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Green roofs act as the first barrier to
intercept microplastics from urban

atmosphere

M| Check for updates

Jianshi Huang', Mengrong Bao', Shuangqi Wu', Ying Wang? & Shuiping Cheng ® '*

Green roofs are often considered barriers against polluted precipitation, but their effectiveness in
capturing airborne microplastics remains unclear. Here we evaluate modular green roofs under
simulated wet deposition to assess their ability to intercept and retain microplastics. We find that green
roofs remove over 97.5% of deposited microplastics. In Shanghai, China, this corresponds to an
annual interception of approximately 1.70 x 1072 particles, or 56.2 tonnes. Higher rainfall intensity
slightly improves capture efficiency by increasing moisture and reducing infiltration forces. Fragment-
shaped microplastics are more easily retained than fiber-shaped ones. Most particles are trapped in
the soil layer, while some are retained by vegetation, although air turbulence may remobilize fibers.
Surface and chemical analysis reveals that plastic materials within green roofs themselves can
degrade, potentially releasing microplastics in the process. These results show that green roofs can
play a valuable role in reducing urban microplastic pollution and offer practical insights for designing

future stormwater and air-quality management strategies.

Microplastic pollution has become pervasive across aquatic"”’,
terrestrial™, and atmospheric ecosystems™’, raising escalating global
concerns. The proliferation of these particles is closely linked to
human activities, posing a latent risk to human health™®. In coastal
cities, the transport of microplastics involves a complex exchange of
substances between the ocean, inland areas, and urban environments.
The primary pathways for microplastics into coastal urban land-
scapes include atmospheric deposition, stormwater transport, river-
ine input, and marine wave action, with both atmospheric fallout and
stormwater runoff serving as significant entry and transport
mechanisms™”'". This deposition not only facilitates the entry of
microplastics into aquatic systems but also increases the potential for
human inhalation exposure''.

In efforts to mitigate urban atmospheric microplastic deposition,
research has increasingly focused on the efficacy of surface runoff treatment
facilities. Systems such as bioretention ponds'’, vegetated swales", and
constructed wetlands'* have demonstrated commendable capabilities in
intercepting microplastics horizontally. These facilities may also contribute
to treating microplastics from roof runoff, although their efficiency in this
regard requires further investigation. However, the input of microplastics
from atmospheric deposition remains significant even after interception”’,

underscoring the necessity for further research on reducing this
atmospheric input.

Urban rooftops, as primary receptors for both atmospheric wet and dry
deposition, provide a strategic opportunity for the initial interception of
atmospheric pollutants. Over the past decade, research on green roofs as
modifications of impermeable rooftops has accelerated. There is substantial
evidence that these sustainable practices provide multiple environmental
benefits, including air cleaning, stormwater retention, and runoff
purification'®, thereby reducing the burden on local water treatment facil-
ities. However, previous studies on green roofs have primarily focused on
the reducing dissolved matters such as nutrients, heavy metals, and organic
pollutants'*, with little attention given to atmospheric particulates like
microplastics. Since roof areas constitute 40-50% of urban impermeable
areas"”, developing green roofs holds significant potential for intercepting
atmospheric microplastic and improving urban water quality, warranting
further investigation.

This study employed a green roof module as a pilot installation to
evaluate its ability in intercepting microplastics under various rainfall
conditions. By investigating the vertical transport mechanisms of atmo-
spheric microplastic within green roof systems during wet deposition, this
research aimed to elucidate the underlying processes and dynamics. The
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findings were expected to enhance our understanding of microplastic
transport in urban environments and inform strategies to prevent the
transfer of atmospheric microplastic pollution into aquatic ecosystems.

Results and discussion

Temporal dynamics of microplastics during rainfall events and
interception flux

Effluent microplastic concentrations from green roofs were tracked during
simulated rainfall events. As shown in Fig. 1, concentrations generally
ranged from dozens to hundreds, decreasing over time since the onset of
outflow. Notably, microplastic concentrations dropped within the first
20 min, reaching levels 2-5 times higher than those in later stage of rainfall.
This pattern is likely due to the limited retention capacity of the green roof
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Fig. 1 | Time courses for the effluent concentration of microplastics during
simulated rainfall events. a Light rainfall (2.5 mmh'). b Moderate rainfall
(7Z5mmh™). ¢ Heavy rainfall (14.5 mm h™!). d Torrential rainfall (36.5 mmh™")
(BL: blank group, CK: control group, RR: R. rosea group, SL: S. lineare group). Error
bars represent the standard deviation of triplicate measurements. The violin plots

substrate and the direct input of MPs from precipitation, rather than a
typical ‘first flush’ effect caused by accumulated pollutants being washed off
after a dry period. Unlike surface runoff systems, where first flush results
from pollutant buildup during antecedent dry periods®, the MPs con-
centration in our inflow remained constant across rainfall events. This
suggests that the observed trend is driven by initial rapid percolation
through the substrate rather than the wash-off of deposited particles. Given
that green roofs typically experience cycles of wetting and drying over long-
term operations, their internal structures and effectiveness in trapping
pollutants can vary. For instance, cracks and channels may form during dry
periods, facilitating preferential flow during subsequent rainfalls. This
allows microplastics to pass through more readily in the initial 20 min.
Additionally, while microplastics trapped in green roofs may be re-released
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illustrate the distribution of MPs concentrations under different treatments (CK,
RR, SL) for each rainfall intensity. The kernel density function was applied to
visualize the data distribution. In the plots, red dots represent individual data points,
yellow circles indicate the mean values, white circles show the median values, and
black vertical lines denote the interquartile range (25-75%).
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Fig. 2 | Microplastics interception efficiency of by green roofs and particle
characteristics of effluent microplastics. a Impacts of rainfall intensity and vege-
tation on interception efficiency. b Interception efficiency variation between frag-
ments and fibers. ¢ Particle size distribution of effluent fragments. d Particle size
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distribution of effluent fibers. (BL: blank group, CK: control group, RR: R. rosea
group, SL: S. lineare group). Error bars represent the standard deviation of triplicate
measurements.

