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• High microplastic release from rainwater
facilities during ROS-induced ageing.

• Release amount ranged from 158 to 6617
items/g, following PP > HDPE > PVC
facility.

• Microplastic size ranged from 2 to 1362
μm, dominated by 10–30 μm fraction
(62.7 %).

• Increased linearly with ageing time and
exponentially with decreasing particle
size.

• The release of microplastic depended on
the composed materials and ageing time.
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Reactive oxygen species (ROS) are ubiquitous in the natural environment that are generated by chemical or biochem-
ical processes. Plastic rainwater facilities, as an important part of modern rainwater systems, are inevitably deterio-
rated by ROS. As a consequence, microplastics will be released. However, information on how ROS affect the
ageing characteristics of plastic rainwater facilities and the subsequent microplastic release behavior is still insuffi-
cient. To address this knowledge gap, Fenton reagents were used to simulate the reactive oxygen species (ROS) in-
duced ageing process of three typical plastic rainwater components (rainwater pipe, made of polyvinyl chloride;
modular storage tank, made of polypropylene; inspectionwell, made of high-density polyethylene) and the subsequent
microplastic release behavior. After 6 days of Fenton ageing, an increase in sharpness, holes, and fractures on the rain-
water facilities' surface was observed by scanning electron microscope (SEM). The functional group changes on the
rainwater facilities' surfacewere analyzed by Fourier transform infrared spectrometer (FTIR) and two-dimensional cor-
relation spectroscopy (2D-COS) and compared with the results of X-ray photoelectron spectroscopy (XPS). During the
ageing process, oxygen-containing functional groups were generated and the carbon chains were broken, which pro-
moted peeling and the release ofmicroplastics. The amount of releasedmicroplastics (ranging from 158 to 6617 items/
g facility) variedwith the type of rainwater facilities, and the order was modular storage tank> inspection well> rain-
water pipe. The release amount increased with ageing time, and a significant linear relationship was observed
(r2> 0.91). The particle size of the releasedmicroplastics ranged from 2 to 1362 μm, amongwhich 10–30 μmparticles
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accounted for the largest proportion (62.7 %). The release amount increased exponentially with decreasing particle
size (r2 > 0.71). This study indicates that large amounts of microplastics could be released from plastic rainwater
components during ROS-induced ageing.
1. Introduction

Plastic products are inexpensive, stable, and versatile. According to
statistics, 300 million tons of plastics are produced globally every year, of
which 260 million tons are discarded, and nearly 20 % of them are ecolog-
ically harmful (Toensmeier, 2020). Plastic products in the environment will
be degraded by light, hydraulic scouring, bacteria, free radicals, and other
factors, forming microplastics (MPs, particle size<5 mm) and then released
into the environment. Microplastic pollution first attracted people's atten-
tion in marine environments and was subsequently found in rivers, lakes,
sediments, soils, wetlands, road dust, etc. (Hu et al., 2022). Many studies
have confirmed that microplastics can not only be bio-concentrated but
also adsorb environmental pollutants, which are potentially harmful to
organisms in the ecological environment (Eom et al., 2021).

With the development of modern cities, the requirement for urbanflood
prevention and drainage capacity is increasing, and plastic rainwater facil-
ities are widely installed, such as drainage pipes, inspection wells, pollut-
ants intercepting baskets, downspouts, rainwater storage modules, and
initial discarded flow filtration devices, etc. (Qin et al., 2021). They are
composed of a variety of plastics, including polystyrene (PS), polyvinyl
chloride (PVC), polyethylene (PE), polycarbonate (PC), polypropylene
(PP), and Acrylonitrile butadiene Styrene copolymers (ABS), etc. After
installation, rainwater facilities inevitably undergo various physical, chem-
ical, and biological ageing processes (Miranda et al., 2021), which lead to
the release of microplastics during their service life. In our previous
study, significant amounts of microplastic particles (160 to 1905 items/g)
were released from rainwater facilities after UV ageing and hydraulic scour-
ing (Zhang et al., 2022).

Reactive oxygen species (ROS) are intermediates formed during the
sequential single-electron reduction of oxygen and are widely present. In
the natural environment, ROS could be formed from various processes
such as photochemical and biological processes (Gali et al., 2020). Morris
et al. (2022) reviewed ROS in the ocean and their environmental impacts,
noting that ROS in surface seawater are mainly generated by photochemi-
cal processes of dissolved organic matter or released from the stress reac-
tions of marine organisms; in addition, ROS are also generated by abiotic
non-photochemical processes, such as ROS in hydrothermal vents.
Murphy et al. (2016) showed that S2− was oxidized by O2 in the presence
of hydrous iron oxide to produce O•-2 and H2O2. Han et al. (2022a)
researched soil organic matter-mediated microbial iron reduction and
hydroxyl radical production, and indicated that hydroxyl radicals are pro-
duced during both bacterial iron reduction and oxidation of soil organic
matter. Song et al. (2022) investigated the effects of the nature of dissolved
organicmatter on ROS photo-production in lakeflood and drought periods,
indicating that steady-state concentrations of ROS could significantly
reduce the half-life of ethephon in Poyang Lake during flood.

