdifmac.mpw.j and RSdifmic.mpw.j are the annual input of

macroplastics (mac) and microplastics (mic) to rivers from
mismanaged solid waste in sub-basin (j), respectively (kg/yr);
WScapmic.j is the consumption rate of microplastics (mic)

per capita (cap) in sub-basin (j) (kg/cap/yr). This model
input is estimated based on the Provincial Chinese Human
Development Index (HDI) (see details in Tables S3 and S4);
hwmic.sew.j is the annual removal fraction of microplastics

(mic) during sewage treatment (sew) in sub-basin (j) (0−1).
Treatment levels include primary, secondary, and tertiary
treatments (see details in Tables S3 and S4);
PopConj is the total population that is connected to sewage

systems in sub-basin (j), which includes the urban and rural
population(people/yr) (18);
WSj is the annual input of mismanaged solid waste in sub-

basin from the total population (j) (kg/yr);
WSf.j is the annual input of macroplastics into a fast fraction

in sub-basin (j) (kg/yr);
WSs.j is the annual input of macroplastics into a slow fraction

in sub-basin (j) (kg/yr);
tres.f.j is the average residence time of macroplastic in the fast

fraction in sub-basin (j) (yr). If sub-basins direct drain into the
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coastal waters and/or the land area is larger than 5000 km2,
then tres.f is estimated following 12 instead of 13;
tres.s.j is the average residence time of macroplastic in the

slow fraction (yr) in sub-basin (j);
Fmac is the release rate of microplastics from macroplastics

(0−1);
FRf is the share of mismanaged solid waste with a fast

fraction (0−1);
FRs is the share of mismanaged macroplastic waste with a

slow fraction (0−1);
Arealand.j is the total land area of sub-basin (j) (km2);
Areaaverage is the average land area of the 50 largest river

basins globally (km2);
PMPW.j is the amount of mismanaged plastic waste in sub-

basin (j) (kg/yr);

Fleakage.j is the fraction of macroplastic that can reach rivers in
sub-basins (j) (0−1). This parameter is assigned to sub-basins
based on solar radiation, soil pH, and also soil organic matter;
WSdifmac.j is the production of macroplastics (mac) per

capita in sub-basin (j) (kg/cap/yr);
Popj is the total population in sub-basin (j) (people/yr);
Urbj is the urban population in sub-basin (j) (people/yr);
Rurj is the rural population in sub-basin (j) (people/yr);
frurb.con.j is the fraction of the urban population connected to

sewage systems (0−1);
frrur.con.j is the fraction of the rural population connected to

sewage systems (0−1).
2.5. Pollution Hotspots. We defined “pollution hotspots”

for the annual input of macro- and microplastics in rivers
inspired by studies of Wang et al.37 and Li et al.38 We ranked
sub-basins according to the total amounts of macro- and
microplastics in rivers per km2 of the sub-basin area per year

Figure 2. Inputs of macro- and microplastics to rivers in China in the year 2015 and their sources in terms of the contribution of crop production,
and human activities in rural and urban areas. (a) Total national pollution level (kton/yr). (b−e) Inputs of macro- and microplastics to rivers and
their sources at the sub-basin scale (kg/km2/yr). Five levels are distinguished from low (Level I) to high (Level V) for the annual input of plastics
into rivers in kg/km2/yr. Sub-basins of Levels IV and V are defined as pollution hotspots because their rivers receive much higher inputs of plastics
per km2 than rivers in the sub-basin of Levels I−III. Point sources refer to microplastics from sewage systems. Diffuse sources include macro- and
microplastics from mismanaged solid wastes and agricultural plastic films. Source: The MARINA-Plastics model (China-1.0); see the model
descriptions in the Materials and Methods section.
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from the lowest to the highest values. We used statistical
quantiles (25, 50, 75, 100%) to define intervals for annual
input of macro- and microplastics in rivers per km2 of the sub-
basin from Level I (low inputs to rivers) to Level IV (high
inputs to rivers) and Level V (very high inputs to rivers). This
implies the following ranges for macro- and microplastics in
rivers (kg/km2/yr): 0−0.044 (Level I), 0.044−1.5 (Level II),
1.5−100 (Level III), 100−160 (level IV), over 160 (level V).
Levels IV and V are considered pollution hotspots in this study

because their inputs of plastics to rivers per km2 are much
higher than in other sub-basins (Level I−III non-hotspots).

3. RESULTS
3.1. Pollution Hotspots of Macro- and Microplastics

in Rivers. Plastic inputs to rivers in China were estimated to
be 716 kton in 2015 (Figure 2a). Around 85% of this amount
was macroplastics. The remainder was microplastics (Figure
2a). There was a large spatial variability in river pollution