during subsequent precipitation events, this effect appears to be relatively
weak and may depend on factors such as rainfall intensity, substrate
retention capacity, and microplastic particle characteristics (e.g., size and
density). The observed trend is illustrated in Fig. S1, highlighting the
variability across different rainfall events. Consequently, the preferential
flow induced by antecedent drying can lead to high effluent microplastic
concentrations early in rainfall.

Each treatment demonstrated an average microplastic interception
rate of over 97.5% in simulated rainfall events (Fig. 2a), indicating the
efficacy of green roof modules in capturing and filtering out atmospheric
microplastics during wet depositions. On a citywide scale in Shanghai,
China, the annual interception flux of microplastics by green roofs was
estimated. Currently, Shanghai has ~3.56 million m* of green roofs,
according to data from the Shanghai Greening and Amenity Adminis-
tration (https://lhsr.sh.gov.cn). The average microplastic abundance in
precipitation is estimated at 368 n L%, and the city’s annual rainfall
over the past 5 years averages 1334 mm, according to the Shanghai
Municipal Water Affairs Bureau. Accordingly, the annual flux of atmo-
spheric microplastics intercepted by green roofs in Shanghai is estimated
to exceed 1.70 x 10" n yr, assuming a minimum interception efficiency
of 97.5% as presented in Fig. 2a. Converting this to a weight-based value
using a unit weight of 33 x10°gn "%, the flux is ~56.2 tyr '—1.65
times higher than the annual microplastic input from domestic waste-
water into urban water bodies (34.0 t yr')**. Thus, the expansion and
implementation of green roofs on regional and city scales have con-
siderable potential to reduce atmospheric microplastic pollution cost-

effectively, underscoring their importance and value in sustainable
development.

It is important to note that this estimation is based on controlled
experimental conditions and does not universally represent the efficiency of
all green roofs in Shanghai. In practice, green roof performance may vary
due to differences in roof inclination, substrate composition, plant selection,
and local climate conditions. Additionally, temporal variations such as
seasonal weather patterns and prolonged droughts may influence the
hydrological and filtration processes of green roofs, potentially affecting
their interception efficiency. While our study provides a preliminary esti-
mate, further large-scale field investigations are necessary to refine these
calculations and better understand the variability of green roof performance
in real-world settings.

Factors influencing interception efficiency and underlying
contributors

Four types of rainfall events, categorized by intensity (2.5, 7.0, 14.5, and
36.5 mm h™"), were used to examine the variability of effluent microplastics
under different precipitation scenarios (Fig. 1). The highest microplastic
concentrations were observed during light rainfall events, ranging from 40
to 367 n L. In contrast, heavier precipitations presented lower microplastic
concentrations, representing 13-213 n L' for moderate, 0-133nL™" for
heavy, and 0-207 n L™" for the torrential one. Interestingly, recent studies
have found a positive correlation between rainfall intensity and microplastic
concentration in stormwater runoff, where increasing intensity dislodges
settled microplastics from impermeable surfaces”. However, the surface of
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green roof is permeable, and the infiltration process may dominate the
effluent microplastic concentration.

The interception efficiency of microplastics under different rainfall
intensities was further calculated and analyzed. An increase in interception
efficiency was observed with higher precipitation intensity (Fig. 2a). For
example, the average interception efficiency enlarged from 97.5% for light
precipitation to 99.4% for torrential precipitation (P < 0.05). Green roofs
appear more effective at filtering out microplastics and preventing their
downstream transport under higher rainfall intensities. This may be due to
increased rainfall intensity enhancing the vertical impact of raindrops,
which compacts the loose soil to a greater extent. Therefore, the firmer soil
reduces the size of pores and channels, creating stronger steric hindrance to
microplastic migration. This may explain the relatively higher interception
efficiency observed during heavier rainfall scenarios.

The selection of plant species is a crucial aspect of green roof devel-
opment, as the longevity of the roof depends significantly on plant health'’.
In this study, two plant species commonly used for green roofs in Shanghai,
R. rosea (RR) and S. lineare (SL), were selected to examine their effectiveness
in enhancing stormwater quality. As shown in Fig. 1, the effluent micro-
plastic concentrations in unplanted treatment (CK) were slightly lower than
those in the planted treatments (i.e., RR and SL). For instance, during the
torrential precipitation, the mean microplastic concentration was 35.8 n L™
for CK, while 40.0nL™" for RR and 483 nL"" for SL. Although no sig-
nificant difference was observed between the unplanted and planted treat-
ments (P > 0.05), the interception efficiency of the treatment SL was slightly
lower than that of CK and RR across all rainfall scenarios (Fig. 2a). Despite
the plants in urban green infrastructures have been known to aid in the
removal of dissolved matters such as nutrients and heavy metals®, their role
in removing particulate matters like TSS or microplastics might be different.