The rainwater facilities under working conditions, exposed towater and
soil environment, are inevitably affected by the ageing of ROS. Jiang et al.
(2021) studied the reaction process of C\\C bond oxidation by hydroxyl
radicals in PE through quantum chemical calculations, and pointed out
that hydroxyl radicals were able to extract hydrogen from PE fragments
and initiate the subsequent cleavage reaction. Duan et al. (2022) demon-
strated that ROS not only caused the structural change of plastics and the
formation of microplastics, but also affects their migration and distribution
in the aqueous environment. Zhu et al. (2020) found that UV–visible light
can induce the production of ROS such as ·OH, O2

·-, and 1O2. Shi et al.
(2021) investigated the degradation pathway of PC MPs and pointed out
that the photo-ageing of PC MPs was mainly caused by the generated
ROS. Liu et al. (2022) indicated that among all the generated ROS,
2

·OH was a key species for accelerating the degradation of plastic. In
addition, Han et al. (2022b) noted that ROS would be produced during
the oxidation of structural ferrous iron in the soil environment. Bai et al.
(2022) investigated the ageing effect of pyrite-induced ROS on PS
microplastics under light conditions, noting that ·OH radicals play the
strongest role as the most widespread sulfide metal mineral on the surface
accelerating the ageing behavior of microplastics in the environment and
increasing the environmental risk. Usually, rainwater facilities are placed
in a complex environment, where they may expose to solar irradiation
and in long-term contact with water and soil (Nielsen et al., 2008;
Li et al., 2021). Therefore, ROS oxidation could be an important process
that causes the ageing of plastic rainwater facilities and the subsequent
release of microplastics. However, the effects of ROS on plastic rainwater
facilities remain poorly understood due to the relatively low concentrations
of oxidants in the aquatic environment, resulting in a long time for the
natural ageing process.

As an advanced oxidation technology, the Fenton reaction is widely
used in groundwater remediation and wastewater treatment (Jiang et al.,
2022). Fenton reagents were used by many researchers to simulate the
ROS-induced ageing process of plastics (Zhang and Chen, 2020). Fenton
reaction could age plastic products by producing reactive oxidants (·OH)
through a mixture of H2O2 and Fe2+. Liu et al. (2019) studied the ageing
process of PS and PP microplastics by heat-activated K2S2O8 and Fenton
treatments, noting that the O/C ratio of the microplastics increased and
the adsorption capacity was enhanced after ageing. Lang et al. (2020)
examined the ageing behavior of PS MPs with H2O2 and Fenton reagents,
and they pointed out that the aged microplastics will adsorb more heavy
metals. Miao et al. (2020) investigated the degradation process of PVC by
electro-Fenton-like technology with simultaneous cathodic reductive
dechlorination and ·OH oxidation, achieving 75 % dechlorination
efficiency and 56 % weight loss of PVC. Yang et al. (2022) investigated
the degradation of PS microplastics by microbially driven Fenton reactions
and indicated that ·OH could be continuously produced by microbially
driven Fenton reactions in the environment. In fact, Fenton and Fenton
like reactions widely exist in the atmosphere, rivers and marine environ-
ments. Therefore, rainwater facilities are inevitably affected by such rain-
water and soil environment. However, most of the previous research only
concentrated on laboratory standard microplastic spheres. The impacts of
the Fenton reaction on rainwater facilities and the subsequent release of
microplastics are still unknown.

In this study, Fenton ageing was applied to stimulate the ROS-induced
ageing and microplastic release behavior of three typical plastic rainwater
components, including rainwater pipe (mainly composed of polyvinyl chlo-
ride, PVC), modular storage tank (mainly composed of polypropylene, PP),
and inspection well (mainly composed of high-density polyethylene,
HDPE). The specific objectives are: i) to elucidate the surface and chemical
changes of the plastic rainwater components during the ROS-induced
ageing process in the rainwater environment; ii) to investigate the
microplastic release behavior of the plastic rainwater components during
ROS-induced ageing; and iii) to discover the mechanism of microplastic
release which combined various characterization methods and material
properties.