Figure 3. Sources of macro- and microplastics in rivers at five pollution levels for the year 2015 (kton/yr). Five pollution levels are defined based on
inputs of plastics to rivers (note levels IV and V) are considered pollution hotspots (Materials and Methods section). The bar chart shows the
inputs of macroplastics (black) and microplastics (gray) to rivers in sub-basins. Pie charts show the share of different sources including crop
production and urbanization in river pollution with plastics. Crop production contributes macro- and microplastics in rivers from agricultural plastic
films that are resulted from mulching and greenhouses (diffuse sources). Urbanization-related sources contribute macro- and microplastics in rivers
from sewage systems (containing microplastics from laundry fibers, car tire wear, household dust, and personal care products; point sources), and
mismanaged solid waste (containing macroplastics; diffuse sources). Source: The MARINA-Plastics model (China-1.0) (see the model described in
the Materials and Methodssection).
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among the 395 sub-basins (Figure 2b). Sub-basins in Levels I−
II received less than 1.15 kg of plastics/km2/yr (Figure 2b),
resulting in 0.02 kton for Level I and 0.73 kton for Level II
(Figure 3). Together, these sub-basins cover 33% of the total
study area and are located in the western and northern parts of
China (Figure 3). For sub-basins in Level III, rivers received
between 1.15−100 kg of plastics/km2/yr (Figure 2b), resulting
in 208 kton in total (Figure 3). This total amount was similar
to the amount in the sub-basins of Level IV (Figure 3). Two
main reasons can explain this. One of the reasons is that the
drainage areas of Level III sub-basins are larger (48% of the
study area, Figure 3) compared to the drainage area of Level
IV sub-basins (11% of the study area, Figure 3). This implies
that Level III sub-basins have more area with activities
contributing to more loadings of plastics to rivers. The other
reason is related to the intensity of human activities per km2 of
land. Level III sub-basins are generally with fewer human
activities per km2 compared to Level IV and V sub-basins. This
leads to the fact that the plastic yield in Level III sub-basins (kg
of plastics in rivers per km2 of sub-basin area) is lower than the
plastic yield in Level IV sub-basins. Generally, in the sub-basins
of Levels I−III, over 90% of plastics were macroplastics
(Figure 3). The western sub-basins in Level III received more
macroplastics in rivers, compared to other sub-basins (Figure

2b). This is because of poor waste management in these sub-
basins.
Sub-basins with macro- and microplastic inputs in rivers that

exceed 100 kg of plastics/km2/yr (Figure 2b) were considered
plastic pollution hotspots (Levels IV and V). This resulted in
total plastic inputs of 207 kton for Level IV and 300 kton for
Level V to the rivers (Figure 3). These sub-basins are
concentrated in central and eastern China, covering around
one-fifth of the Chinese basin area generating around 71% of
total plastics in rivers (Figure 3). In these pollution hotspots,
over 80% of these amounts of plastics in rivers (as mass) were
contributed by macroplastics (Figure 3). Microplastic pollution
is also important for some individual eastern sub-basins in
Level IV and V because of the large amount of sewage effluents
discharging into rivers and intensive crop production (Figure
2).

3.2. Plastic Pollution from Crop Production. Agricul-
tural plastic films constituted 20% of plastics in Chinese rivers
(Figure 2a). This contribution is to the total plastics in all
rivers of China. Our model results show that approximately
2600 kton of agricultural plastic films were used in China’s
crop production in 2015 (Figure S3). After collection and
retention in soils, around 6% of plastics entered the rivers.
However, there is a large variability in macro- and micro-

Figure 4. Boxplots of the main drivers of macro- and microplastic pollution in rivers from crop production and urbanization-related sources for the
year 2015. The drivers are analyzed for the sub-basins and are classified based on the five pollution levels (see the Materials and Methodssection).
Drivers for crop production include crop yield (kton/km2 basin area/yr), applications of agricultural plastic films including mulching and
greenhouses (ton/km2/yr), and plastic residues in cropland (plastics that are left in soils after collection, ton/km2/yr). Drivers for urbanization
include the production of mismanaged solid waste (ton/km2/yr), the proportion of the population connected to sewage systems (%), and the
Human Development Index (HDI, 0−1). The human development index includes the years of schooling, Gross National Income per capita, and
life expectancy per year. Source: The MARINA-Plastics (China-1.0 model) (see the model described in the Materials and Methodssection).

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

https://doi.org/10.1021/acs.est.3c03374
Environ. Sci. Technol. 2023, 57, 12019−12032

12025

https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c03374/suppl_file/es3c03374_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c03374?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c03374?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c03374?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c03374?fig=fig4&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c03374?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


plastics in rivers among sub-basins (Figure 2b−e). The share
of agricultural plastic films in river pollution also differs among
macro- and microplastics. In general, agricultural plastic films
contributed to a limited extent to microplastics in rivers
(Figure 2a). In contrast, agricultural plastic films were more
important for macroplastics, but this is dependent on the
characteristics of sub-basins (Figures 3 and S4). In sub-basins
that we considered as non-pollution hotspots (Levels I−III),
the share of agricultural plastic films to river pollution ranged
from zero to 26% depending on the characteristics of the sub-
basins (Figure 3).
For Level I−II sub-basins, the contribution of agricultural