It has been reported that both the physical and chemical properties of
the planting medium can be altered by the root growth”, affecting storm-
water infiltration and the transport of associated substances. For example,
plant roots can squeeze the substrate through mechanical actions such as
extension, thickening and interpenetration, creating fissures and channels
that increase substrate porosity’’. These root-growth-induced features may
lead to preferential stormwater flow and the movement of associate particles
like microplasticszg, accelerating their infiltration. In treatment SL, obser-
vations during plant sample collection revealed that the root system was
more extensive compared to RR, with a dense network of lateral roots
forming a well-developed fibrous structure. This root-induced alteration in
substrate porosity likely facilitated the migration of microplastics by creating
additional preferential flow channels, ultimately leading to lower intercep-
tion efficiency. In contrast, the treatment CK was unplanted, thus repre-
sented a slightly higher removal efficiency.

Fragments and fibers demonstrated variations in interception effi-
ciency by green roof. As shown in Fig. 2b, fragments exhibited slightly
higher removal efficiency than fibers in both CK and RR treatments, with
efficiencies of 98.6% and 98.5%, respectively, compared to 96.7% and 97.0%
for fibers. Similar findings have been reported in bioretention systems used
to remove microplastics from urban stormwater. The elongated shape of
fibers allows them to pass through smaller pores or channels where frag-
ments are typically trapped, increasing their proportion from 79% at the
inlet to 94% at the outlet”. Likewise, thinner fiber diameters result in deeper
infiltration depths in glass sphere columns, which simulate natural sedi-
ment, whereas fragments infiltrate less deeply due to entanglement in the
pores™. Consequently, morphology plays a notable role in the varying
removal efficiencies of fibers and fragments, with narrower widths being less
likely to be trapped.

Variations were also observed in the particle size distribution between
fibers and fragments. In Fig. 2, the peaks for green roof treatments (i.e., CK,
RR, and SL) are narrower and shift to smaller particle sizes compared to the
blank treatment (BL). This indicates the potential for green roofs to trap and
filter out some microplastics in the form of fragment with large particle size.
The peaks for treatments CK and SL were particularly narrowed, indicating
selective capture of fragments and a concentration of uncaptured particles in

smaller size intervals. In contrast, fibers exhibit different particle size dis-
tribution patterns. As shown in Fig. 2d, fibers in green roof treatments are
concentrated in specific particle sizes but are distributed discontinuously,
making Gaussian fitting of their distribution curves more challenging
compared to fragments. This suggests that fibers are captured more selec-
tively by green roofs in terms of particle size, resulting in effluent con-
centrations at specific sizes.

In addition, parameters such as spherical diameter equivalent, peri-
meter, roundness (similarity to a circle), aspect ratio, solidity (ratio of convex
envelope area to surface area), and surface area of outflow microplastics
were analyzed and Gaussian fitted (Fig. S2). Differences were observed
between green roof treatments and BL treatment in each parameter. In
particular, the peaks of spherical diameter equivalent and surface area in
treatments CK and SL were narrower and shifted to smaller directions
compared to treatment BL. These variations are similar to those observed for
fragment particle size distribution (Fig. 2c), suggesting that fragments may
have a greater impact on the variation in microplastic diameter distribution
than fibers.

The infiltration rate is a critical variable affecting the process of
particle migration in soil or sediment and is closely related to the var-
iations in rainfall intensity and matrix hydraulic property’’. One key
factor influencing hydraulic properties is soil moisture content, which
has been shown to dominate over other factors®. Hence, moisture
content and infiltration time (the duration from stormwater injection to
discharge within green roofs) were monitored in green roof treatments
under different rainfall events. As shown in Fig. 3a, the moisture con-
tents of planted treatments RR and SL were significantly higher than in
the unplanted CK treatment during all rainfall events. This is expected,
as plants are known to improve water-holding capacity and increase
stormwater retention in urban green infrastructures. Their root net-
works helped retain infiltrated water. Increasing rainfall intensity from
light to moderate significantly enlarged the moisture contents in all
treatments, although further increases to heavy or torrential rainfall did
not result in significant changes. The limited depth (40 mm) of planting
soil layer may be responsible, leading to a saturation of soil moisture
during moderate precipitation. In addition, infiltration time of each
treatment was recorded simultaneously (Fig. 3b). The infiltration times
for planted treatments RR and SL were significantly longer than that for
CK during the light precipitation. The higher moisture content in RR
and SL may explain this, as previous studies have shown that higher soil
moisture reduces infiltration rates and prolongs infiltration time™.
Likewise, a positive correlation between soil moisture content and
infiltration time was observed®', but this correlation was limited once the
soil layer became saturated. RR and SL treatments presented similar
infiltration time to CK during moderate, heavy, and torrential events due
to saturation. Another factor influencing infiltration time was rainfall
intensity, which decreased infiltration time as intensity increased, likely
due to the increased initial velocity of raindrops.