2. Material and methods

2.1. Sample preparation

Three typical plastic rainwater components made of different materials
were selected as the experimental materials, including a HDPE rainwater
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inspection well (Henan Huijie Pipe Industry Co., Ltd., China), a PPmodular
storage tank (Rainwater Keruiwo Co., Ltd., China), and a PVC rainwater
pipe (Rainwater Keruiwo Co., Ltd., China). Sample blocks of 2 cm width
×6 cm length ×0.5 cm thickness (with surface area of 32 cm2) were cut
from these components, and weighed 5.66 ± 0.37 g, 3.87 ± 0.15 g, and
7.32 ± 0.61 g, respectively. The set of this sample size was based on the
practical of the experiment to satisfy the detection limit. The sample blocks
were washed with ultrapure water and a tube brush, then placed in a con-
stant temperature drying oven at 40 °C for drying. The dried samples
were stored in the dark pending use in the next step.

2.2. Ageing experiment

Fenton reagent was used to simulate the ROS-induced ageing behavior
of plastic rainwater facilities in the natural environment and promote this
process. Each gram of sample was blended in a 500 mL glass flask with
0.6 mL of H2O2 (30 %) and 38.8 mL of ultra-pure water, then 0.6 mL
200 mM Fe2+ was introduced (Liu et al., 2019). H2O2 or Fe2+ solutions
were pre-adjusted at pH 4.0 to avoid the formation of ferric hydroxide
under neutral and alkaline conditions that would inhibit the catalytic activ-
ity of Fe2+. Equal doses of Fe2+ andH2O2were injected every 12 h tomain-
tain the oxidation of the microplastics (Liu et al., 2019). All the solutions
were controlled at pH 4.0. The samples were shaken horizontally for 1, 3,
and 6 days in a constant temperature shaking box (125 rpm). After shaking,
the sample blocks were rinsed and collected, dried, weighed, and stored in
the darkroom for further analysis. The solution in the conical flask is
filtered by vacuum filtration and the glass fiber membranes (0.45 μm,
Waterman GF/F) are subsequently dried for further analysis of the
microplastic particles. Two controls were set in each group, both with
Fenton reagent without the addition of sample blocks to ensure that the
solutions were not contaminated during the experimental manipulation.
All the experiments were conducted in triplicate.

2.3. Characterization of materials

2.3.1. Observation and identification
The influence of ageing on the morphological and chemical properties

of the plastic rainwater components was characterized by a scanning elec-
tron microscope (SEM-EDX). Fourier transform infrared spectrometer
(FTIR) was used to reveal the changes in chemical bonds on surfaces. The
wavenumber range was set to 400–4000 cm−1 with a resolution of
4 cm−1. 2D-COS analysis of the spectral data was performed to obtain
synchronous and asynchronous spectra (Lasch and Noda, 2019). According
Fig. 1. SEM images of sample blocks from rainwater facilitie
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to the research of Noda and Ozaki, the variation of the functional groups on
the sampleswas determined (Noda, 2004). Qualitative analysis of carbon and
oxygen on the surface of the sample blocks was conductedwith XPS. The ·OH
in the solution of ageing system for 10minwas detected and quantified using
an electron paramagnetic resonance spectrometer (EPR, Bruker EMX-PLUS).

2.3.2. Characterization of released microplastics and data analysis
Microplastics on the dried filter membrane were observed and counted

with an optical microscope (BOSMA606), and then combined with Nano
Measurer 1.2 software for determining the size of those microplastics.
The samples were prevented from dust contamination during the whole
process. Statistical analysis was performed using SPSS software. The differ-
ence in microplastic release among different rainwater components and
ageing degrees was tested by One-Way ANOVA, followed by Fisher's LSD
post hoc test for multiple comparison (p < 0.05).

3. Results and discussion

3.1. Ageing behavior of plastic rainwater components

3.1.1. Surface morphology
Surficial structures of the rainwater components under different degrees

of Fenton ageing are shown in Fig. 1. It's not surprising tofind that the mor-
phologies of the virgin materials were varied due to the difference in main
components and production processes. With increasing ageing time from 0
to 6 days, the surface holes, fractures, and sharpness increased on the sam-
ples of the three facilities. As for the rainwater inspection well, HDPE was
the main component. It can be observed that the surface became sharper
under the erosion of free radicals, and the size of the cracks also increased.
The variation of surface morphology of modular storage tanks with PP as
the main component is also very evident. The surface became smoother
and more delicate, with a large number of irregular folds and even small
holes after 6 days. For the rainwater pipe, PVC was the main component,
and more folds and cracks were observed after 6 days of ageing. Lang
et al. (2020) examined the ageing process of PS spheres under H2O2 and
Fenton ageing conditions and pointed out that ageing made the smooth
spheres become rough and folded to different degrees, in which the Fenton
reagent had a stronger oxidation ability than H2O2. Luo et al. (2021) inves-
tigated the ageing process of PE microplastics under ozone, Fenton, and
heat-activated persulfate treatments, and pointed out that the aged
microplastic surface showed significant fragmentation and cracking and
exhibited more layered structures. In our previous study, after 45 days of
UV ageing, the surface holes, fractures, and roughness increased in all
s before ageing (0 d) and after 6 days of Fenton ageing.
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three facilities samples, while the surface of the samples decreased in
roughness and became smoother and sharper after Fenton ageing in the
present study. As observed in the area within the red frame, a large number
of small bulges and folds on the surface of the sample after ageing is
A. FTIR spectra of the rainwater components.