plastic films to plastics in rivers was limited. For Level I sub-
basins only a limited amount of agricultural plastic films were
applied and stayed in the soil, therefore, agricultural plastic
films did not contribute to plastics in their rivers (Figure 3).
For Level II sub-basins, agricultural plastic films contributed
11% to plastics in their rivers, which was higher than the
contribution for sub-basins in Level I. This is associated with
the intensity of agricultural practices. Limited agricultural
activities were presented in sub-basins of Levels I−II. For
example, these sub-basins had a crop yield of 0.004 kton/km2/
yr and the application of agricultural plastic films is around
0.06 ton/km2/yr (statistical mean values, Figure 4). After crop
harvesting, agricultural plastic films were largely collected.
Plastic residues in soils for these sub-basins were calculated at
0.012 ton/km2/yr (a statistical mean value, Figure 4).
For Level III sub-basins, the contribution of agricultural

plastic films to plastics in rivers was more than doubled
compared to sub-basins in Levels I−II (Figure 3). This is
because the Level III sub-basins had a large land area and
intensive crop production there. A crop yield was estimated to
be at 0.03 kton/km2/yr (a statistical mean value). The use of
agricultural plastic films (0.16 ton/km2/yr on average) was
higher than in the sub-basins of Levels I−II (Figure 4). As a
result, plastic residues in soil of the Level III sub-basins were
higher compared to that in the sub-basins of Level I−II. A large
share of agricultural plastic films to river pollution was
estimated for individual northwest sub-basins of Level III,
where agricultural plastic films were responsible for more than
half of the macro- and microplastics in rivers (Figure 2c,d)
because of intensive agriculture there.
For the sub-basin of Level IV−V (hotspots), the share of

agricultural plastic films in river pollution ranged from 17% to
20%. This was associated with the higher use of plastic
mulching and greenhouses for crop production in these sub-
basins, where plastic film collection and recycling were limited
(Figure 3). Although the share of agricultural plastic films in
Levels IV−V sub-basins was lower than in the Level III sub-
basins, the plastic production in Levels IV−V sub-basins are
higher than in the Level III sub-basins. This is because Levels
IV−V sub-basins are urbanized, thus, more plastic pollution
from urbanization-related sources, rather agriculture. However,
agriculture is more intensified in the Level IV−V sub-basins,
compared to the other sub-basins. In the Levels IV−V sub-
basins, crop yield and the use of agricultural plastic films were
calculated at 0.13 kton/km2/yr and 0.79 ton/km2/yr,
respectively (statistical means for the sub-basins, Figure 4).
Plastic residues in soils are 0.13 ton/km2/yr (a statistical mean
value, Figure 4). These residues were higher than in the non-
hotspots (Levels I−III).

3.3. Plastic Pollution from Urbanization-Related
Sources. Urbanization-related sources constituted 80% of

total plastics in rivers (Figure 2a). Mismanaged plastic waste
from the total population was the major source of macro-
plastics in rivers (Figure 3). Sewage systems were the major
sources of microplastics in rivers (Figure 2a,e, Supplementary
Figure S5). Our model results show that mismanaged solid
waste contributed 65% to macro- and microplastics in all rivers
of China in 2015 (Figure 2a). For macroplastics alone, the
contribution of mismanaged solid wastes was 76% of the total
amount of macroplastics (Figure 2a). Sewage effluents
discharged around 103 kton of microplastics into Chinese
rivers. Laundry fibers and household dust in sewage effluents
take the dominant share in point source pollution for almost all
sub-basins (Figure 2e). Among sub-basins (Level I−V), the
contribution of plastics from sewage systems and mismanaged
solid waste varied depending on urbanization.
For Level I−II sub-basins, mismanaged solid wastes

contributed by over 85% to plastics in their rivers, and
macroplastics were dominated. Sewage systems had a limited
contribution to plastics in their rivers (2−12% Figure 3). This
is associated with low urbanization and societal developments
in these sub-basins. The sub-basins of Level I−II had a low
population density (Figure S6). The human development
index was around 0.67 (Figure 4). Only 3% of the population
was connected to sewage systems and the production of
mismanaged solid wastes was estimated at around 0.005 ton/
km2/yr (a statistical mean over the sub-basins; Figure 4).
For Level III sub-basins, mismanaged solid wastes

contributed by over 60% to plastics in their rivers. Sewage
inputs of microplastics accounted for 8% of plastics in these
sub-basins. However, rivers in Level III received much more
plastics from urbanization-related sources, compared to Level
I−II sub-basins. The differences can be explained by better
societal developments in Level III sub-basins (Figure S6). The
human development index was around 0.74 on average (Figure
4). Compared to sub-basins in Levels I−II, the sub-basins of
Level III were more populated with more people connected to
sewage systems (around 16% of the total population), and
more production of mismanaged solid wastes (e.g., 0.6 ton/
km2/yr on average, Figure 4).
For Levels IV−V sub-basins (hotspots), mismanaged solid

waste contributed around 65% to plastics in rivers (Figure 3).
This is because these sub-basins had insufficient waste
collection and management (Figure 2b,c). They were the
most populated and urbanized areas among sub-basins (Figure
4). The human development index in Levels IV−V sub-basins
was around 0.77 (statistical average). The production of
mismanaged solid waste in the sub-basins of Level IV and V
was much higher than in the other sub-basins: around 2.9 ton/
km2/yr for Level IV and 7.2 ton/km2/yr for Level V (Figure
4). More microplastic inputs to rivers are calculated for
hotspot sub-basins (Level IV−V) compared to non-hotspot
sub-basins (Level I−III). Sewage systems were responsible for
15−18% of plastics in rivers (Figure 3, Levels IV−V). This is
the result of a large share of the population (over 44% of the
total population) connected to sewage systems. For Level V
sub-basins, car tire wear in sewage effluents was the dominant
source of microplastics in rivers (around 50%). This is because
of densely populated cities with high-level economic develop-
ments in these sub-basins (Figure 4).