Quantifying how microplastics are captured by soil pores, cracks, and
channels during stormwater infiltration is complex. We propose the concept
of a “water network” to clarify this process using soil moisture content
(Fig. 3¢). Increased moisture content densifies and swells the water network,
creating more cross-linked infiltration pathways within the soil layer. This
can serpentine the water flow and prolong the infiltration time, thus
diminishing the hydraulic gradient and decreasing the driving force
responsible for water infiltration®. On the other hand, increased moisture
content can cause clay particles to swell, shrinking the porous structure of
soil and further reducing corresponding hydraulic gradient. A lower
hydraulic gradient implies more resistances and head losses for stormwater
and the associated particles like microplastics. Here the treatment RR
retained more moisture in soil (Fig. 3a), accounting for its relatively higher
microplastics interception efficiency than SL (Fig. 2a). Likewise, increased
rainfall intensity raised the moisture content (Fig. 3a), reducing the
hydraulic gradient and enhancing microplastic interception effi-
ciency (Fig. 2a).
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Principal component analyses (PCA) and advanced correlation link
were performed to further understand how specific climate variables and
configuration setup affect the capture of microplastics (Fig. 4). Variables
include “d” (MP particle diameter), “s” (solidity), “out” (outflow con-
centration), and “ssa” (specific surface area). Fiber.re, fragment.re, and
MPs.re denote the removal efficiency of fiber-type, fragment-type, and total
microplastics, respectively. Apparently, the presence of vegetation altered
the correlation patterns, resulting in a more concentrated distribution
(Fig. 4a and b). This suggests that the correlations among these parameters
were stronger in planted treatments compared to CK. For example, in the
CK treatment, the fragment.re and fiber.re were distributed evenly on both
sides of MPs.re, indicating similar contributions to the overall removal
efficiency of microplastics. However, the PCA analysis revealed that in the
planted treatments, fragment.re was positioned closer to MPs.re compared
to fiber.re (Fig. 4b). This suggests that fragment removal followed a similar
pattern to overall MPs removal, whereas fiber removal deviated from this
trend. Additionally, the Pearson correlation coefficient for fragment.re
increased from 0.91 (CK) to 0.97 (planted treatments), while fiber.re
decreased from 0.72 to —0.22 (Fig. 4c and d). This shift indicates that
vegetation enhanced the consistency of fragment retention with total MPs
retention but disrupted the removal pattern of fibers, implying a preferential
retention of fragments. This phenomenon may be attributed to differences
in microplastic shape and interaction with vegetation. Fragments, being
more compact and irregular in shape, are likely to become physically
trapped within plant structures (e.g., root zones, stems, and soil pores),
where they experience reduced mobility”. In contrast, fibers are more
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Fig. 4 | Principal component analyses (PCA) and advanced correlation link
between climate variables and green roof effluent parameters. a PCA analysis for
treatment CK. b PCA analysis for planted treatments (RR and SL). ¢ Correlation link

elongated and flexible, which may allow them to move more freely within
water pathways and bypass interception by substrates. Additionally, a
mantel test revealed more significant correlations between climate variables
and effluent water parameters in planted treatments. This indicates the
potential of vegetation to respond to climate variations and impact the
infiltration process.

Spatial distribution of microplastics within the green roof module
The distribution of microplastics within the green roof facility was analyzed
by counting the number of microplastics trapped in each component
(Fig. 5a). The planting soil layer dominated in microplastic interception
(66.2-92.2%), with the vegetation layer (defined as the overground part of
plants) playing a secondary role. Notably, the vegetation layer in treatment
SL contributed 24.4% to microplastic capture, compared to just 9.1% in
treatment RR. This difference may be attributed to the distinct leaf struc-
tures of the SL and RR plants. As shown in Fig. S3, SL’s leaves are tufted and
denser than those of RR, providing a larger surface area for trapping
microplastics—881.6 n cm ™ for SL versus 374.6 n cm? for RR. However,
this contribution was negligible for fibers, with no significant difference
observed between SL and RR. Fibers have a larger specific surface area
compared to fragments, making them more susceptible to air turbulence,
which canlead to their re-suspension and re-entry into the atmosphere. This
phenomenon accounts for a higher percentage of microplastics classified as
“other”. The contributions from the root zone (0-1.0%), drainage aquifer
(1.1-2.4%), and isolation filter layer (0-0.03%) were minimal and can be
considered negligible.
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Fig. 5 | Spatial distribution of microplastics trap- a
ped within green roofs. a Contribution of each Fragment Fiber Total
green roof component to microplastic trapping. 100 ———
b Schematic of source-sink analysis of microplastics -—-_-_ mmm Other
within green roof modules (CK: control group, RR:
Root zone

R. rosea group, SL: S. lineare group).
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The interception mechanism of microplastics by green roof was pro-
posed in Fig. 5b and each component was discussed, respectively. Plant
leaves have been reported to play an important role in intercepting airborne
microplastics”. One key factor influencing the interception efficiency is the
surface morphology of the leaves. Plants with dense and complex structures
result in large unit leaf area, allowing them to deposit more microplastics™.
Moreover, finer leaf structures lead to larger Stokes coefficient (St), which
enhances the capture efficiency of atmospheric particulate matter”. For
instance, hairy leaf surfaces act as barriers, helping to capture more parti-
culate matter, including microplastics*’. Another critical factor is electro-
static interaction, which enables deposited microplastics to adhere firmly to
the cellulose components of plants*. The tufted and fine leaf structure of
plant SL provides a larger surface area, resulting in a relatively higher
interception efficiency compared to plant RR (Fig. S3). Additionally, bio-
films on leaf surfaces may also play a role in microplastic capture, although
this requires further investigation.

The planting soil layer is the dominant home for microplastics in green
roof modules, primarily through mechanical retention and colloid
adsorption. It accounts for more than 66.2% of the total microplastics
captured (Fig. 5a). The vertical migration of microplastics within this layer is
influenced by the soil’s porosity and the physicochemical properties of the
microplastics themselves. A previous study has shown that the surface
hydrophobicity of microplastics is strongly and positively correlated with
their mobility; smaller microplastic particles and larger soil diameters
facilitate greater infiltration depth®. Additionally, frequent wet-dry cycles
promote the vertical migration of microplastics within the soil, leading to a

more uniform distribution across different depths as the pore structure
becomes more ordered with these cycles™. In this study, increased rainfall
simulations suggest an increase in wet-dry cycles, contributing to deeper
microplastic migration. However, this impact is potentially limited by the
relatively shallow soil depth of the green roof module.