4. DISCUSSION
4.1. Model Evaluation and Uncertainties. Validating

our model for macroplastics and microplastics in 395 sub-
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basins of China is challenging. Observational data are scarce,
and often presented as plastic particles and limited in time and
space. In addition, our model calculates the mass of plastics,
making the comparison with experiments (e.g., particles)
difficult. Therefore, we evaluated our model by adopting a
widely used “building trust” approach for large-scale water
quality models.17,39 In our study, this approach includes five
options to build trust in our model:
Option 1 is to evaluate model outputs against existing

studies. Our model outputs are in line with available studies
(Table S6). Wang et al.21 and our study indicate that the
middle and eastern parts of China received considerable
amounts of microplastics in rivers. We estimated 103 kton of
microplastics in Chinese rivers from sewage systems. This is
somewhat lower than in Wang et al.,21 because of differences in
considered pollution sources. Our model calculates a large
contribution of sewage systems to microplastic pollution in
rivers of mainland China, which is in line with Cheung et al.40

Ren et al.34 estimated the amount of microplastics entering
rivers from soil erosion based on soil sampling data in 19
Chinses provinces. They showed that pollution hotspots are
located in central and eastern China. Our hotspots of
microplastic pollution from agriculture are comparable with
their findings (Figure S4). We show that the downstream part
of the Yangtze basin is a hotspot of plastic pollution, which is
in line with the observation of Han et al.41

Option 2 is to compare model inputs with existing studies.
We estimated that around 16700 kton of mismanaged solid
waste was produced in China in 2015 (Figure S3). This is
higher than in Li42 and Jambeck et al.29 in 2010 because of
differences in modeling approaches, datasets, and time scales.
Our estimation for plastic residues in the soil is partly in the
range of local experimental results (Table S7). This is because
temporal differences and experiments often cover specific
fields, whereas our study is at the sub-basin scale. Moreover,
the spatial distribution of our plastic residues in agricultural
soils is comparable with the spatial distribution of the second
soil census35 (Figure S7). The slight differences can be
explained by differences in temporal scales and approaches
differences between our study and the soil census. Data are
lacking for some western, southern, and eastern China in the
soil census report, but both of our results indicate that the
central and northeastern sub-basins are hotspots of plastic
pollution. We estimated a high runoff fraction in southern and
eastern sub-basins in China, which is comparable with the
runoff fraction at the basin scale (from the Year Book of China
Water Resources)43 (details see Table S4).
Option 3 is to build trust in our model based on experts’

knowledge of uncertain model parameters. Our model is an
integration of the existing knowledge and the literature on
soil−water interactions for plastics. We reviewed relevant
literature on the physical, chemical, and biological processes
influencing plastic degradation44−46 (Table S5, Figure S1).
Moreover, we verified our estimation of the mechanical
abrasion fraction by considering the effects of solar radiation
based on experts’ knowledge. High solar radiation is associated
with a higher mechanical abrasion fraction and vice versa.
Details of assigned mechanical abrasion fractions in sub-basins
were presented in Table S4. We used existing knowledge in the
field of soil erosion to quantify macro- and microplastic
transport from agricultural land to rivers by surface run-
off.36,47−49

Option 4 is to perform a sensitivity analysis. We did a
sensitivity analysis for microplastics, macroplastics, and total
plastic inputs to rivers, respectively (Figure S8). We tested the
sensitivity of model outputs to changes in model inputs. We
selected 13 model inputs which were increased and decreased
by 10%, following the approach of Strokal et al.19 As a result,
we had 26 alternative model runs. We compared the model
outputs between the original model run (presented in Section
3) and alternative model runs (from sensitivity analysis). Our
model outputs are relatively sensitive to changes in some of the
model parameters (Supplementary Information Figure S8).
For example, model outputs are calculated to increase or
decrease by 0.3% as a result of a 10% increase or decrease in
the degradation rate of macro- and microplastics from
agriculture-related sources. Around 3% increases or decreases
are calculated for model outputs as a result of a 10% increase
or decrease in the removal fraction of microplastics in sewage
systems from urbanization-related sources. Generally, we
calculated higher changes in model outputs due to changes
in the fraction of the population connected to sewage systems
and in the urban and rural population. Our sensitivity analysis
shows the important model inputs influencing model outputs.
This can contribute insights into plastic management on land.
Option 5 is to reflect on the uncertainties and limitations in