The plant roots within the soil layer also play an important role. The
growth and decay of roots create cracks that can lead to preferential flow
paths for stormwater and associated microplastics”. Treatment RR presents
a slightly higher interception rate of microplastics than SL (Fig. 2a), mainly
attributing to its relatively higher moisture content and lower hydraulic
gradient (Fig. 3a), which create more resistances for migration.

Over time, the continuous accumulation of microplastics in green roof
substrates may lead to saturation effects, potentially compromising filtration
efficiency and even causing secondary release. As MPs accumulate, frag-
mented particles might clog the porous structure of the substrate™, altering
stormwater infiltration pathways and reducing retention capacity. Addi-
tionally, extreme weather conditions, such as prolonged droughts, may
destabilize retained MPs, potentially facilitating their re-release.

To mitigate these risks, periodic maintenance of green roofs should be
considered. Key design parameters, including media type, filter depth,
vegetation type, and system sizing, substantially influence clogging”, and
their appropriate implementation may help maintain long-term MPs
interception efficiency. A relatively quick and effective approach is substrate
replacement; however, proper disposal of the removed substrate remains a
challenge. To achieve a more sustainable solution, introducing invertebrates
such as earthworms into the green roof ecosystem could provide a natural
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remediation strategy. A previous study has reported that earthworms can
ingest and degrade MPs in soil, potentially alleviating clogging risks*.
Furthermore, Tenebrio molitor larvae has been shown to fragment and
mineralize MPs, with their gut microbiota playing a crucial role in MP
degradation®. Future research should assess the feasibility of these biological
strategies in green roof applications, providing an innovative and eco-
friendly approach to managing long-term MP accumulation.

The isolation filter layer contributed minimally to microplastics inter-
ception, accounting for just 0-0.03% of the total captured particles (Fig. 5a).
This limited effectiveness is likely due to the use of a stainless-steel mesh with
pore sizes larger than the microplastics being filtered. Typically, nonwoven
fabrics made from synthetic fibers such as polypropylene (PP) and polyester
(PET) are used for isolation filter layers in green roof modules. Given this, it
is advisable to consider using non-plastic materials with smaller pore sizes
for the isolation filter layer in green roofs. Such materials could improve the
interception efficiency of microplastics while reducing the risk of con-
tributing to additional microplastic pollution. This approach would enhance
the environmental benefits of green roofs by both capturing airborne
microplastics and minimizing potential sources of microplastic generation.

The drainage aquifer in this study contributed 1.1-2.4% of the total
microplastics captured, a much lower contribution compared to that of the
planting soil layer (Fig. 5a). Common drainage aquifer materials include
ceramic granules, dimpled plastic drainage boards, and gravels. While these
materials generally have a limited impact on retention efficiency in green
roofs**”, choosing non-plastic materials with a porous structure, such as
activated carbon could enhance the adsorption and retention of micro-
plastics. This improvement is due to their higher specific surface area, which
can facilitate better capture and containment of microplastics within the
drainage layer.

By prioritizing such materials, green roofs can potentially increase their
efficiency in trapping microplastics, thus contributing more effectively to
reducing microplastic pollution in urban environments.

The amount of microplastics classified as “others” was determined by
first calculating the total MPs retained in the system, which is obtained by

subtracting the outflow MPs from the inflow MPs. Then, by subtracting the
MPs retained in different green roof components from the total retained
MPs, the remaining fraction was classified as “others”. Although we did not
directly measure resuspension, considering that the atmosphere is an
important transport pathway for MPs, it is reasonable to assume that some
deposited MPs could re-enter the air. A previous study has also confirmed
that atmospheric MPs undergo a dynamic process of deposition and
resuspension, where the aerodynamic properties of MP particles influence
their likelihood of becoming resuspended™. The proportion of “others” was
calculated to be between 4.3% and 7.9% of the total microplastics, with fibers
showing a substantially higher proportion (Fig. 5a). This phenomenon can
be attributed to the unique characteristics of fibers compared to other forms
of microplastics such as fragments.

Fibers have a larger specific surface area, making them more suscep-
tible to disturbances like air turbulence. As a result, they are more likely to be
re-suspended from leaf surfaces and become airborne again. This increased
susceptibility to disturbance leads to a relatively higher loss of fiber micro-
plastics compared to other types like fragments. Understanding this
dynamic is important for assessing the effectiveness of green roofs and
vegetation in capturing and retaining different types of microplastics, and it
highlights the need for strategies that minimize re-suspension and enhance
retention.

Potential self-generation of microplastics from green roof
components

In green roof modules, some components like filter fabrics are often made
from polypropylene (PP) due to their construction convenience and cost-
effectiveness. However, these plastic components can undergo both biotic
and abiotic aging processes, leading to the release of microplastics. To assess
the potential risk of microplastic self-generation, two PP sheets of identical
dimensions were pre-buried in the soil layer of each treatment. Scanning
electron microscopy (SEM) analysis (Fig. 6a) revealed notable changes in the
surface morphology of the buried sheets, showing cracks and holes com-
pared to the pristine sheets. The PP sheets buried in the planted treatments
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Fig. 6 | Changes in surface characteristics of the pre-buried polypropylene (PP)
sheets in green roofs after prolonged use. a Surface morphology via scanning

electron microscope (SEM). b Mass loss of PP sheets. ¢ Surface molecular fingerprint

via attenuated total reflectance infrared spectrometer (ATR-IR). d Calculated car-
bonyl index. Error bars represent the standard deviation of triplicate measurements.
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(RR and SL) exhibited more pronounced aging than those in the control
treatment (CK). This was further evidenced by the mass loss observed at the
end of the experiment, with planted treatments showing higher mass loss
(0.12% for RR and 0.09% for SL) compared to treatment CK (0.05%)
(Fig. 6b). This indicates more severe degradation in the presence of plants.

Plastic degradation in natural environments can occur through various
processes, including photodegradation, oxidative degradation, and
biodegradation®. In the context of green roof modules, the buried PP sheets
were subjected to dry-wet cycles, which mechanically fragmented them
through hydraulic shear forces. Soil microorganisms may also contribute to
the breakdown of plastic fragments into smaller particles over time™. The
higher moisture content in the planted treatments (Fig. 3a) likely resulted in
greater hydraulic shear forces, contributing to more significant fragmen-
tation. Additionally, the richer microbial composition in these treatments
promoted further degradation. Consequently, mechanical shearing and
microbial degradation collectively led to more holes and cracks on the
surfaces of the buried PP sheets. The study also found that horizontally
buried sheets experienced more severe aging than vertical ones, likely due to
their greater contact area with hydraulic shear forces. This highlights the
potential for increased microplastic generation from PP components in
green roofs, especially in planted environments, and underscores the
importance of considering material selection and design to minimize
such risks.

FT-IR analyses were performed to further investigate the surface
characteristic evolutions from a molecular perspective of buried PP sheets.
The FT-IR spectra (Fig. 6¢) showed an increase in the transmittance of peaks
associated with oxygen-containing functional groups. Notably, the inten-
sities of the hydroxy group (-OH, 3444 cm ™) and carbonyl group (C=0,
1635 cm ") peaks were particularly enhanced on the surfaces of horizontally
buried sheets, indicating a higher level of oxidation. The presence and
intensity of oxygen-containing groups, especially the carbonyl group C=0,
are widely recognized as indicators of plastic aging. These groups correlate
positively with the fragmentation of bulk plastics and the generation of
microplastics™. The aging process of plastic rainwater facilities is often
accompanied by the formation of C=0O groups and the breakdown of carbon
chains®, aligning with the observed FT-IR spectrum variations for the
horizontally buried sheets. This molecular-level oxidation likely explains the
increased surface morphology changes, such as the holes and cracks
observed in Fig. 6a.

To quantify the degree of oxidation, the carbonyl index was calculated.
Figure 6d shows that the carbonyl indexes ranged from 0.14 to 0.26 for
horizontally buried sheets and from 0.13 to 0.17 for vertically buried sheets,
both higher than the pristine sheets’ index of 0.12. This increase indicates
that the buried PP sheets underwent oxidation within the green roof
modules, which may lead to fragmentation into microplastics over time.
Such ageing and fragmentation within green roofs would be aggravated and
be a big challenge for stormwater management, particularly during long-
term operations. This underscores the importance of selecting non-plastic
materials for future green roof constructions to mitigate the risks associated
with microplastic generation and ensure more sustainable stormwater
management solutions.

Conclusion

This study highlights the promising potential of green roofs in miti-
gating microplastic pollution in coastal urban areas. Green roofs
demonstrated an impressive average interception efficiency of more
than 97.5% for trapping microplastics from atmospheric deposition. The
estimated annual interception flux of atmospheric microplastics in
Shanghaiis 1.70 x 10 n L™ (56.2 t yr ). The research found that higher
rainfall intensities slightly increased interception efficiency due to
enhanced moisture content and reduced hydraulic gradient, decreasing
the driving force for stormwater and microplastic infiltration. Fibers
were more challengeable to be captured than fragments. Most micro-
plastics were retained in the planting soil layer (66-92%), with the
overground part of vegetation contributing modestly. However, the

long-term operation of green roofs may lead to aging and degradation of
plastic components, potentially generating new microplastics. These
findings offer valuable insights and data for developing future micro-
plastic pollution management strategies.

Methods

Construction and operation of green roof

A total of four groups were designed as shown in Table S1 and Fig. $4,
including a blank group (BL), a control group (CK), and two experimental
groups (RR and SL). The BL group simulated a traditional roof configura-
tion using an empty polypropylene (PP) box (500 mm x 500 mm x 85 mm)
without a green roof module. The CK group contained a green roof module
but without plants, serving as a control. The RR and SL groups were
experimental green roofs, planted with Rhodiola rosea (RR) and Sedum
lineare (SL), respectively—both common green roof species in Shanghai,
China. These plants, with stem heights of 10-20 cm, were planted at 50 mm
spacing.

All setups included a rainfall generator, a collector, and a green roof
module (except for BL) (Fig. 7). The green roof modules were contained
within PP boxes and placed at a 0° inclination (completely horizontal) to
simulate typical extensive green roof installations in urban settings. Each
module consisted of multiple layers. The planting soil was composed of a
mix of bio-organic fertilizer, peat perlite, vermiculite, and fermented alco-
hol, with a layer thickness of 40 mm. For the isolation filter layer, a stainless-
steel wire mesh (150 mesh, 109 um pore size) was used to avoid microplastic
interference from aging materials. The drainage aquifer consisted of graded
gravel (1-1.5 cm) with a 20 mm depth. Both the gravel and wire mesh were
thoroughly rinsed with high-pressure water to prevent microplastic
contamination.

To simulate rainfall, a peristaltic pump was used to deliver water to a
distributor system composed of pipelines and syringes with stainless-steel
needles. These needles, arranged in a checkerboard pattern with 40 mm

Peristaltic pump

: : ¢ :
Microplastics 9 ‘ L 1

Vegetation layer

Planting soil layer
Isolation filter layer S-S

) g \ Sampling tube
Drainage aquifer s

@
Fig. 7 | Schematic of the experimental setup. A total of four groups were designed,
including a blank group (BL, without green roof module), a control group (CK, non-
planted), and two planted groups (RR and SL). The CK, RR, and SL groups each
consisted of a rainfall generator, a green roof module, and an effluent collector.
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spacing, ensured uniform distribution of artificial rainfall. Details of the
rainfall device parameters can be found in Table S2. A collector positioned
beneath the green roof module collected water samples through the
catchment box.