the model structure. As an integrated model, our model has
uncertainties and limitations related to the model structure and
assumptions. Our model takes a lumped approach. The model
is developed for large-scale analyses. We scaled up the main
processes into several model parameters and inputs for sub-
basins. Our study calculated the mass of plastics in rivers, we
did not account for the changes in the size and weight of
plastic particles during the transport process. This differs from
the study of Ren et al.34 They calculated the microplastic
pollution in agriculture based on the assumptions for the size
and weight of particles in the soil. In addition, we did not
consider the variability within the sub-basins (e.g., the distance
from cropland to the river).5 Thus, our study should not be
applied to analyzing local situations (e.g., specific fields or
cropland). This differs from the study of Meijer et al.5 because
they used a probabilistic modeling approach to estimate the
probability of microplastics transport from one cell to the other
(3 × 3−arc sec scale). We calculated macro- and microplastics
entering rivers via runoff as inspired by the approach of Zheng
et al.36 which is used for nutrients. Runoff implicitly reflects the
impact of land use and slope on plastic export. The study of
Meijer et al.5 used a different approach to account for
microplastic transport from land to rivers, which quantified the
effects of slope to plastic transportation. We believe the
uncertainties in our modeling approach will not largely affect
our main findings, because we considered the important
processes of plastic transport associated with application rates,
in-soil degradation and fragmentation, and surface runoff.
In our model, we considered sewage inputs of microplastics

to rivers from car tire wear, personal care products, laundry
fiber, and household dust. These are point sources of river
pollution. However, microplastics from car tire wear can also
enter rivers with road runoff,50 which are diffuse sources of
river pollution. These diffuse sources are not considered in our
model. Another limitation is that the model does not consider
wind drift which can potentially influence plastic transport
from soil to rivers and increase plastic pollution.49,51,52 We also
realized there are more missing sources, for instance, soil
erosion,34,49 industries and ships,21,53 sludge reuse and organic
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fertilizer utilization,44,54 floods,49,51,55 and stormwater.56 Thus,
our river pollution levels might be underestimated. Never-
theless, we believe that our conclusions do not change because
we focus on crop production and urbanization impacts on
macro- and microplastic pollution. Our focus covered the
important activities (e.g., mismanaged solid waste, sewage, and
agricultural plastic film) in China.21,29,35 Our study is
presented at an annual step. However, the seasonality of
plastic pollution has been found in existing studies, which are
related to runoff and discharge load.57,58 In the next steps,
future research can build on this and include other aspects
(e.g., missing sources and seasonality).
We are aware of the limitations and uncertainties in our

assumptions for model inputs. Mismanaged solid waste is one
of the important model inputs. We used the data for this input
from Lebreton and Andrady.6 To our knowledge, it is the most
complete dataset that covers China as a whole and is at the
grid of 0.5°. This resolution enables us to aggregate the data
into sub-basins for China. However, we realized that the data
might have some uncertainties associated with, for example,
collection rates of waste, and its management. The uncertainty
is also related to our assumptions on microplastics entering soil
via the mechanical process. We are aware that part of
agricultural plastic films may be buried in the soil during
farming practices.59 Thus, we may overestimate the micro-

plastics in the soil caused by mechanical processes. However,
these limitations may not affect our conclusion on the spatial
differences of environmental and hydrological factors (e.g.,
solar radiation, pH, runoff) as well as sub-basin characteristics
(e.g., population, sewage connections, mismanaged waste)
because of our focus on the sub-basin (large geographical
units) and national analyses.
Our results are for the year 2015 because it is a

representative year. More and more policies and action plans
have been published to tackle plastic pollution from both
agriculture and daily practices after 2014 (Table S1). In
addition, there are fewer changes between 2015 to 2020 in
plastic management based on the data from China Statistic
Yearbook.60,61 For instance, the application amount of
agricultural plastic films decreased by 8% in 2019 compared
to 2015.60,61 The population only increased by 2% between
2010 to 202062,63 (see Supplementary Figure S6). Thus, we
believe our modeled results are still useful for public to
understand the current plastic pollution. We expect that
pollution levels are even higher today than in 2015. This means
that our conclusions on pollution hotspots and their causes are
still relevant for plastic management today.

4.2. Insights into Plastic Pollution Reduction. Our
study improves our understanding of national macro- and
microplastic pollution and its sources. Our findings could

Figure 5. Nine strategies for plastic pollution reduction in Chinese sub-basins. Numbers 1 to 5 mitigate plastic pollution from agriculture. Numbers
6 to 9 mitigate plastic pollution from urban areas.
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support the design of plastic reduction strategies in response to
green development in China: sustainable agriculture, sustain-
able urbanization,64 and clean water. We calculated that
macroplastics take the dominant share in the total plastic
inputs to rivers. Most macroplastics in rivers are from
mismanaged solid waste. This implies waste management is
important for plastic pollution reduction in the future (Figure
5). For instance, strategies to better manage solid waste and
agricultural plastic films could be implemented at the national
level (Strategies 1, 2, 3, 6, 7 in Figure 5). It can include policies
for effectively controlling plastic production, consumption,
recycling, and treatment in urban and rural areas. Regulation
on the management of agricultural plastic films aims to build a
green agricultural environment by inspecting the plastic films
to ensure their high quality for agricultural activities (e.g., the
thickness of agricultural films should be over 0.02mm). Plastic
recycling and waste management (e.g., better collection) could
be improved in all sub-basins to reduce plastic pollution from
mismanaged solid waste. Examples of such a strategy (Strategy
7 in Figure 5) could be an “Eco-industrial Park” to improve the
waste systems65 and waste management in Singapore and
Shanghai.66,67