Before starting the experiments, each green roof module underwent a
30-day stabilization period, during which they were watered every 4-5 days
using tap water. Subsequently, simulated rainfall events were introduced
every 3 days. The study employed four types of rainfall events (light,
moderate, heavy, and torrential) classified by intensity (2.5, 7.0, 14.5, and
36.5 mm h ™', respectively), with each event repeated three times and lasting
1-2 h per feeding. Specific rainfall parameters are detailed in Table S3.

Microplastic preparation

The deposition flux of microplastics in Shanghai, China was reported to be
469-12611 n m~>d~"*”. Our annual monitoring data, obtained from a one-
year field study on atmospheric MP deposition in Shanghai in 2021, showed
a similar flux (44-15801 n m ™ day™"). To convert these deposition fluxes
into particle number concentrations, rainfall depth was considered. For
instance, using a rainfall depth of 5mm (as specified in Table S3), the
maximum concentration of microplastics was calculated to be 9481 nL™".
The formula is as follows:

CI = (1)

where C;, represents the MPs concentration in inflow (n L™), Q,., is the
maximum deposition flux (15,801 nm™>day '), t is the antecedent dry
period (3 days), and h is the rainfall depth (5 mm, i.e., 5L m™?). Based on
this formula, the calculated C;, value is 9481 nL™". For simplicity, we
adopted a rounded value of 10,000 n L', which remains within a rea-
sonable range of environmental concentrations. Consequently, a con-
centration of 10,000nL~" was used as the feeding concentration for
microplastics in the experiments. In the actual measurements, the
average concentration of microplastics in the effluent water from the
blank group was found to be 7719 n L™". This data serves as a baseline for
comparison against the green roof treatments.

Two types of microplastics were utilized in the study: rubber in
fragment form and polyurethane (PU) in fiber form. These micro-
plastics were derived from their respective plastic products. Detailed
information about the raw materials, including infrared spectra and
optical microscope images, is provided in Fig. S5. The preparation
process for fragmented rubber microplastics involved crushing the
raw rubber material into a fine powder using a pulverizer. The
powder was then passed through a series of stainless-steel sieves (50,
100, and 150 mesh). The fraction retained on the 150-mesh-sieve
(109 pm) was collected and preserved for use in the experiments. For
fiber microplastics, PU threads were separated and cut into micro-
fibers using a dissecting shear. The particle size distribution of these
prepared microplastic samples (with 90% of particles ranging from
10 to 150 um) was consistent with the size distribution observed for
atmospheric microplastics, where 58.0-76.0% of particles are smaller
than 500 pm™.

This comprehensive setup and preparation ensure that the experi-
mental conditions are reflective of realistic environmental scenarios, facil-
itating an accurate assessment of the effectiveness of green roofs in
managing microplastic pollution.

Sampling and detection methods
Soil moisture content of the control and experimental groups was measured
and recorded using a soil moisture meter (ML3, Hualizhen, China).
Outflow water samples: For each simulated rainfall event, outflow
water samples were collected at specific time intervals—O0, 10, 20, 35,
50, 70, 90, and 110 min after the outflow began. A 100 mL effluent
sample was collected at each interval to analyze the presence and
characteristics of microplastics. Once collected, the water samples

were sent to the laboratory, where they were processed by pumping
through and filtering onto GF/F filter membranes with a pore size of
0.45 um and a diameter of 47 mm. These membranes were then pre-
served in capped transparent petri dishes with a diameter of 55 mm for
further analysis. The particulate matter on the filter membrane was
examined using an optical microscope (Olympus BX53, Japan) to
document its color and morphological characteristics. Microplastic
fragments, identified as red and opaque with distinct irregular edges,
and fibers, characterized as yellow, transparent, and clustered with a
consistent diameter, were captured in photographs. Identification was
further refined using a p-FTIR laser infrared imaging spectrometer
(Agilent 8700 LDIR, USA), applying a database matching threshold of
70%. All identified microplastic fragments and fibers were subse-
quently photographed with a microscope camera for detailed particle
analysis and quantification using Image]J software (National Institutes
of Health, USA).

The spatial distribution of microplastics within the green roof module
was assessed by identifying and quantifying the accumulated microplastics
in each layer using u-FTTR spectroscopy and Image] software. At the con-
clusion of the four simulated rainfall experiments, three samples, each
measuring 6.0 cm x 6.0 cm, were collected from each layer and transported
to the laboratory in aluminum foil.

Microplastics in vegetation and root layer: The collected plant
samples were wrapped in A4-sized aluminum foil sheets and transported
to the laboratory. Under a laminar flow hood, both the plant surfaces and
the aluminum foil were sequentially rinsed with ultrapure water. Speci-
fically, plant leaves stems, and roots were first rinsed three times to
remove attached particles, followed by the aluminum foil surfaces. The
rinse water was then filtered using GF/F filters (0.45 um) and stored in
transparent Petri dishes (55 mm in diameter) for subsequent analysis.
Additionally, after rinsing, plant samples were evenly spread on the
aluminum sheet and scanned with an ultra-stereoscopic scanner to detect
any missed particles.