Our study provides insights for a better understanding of
plastics in rivers and their sources at the sub-basin scale. It can
help to prioritize plastic reduction strategies in China. It
indicates where (sub-basins) and what (pollution sources)
efforts are needed to reduce plastic pollution (Figure 5). For
example, we identified hotspot sub-basins (Level IV and V)
that can be priority areas for plastic control. For instance, in
sub-basins of Level IV and V, Strategies 1, 2, 3, 6, 7, extra
Strategy 4 (e.g., better agricultural films recycling in cropland),
Strategy 5 (e.g., integrating scientific knowledge and farming
practices in agricultural practices68), and Strategy 8 (e.g., using
membrane bioreactors69) and Strategy 9 (different barriers for
plastics collection, cleanup programs such as (e.g., https://
theoceancleanup.com/)70) could be applied in these sub-
basins (see more examples in Figure 5). For Level I sub-basins,
reducing plastics from sewage systems and mismanaged waste
(Strategies 1, 6, 7) might be beneficial because of the large
contribution of these sources to water pollution. For Level II
sub-basins, strategies 1, 2, 3, 6, and 7 may be considered
(Figure 5). For Level III sub-basins, Strategies 1, 2, 3, 5, 6,
could be implemented there. Our modeling approach can help
to explore the possibilities for future plastic pollution
reduction.
The current study of Borrelle et al.71 pointed out that efforts

on plastic pollution mitigation may not reduce the growth in
plastic waste. In the “14th Five-Year Plan” in China,72 plastic
reduction has been proposed as one of the future targets.
MARINA-Plastics (China-1.0) can be a tool for supporting the
call for the “14th Five-Year Plan” in China. Our model can
incorporate the target of the “14th Five-Year Plan” and existing
technologies to explore the possibility of assessing the effects of
plastic reduction in the future. From this, we can provide
information on where to prioritize plastic pollution reduction
(hotspots) in the future, and how to reduce plastic pollution by
sources at different sub-basins in China. This information is
important for designing new plastic management strategies in
China. China is one of the biggest plastic consumers globally,
and plastic pollution mitigation in China is important across
the world. Our model can be applied to other regions that
experience similar plastic pollution problems associated with
crop production and urbanization.

Our study is the first attempt to account for macro- and
microplastics from crop production and human activities in
urban and rural areas. MARINA-Plastics model (China-1.0) is
developed to quantify the macro- and microplastic pollution in
395 Chinese sub-basins. In 2015, 716 kton of plastic entered
rivers causing plastic pollution. Approximately 20% of the basin
area is located in central and eastern sub-basins, contributing
around 71% of plastics in rivers. These sub-basins are densely
populated with intensive agricultural activities. Agricultural
plastic films are responsible for 20% of plastics in Chinese
rivers and the remainder from other sources. Mismanaged
waste from urban and rural is responsible for 65% of macro-
and microplastics in rivers. The majority of microplastics in
Chinese rivers are discharged from sewage effluents.
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threat of plastic waste during the navigation of ships through the
Turkish straits. Environ. Monit. Assess. 2020, 192, 508.
(54) Luo, Y.-m.; Zhou, Q.; Zhang, H.-b.; Pan, X.-l.; Tu, C.; Li, Z.-l.;
Yang, J. Pay attention to research on microplastic pollution in soil for
prevention of ecological and food chain risks. Bull. Chin. Acad. Sci
2018, 33, 1021−1030.
(55) Roebroek, C. T. J.; Harrigan, S.; Emmerik, T. H. M. V.; Baugh,
C.; Eilander, D.; Prudhomme, C.; Pappenberger, F. Plastic in global
rivers: are floods making it worse? Environ. Res. Lett. 2021, 16,
025003.
(56) Brooks, J. M.; Stewart, C. J.; Haberstroh, C. J.; Arias, M. E.
Characteristics and fate of plastic pollution in urban stormwater
ponds. Environ. Pollut. 2023, 320, No. 121052.
(57) Xia, F.; Yao, Q.; Zhang, J.; Wang, D. Effects of seasonal
variation and resuspension on microplastics in river sediments.
Environ. Pollut. 2021, 286, No. 117403.
(58) Ouyang, W.; Zhang, Y.; Wang, L.; Barceló, D.; Wang, Y.; Lin,
C. Seasonal relevance of agricultural diffuse pollutant with micro-
plastic in the bay. J. Hazard. Mater. 2020, 396, No. 122602.
(59) Serrano-Ruiz, H.; Martin-Closas, L.; Pelacho, A. M.
Biodegradable plastic mulches: Impact on the agricultural biotic
environment. Sci. Total Environ. 2021, 750, No. 141228.
(60) NBSC. China Rural Stastical Yearbook; Bureau, C. S., Ed.;
China Statistics Press: Beijing, 2016.
(61) NBSC. China Statistic Yearbook; China, N. B. o. S. o., Ed.;
China Statistic Press: Beijing, 2021.
(62) Jones, B.; O’Neill, B. C. Spatially explicit global population
scenarios consistent with the Shared Socioeconomic Pathways.
Environ. Res. Lett. 2016, 11, No. 084003.
(63) Gao, J. Downscaling Global Spatial Population Projections from
1/8-Degree to 1-km Grid Cells; National Center for Atmospheric
Research: Boulder, 2017; p 9.
(64) Hammer, S.; Kamal-Chaoui, L.; Robert, A.; Plouin, M. Cities
and Green Growth: A Conceptual Framework, OECD Regional
Development Working Papers, 2011.
(65) Geng, Y.; Tsuyoshi, F.; Chen, X. Evaluation of innovative
municipal solid waste management through urban symbiosis: a case
study of Kawasaki. J. Cleaner Prod. 2010, 18, 993−1000.
(66) Zhou, J.; Li, L.; Wang, Q.; Fan, Y. V.; Liu, X.; Klemes,̌ J. J.;
Wang, X.; Wa, Y.; Tong; Jiang, P. Household waste management in
Singapore and Shanghai: Experiences, challenges and opportunities
from the perspective of emerging megacities. Waste Manage. 2022,
144, 221−232.
(67) Xiao, S.; Dong, H.; Geng, Y.; Francisco, M.-J.; Pan, H.; Wu, F.
An overview of the municipal solid waste management modes and
innovations in Shanghai, China. Environ. Sci. Pollut. Res. 2020, 27,
29943−29953.
(68) Jiao, X.-q.; Zhang, H.-y.; Ma, W.-q.; Wang, C.; Li, X.-l.; Zhang,
F.-S. Science and Technology Backyard: A novel approach to

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

https://doi.org/10.1021/acs.est.3c03374
Environ. Sci. Technol. 2023, 57, 12019−12032

12031

https://doi.org/10.1126/science.1260352
https://doi.org/10.1126/science.1260352
https://doi.org/10.1163/24686042-12340034
https://doi.org/10.1163/24686042-12340034
https://doi.org/10.1093/nsr/nwaa146
https://doi.org/10.1093/nsr/nwaa146
https://doi.org/10.1093/nsr/nwaa146
https://doi.org/10.1016/j.watres.2017.10.011
https://doi.org/10.1016/j.watres.2017.10.011
https://doi.org/10.1016/j.chemosphere.2019.125630
https://doi.org/10.1016/j.chemosphere.2019.125630
https://doi.org/10.1016/j.envpol.2021.118227
https://doi.org/10.1016/j.envpol.2021.118227
https://doi.org/10.1021/acs.est.1c04369?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c04369?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.iswcr.2021.04.009
https://doi.org/10.1016/j.iswcr.2021.04.009
https://doi.org/10.1021/acs.est.7b06138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b06138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.watres.2021.117906
https://doi.org/10.1016/j.watres.2021.117906
https://doi.org/10.1016/j.watres.2017.05.053
https://doi.org/10.1016/j.watres.2017.05.053
https://doi.org/10.1016/j.scitotenv.2022.158887
https://doi.org/10.1016/j.scitotenv.2022.158887
https://doi.org/10.1002/wat2.1268
https://doi.org/10.1002/wat2.1268
https://doi.org/10.1021/acs.est.5b02661?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b02661?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b02661?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b01750?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b01750?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b01750?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.catena.2014.04.011
https://doi.org/10.1016/j.catena.2014.04.011
https://doi.org/10.1088/1748-9326/8/2/024020
https://doi.org/10.1088/1748-9326/8/2/024020
https://doi.org/10.1088/1748-9326/8/2/024020
https://doi.org/10.1186/s40538-021-00278-9
https://doi.org/10.1186/s40538-021-00278-9
https://doi.org/10.1186/s40538-021-00278-9
https://doi.org/10.1186/s40538-021-00278-9
https://doi.org/10.1186/s43591-021-00008-w
https://doi.org/10.1186/s43591-021-00008-w
https://doi.org/10.3389/frwa.2021.786936
https://doi.org/10.3390/environments7100073
https://doi.org/10.1007/s10661-020-08474-0
https://doi.org/10.1007/s10661-020-08474-0
https://doi.org/10.1007/s10661-020-08474-0
https://doi.org/10.1088/1748-9326/abd5df
https://doi.org/10.1088/1748-9326/abd5df
https://doi.org/10.1016/j.envpol.2023.121052
https://doi.org/10.1016/j.envpol.2023.121052
https://doi.org/10.1016/j.envpol.2021.117403
https://doi.org/10.1016/j.envpol.2021.117403
https://doi.org/10.1016/j.jhazmat.2020.122602
https://doi.org/10.1016/j.jhazmat.2020.122602
https://doi.org/10.1016/j.scitotenv.2020.141228
https://doi.org/10.1016/j.scitotenv.2020.141228
https://doi.org/10.1088/1748-9326/11/8/084003
https://doi.org/10.1088/1748-9326/11/8/084003
https://doi.org/10.1016/j.jclepro.2010.03.003
https://doi.org/10.1016/j.jclepro.2010.03.003
https://doi.org/10.1016/j.jclepro.2010.03.003
https://doi.org/10.1016/j.wasman.2022.03.029
https://doi.org/10.1016/j.wasman.2022.03.029
https://doi.org/10.1016/j.wasman.2022.03.029
https://doi.org/10.1007/s11356-020-09398-5
https://doi.org/10.1007/s11356-020-09398-5
https://doi.org/10.1016/S2095-3119(19)62592-X
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c03374?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