Microplastics in soil layer: The green roof module was divided into a
3 x 3 grid (16 cm spacing), and three diagonal grid cells were selected for
sampling. Within each selected grid cell, a6 cm x 6 cm area at the center was
designated as the sampling region. Soil from this area was collected using a
stainless-steel spatula and placed into a single glass container, where it was
thoroughly mixed. Three 10 g subsamples were then taken as replicates for
further analysis. Each subsample was suspended in 60 mL of ZnCl, solution
(1.7-1.8 kg L") within 100 mL beakers. The mixture was stirred thoroughly
for ~10 min and allowed to settle overnight. The resulting suspension was
vacuum filtered, and large perlite particles were manually removed with
tweezers. Remaining particles underwent a 24-h digestion with 30% H,O,
solution in 100 mL beakers to eliminate soil organic matter. The final
solution was vacuum filtered (GF/F, 0.45 um) and stored in transparent
Petri dishes (55 mm in diameter).

Microplastics in isolation filter layer: Stainless-steel mesh samples were
cut using dissecting scissors, rinsed three times with ultrapure water, and
filtered (GF/F, 0.45 um). The filter membranes were preserved in trans-
parent petri dishes (55 mm in diameter) for further analysis.

Microplastics in drainage aquifer: Gravel samples were rinsed and
ultrasonicated in a 500 mL beaker. The solution was then filtered (GF/F, 0.45
um) and kept in transparent Petri dishes (55 mm in diameter).

Polypropylene (PP) plastic sheets: Polypropylene (PP) plastic sheets,
measuring 3 cm x 3 cm x 0.1 cm, were cut from the green roof module and
initially weighed (M) before being embedded in the planting soil layer at the
onset of the experiments. Each green roof module contained two PP sheets:
one positioned vertically and the other horizontally. Upon completion of the
experiments, the PP sheets were retrieved, rinsed with ultrapure water, and
allowed to dry at ambient temperature. The dried sheets were then weighed
to obtain their final mass (M,), and mass loss was calculated by subtracting
M, from M. The surface morphology and molecular composition of the PP
sheets were analyzed using a scanning electron microscope (SEM, Gemi-
niSEM 300, ZEISS, Germany) and an attenuated total reflectance
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infrared (ATR-IR) spectrometer (Spectrum TWO, PerkinElmer, USA),
respectively.

Quality assurance and quality control

To ensure the reliability of our findings, we implemented rigorous quality
assurance and quality control (QA/QC) measures. To prevent airborne
contamination, strict contamination control measures were implemented
throughout the sampling and analysis process. Specifically, we wore cotton
lab coats and nitrile gloves to minimize synthetic fiber shedding. All glass-
ware and tools were thoroughly cleaned with distilled water and ethanol
before use, and procedural blanks were included to monitor potential air-
borne contamination. The ultrapure water used for blanks was obtained
from a well-maintained Millipore ultrapure water system to minimize the
possibility of contamination. During sampling, blank samples were exposed
to the ambient environment at the sampling sites to capture potential air-
borne contamination. After sampling, they were transported back to the
laboratory under the same conditions as the collected samples. During
analysis, these blanks were processed using the same filtration, storage, and
analytical procedures as the actual samples. Additionally, samples were
handled in a laminar flow hood in the laboratory and all open containers
were covered with aluminum foil to prevent MP contamination. Replicate
samples were analyzed to verify consistency. The accuracy of microplastic
identification was validated using certified reference materials and the
precision of measurements was maintained through routine calibration of
analytical instruments.

Data analysis
The annual interception flux of atmospheric microplastic by green roofs was
estimated as follows:

Qn =Sgrxh5anXRmin (2)

where Q, is the number-based annual interception flux of microplastics
(nyr ™) S, is the total existing surface area (m?) of green roofs in Shanghai,
China; hs is the average annual precipitation (mm yr ") for the past 5 years
in Shanghai; C, is the estimated average microplastic abundance in
precipitation (n L™"); and R,;, is the minimum interception efficiency of
green roofs calculated in this study. The interception efficiency (R) was
calculated as follows:

Cp — C
Iﬂcio‘“ X 100% (3)
I

R =

n

where Cp,, and Cg,, is the inflow and outflow MP concentrations (n L"),
respectively.

Qg = Qn X Wn (4)

where Q, is the weight-based annual interception flux of microplastics
(tyr™). W, is the average unit weight of microplastic (tn™"), estimated
based on the findings of Zhao et al. *. Their study measured the mass of
microplastic particles within the 60-5000 um size range, covering 12
identified types of MPs such as polyethylene (PE), polypropylene (PP), and
PU. The reported average mass was 0.000033 gn ™" (i.e, 3.3x 10 " tn™"),
which we adopted for our calculations. The mass loss (L) of the pre-buried
PP sheets was calculated as follows:

M- M

L X 100% (5)

0

where L is the mass loss of PP sheets; M is the mass of pristine PP sheets
before buried (g); and M, is the mass of PP sheets sampled after the
experiments were finished (g).

Data were recorded and processed using Microsoft Excel (version
2022) and analyzed and visualized using GraphPad Prism (version 9).

Shapiro-Wilk test was used to test whether the data were normally dis-
tributed. When not normally distributed, a Kruskal-Wallis one-way
ANOVA was used to compare differences in interception rates (a = 0.05).
Two-way ANOVA with Siddk multiple comparisons test was used to
determine the P value (a =0.05). Differences were considered significant
when the P value was <0.05 and highly significant when the P value was
<0.01. The principal component analysis (PCA) and advanced correlation
link were performed using R 4.2.2.

Data availability

The source data underlying the main manuscript figures has been deposited
in Figshare and is publicly available at: https://doi.org/10.6084/m9.figshare.
28954385.v1.
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