empower smallholder farmers for sustainable intensification of
agriculture in China. J. Integr. Agric. 2019, 18, 1657−1666.
(69) Talvitie, J.; Mikola, A.; Koistinen, A.; Setälä, O. Solutions to
microplastic pollution − Removal of microplastics from wastewater
effluent with advanced wastewater treatment technologies. Water Res.
2017, 123, 401−407.
(70) Helinski, O. K.; Poor, C. J.; Wolfand, J. M. Ridding our rivers of
plastic: A framework for plastic pollution capture device selection.
Mar. Pollut. Bull. 2021, 165, No. 112095.
(71) Borrelle, S. B.; Ringma, J.; Law, K. L.; Monnahan, C. C.;
Lebreton, L.; Mcgivern, A.; Murphy, E.; Jambeck, J.; Leonard, G. H.;
Hilleary, M. A.; Eriksen, M.; Possingham, H. P.; Frond, Hd.; Gerber,
L. R.; Polidoro, B.; Tahir, A.; Bernard, M.; Mallos, N.; Barnes, M.;
Rochman, C. M. Predicted growth in plastic waste exceeds efforts to
mitigate plastic pollution. Science 2020, 369, 1515−1518.
(72) Commission, N. D. a. R. NDRC, Action plan for plastic
pollution control of the “14th Five-Year Plan″, 2021, http://www.gov.
cn/zhengce/zhengceku/2021-09/16/content_5637606.htm.

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

https://doi.org/10.1021/acs.est.3c03374
Environ. Sci. Technol. 2023, 57, 12019−12032

12032

 Recommended by ACS

Predicted Growth in Plastics Entering Biosolids and
Agricultural Lands Exceeds Efforts to Control Source
Emissions
Elvis D. Okoffo, Kevin V. Thomas, et al.
JULY 11, 2023
ACS ES&T WATER READ 

How Digestive Processes Can Affect the Bioavailability of
PCBs Associated with Microplastics: A Modeling Study
Supported by Empirical Data
Nur Hazimah Mohamed Nor, Albert A. Koelmans, et al.
JULY 28, 2023
ENVIRONMENTAL SCIENCE & TECHNOLOGY READ 

Adding Depth to Microplastics
Margherita Barchiesi, Albert A. Koelmans, et al.
SEPTEMBER 08, 2023
ENVIRONMENTAL SCIENCE & TECHNOLOGY READ 

Wet Deposition of Globally Transportable Microplastics
(<25 μm) Hovering over the Megacity of Beijing
Yalan Chen, Bo Gao, et al.
JULY 17, 2023
ENVIRONMENTAL SCIENCE & TECHNOLOGY READ 

Get More Suggestions >

https://doi.org/10.1016/S2095-3119(19)62592-X
https://doi.org/10.1016/S2095-3119(19)62592-X
https://doi.org/10.1016/j.watres.2017.07.005
https://doi.org/10.1016/j.watres.2017.07.005
https://doi.org/10.1016/j.watres.2017.07.005
https://doi.org/10.1016/j.marpolbul.2021.112095
https://doi.org/10.1016/j.marpolbul.2021.112095
https://doi.org/10.1126/science.aba3656
https://doi.org/10.1126/science.aba3656
http://www.gov.cn/zhengce/zhengceku/2021-09/16/content_5637606.htm
http://www.gov.cn/zhengce/zhengceku/2021-09/16/content_5637606.htm
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c03374?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acsestwater.3c00037?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acsestwater.3c00037?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acsestwater.3c00037?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acsestwater.3c00037?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acsestwater.3c00037?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acsestwater.3c00037?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acsestwater.3c00037?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acsestwater.3c00037?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acsestwater.3c00037?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acsestwater.3c00037?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acsestwater.3c00037?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acsestwater.3c00037?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acsestwater.3c00037?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acsestwater.3c00037?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acsestwater.3c00037?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acsestwater.3c00037?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acsestwater.3c00037?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acsestwater.3c00037?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acsestwater.3c00037?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acsestwater.3c00037?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acsestwater.3c00037?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acsestwater.3c00037?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acsestwater.3c00037?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acsestwater.3c00037?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acsestwater.3c00037?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acsestwater.3c00037?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acsestwater.3c00037?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acsestwater.3c00037?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acsestwater.3c00037?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c02129?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03620?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03620?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03620?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03620?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03620?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03620?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03620?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03620?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03620?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03474?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03474?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03474?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03474?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03474?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03474?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03474?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03474?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03474?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03474?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03474?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03474?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03474?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03474?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03474?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03474?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03474?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03474?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03474?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03474?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03474?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03474?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03474?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03474?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03474?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03474?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03474?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03474?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
http://pubs.acs.org/doi/10.1021/acs.est.3c03474?utm_campaign=RRCC_esthag&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694861165&referrer_DOI=10.1021%2Facs.est.3c03374
https://preferences.acs.org/ai_alert?follow=1