B. Carbonyl index of the three rainwater 

facilities

Fig. 2. FTIR spectra of the three rainwater components' surface layers under Fenton age
A. FTIR spectra of the rainwater components.
B. Carbonyl index of the three rainwater facilities.
C. EPR result of ·OH in the simulated ageing system.

4

replaced by larger cracks and smooth surfaces, the indication of free radical
erosion of the surface of the rainwater facility. These results suggest that the
Fenton reagent could causemuchmore severe structural degradation and a
much more significant release of microplastic than UV ageing.
C. EPR result of ·OH in the simulated ageing

system.

ing and EPR result of ·OH in the simulated ageing system.
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Furthermore, the surfaces of all three materials were irregular with
different degrees of cracking before the ageing treatment, which could be
related to the production process, additive ratios, and storage environment
(Matias et al., 2020; Gould et al., 2013).

In summary, the Fenton ageing caused significant morphological
changes in the three rainwater facilities. Along with cracks and folds
increasing, the surface became smoother due to the detachment of surface
particles, which indicates that more microplastics might be released during
the Fenton ageing process.

3.1.2. FTIR analysis and EPR test
As shown in Fig. 2 (A), the intensity of the spectral bands associated

with the oxygen-containing functional groups in the surface layer of the
three rainwater components increased during Fenton ageing, and the area
of the peaks increased. The change of the carbonyl group (C=O) in the
FTIR spectrum at 1630 cm−1 was an important sign of the change in the
oxygen-containing functional group, and the intensity was positively corre-
lated with the generation of the carbonyl group (Almond et al., 2020). In
addition, the observed absorption peaks at 2720 cm−1 of –CHO (in
the HDPE inspection well and PP modular storage tank), 1744 cm−1 of
O–C=O (in the PP modular storage tank), and 1100 cm−1 of C\\O
(in the HDPE inspection well, PP modular storage tank, and PVC rainwater
pipe) increased and expanded similarly during the ageing process. The
change in the modular storage tank (PP) was the most obvious, and a
newly formed absorption peak (1744 cm−1, O–C=O) could be observed.
In the same way, the hydroxyl (–OH) peaks at around 3435 cm−1 and
1375 cm−1 of the three materials also tended to increase and expand
over ageing time, which was consistent with the change in the –OH peak
during the degradation of PE mulching film by bacterial strains
(Yin et al., 2020). Lang et al. (2020) investigated the spectral change of
standard sphere PS microplastics during the Fenton ageing process and
noted that the absorption bands of several oxygen-containing functional
groups (C–OH, O–C=O, C_O, C–O–C) also strengthened and widened
along increasing ageing time, which is similar with our observations. In
the ageing process, plastic rainwater facilities are gradually oxidized and
polymer chains break irregularly. Because of the lower bond energy, the
breakage of side groups and substituents/side chains occurs initially. The
C\\H bond breaks first, forming oxygen-containing functional groups
C\\O, C–OH, and then generating C_O while carbon chains are further
broken. This process could promote the release of microplastics, thus
C_O is commonly accepted as an indicator of plastic ageing.

The carbonyl funtional group is the indicator of ageing degree, and it is
also the final product of ageing process. And the carbonyl index was calcu-
lated from the ratio between the integration of the carbonyl and methylene
absorbance bands, to further determine the ageing degree of the plastic
samples (Almond et al., 2020). As shown in Fig. 2 (B), the carbonyl index
of rainwater facilities increased after Fenton ageing, then slightly decreased
or leveled off after reaching a plateau. It could result from the exposure of
the less degraded inner layer due to the erosion of the oxidized surface.
By correlating the changes in the release process, it can be found that the
larger the maximum value of the carbonyl index, the higher the final
microplastic release and the highest release rate. Therefore, with the
rapid increase of microplastic release, it may be an important reason for
the decrease of carbonyl index. Among them, the modular storage tank
(PP) changed most obviously. The changing behavior of the carbonyl
index is related to the size and structural changes of plastics. For example,
Toapanta et al. (2021) investigated the photoageing behavior of bead and
fragment polypropylene microplastics and found that the carbonyl index
of small-sized microplastics (250–500 μm) gradually increased during
ageing and then reached a plateau. On the contrary, the carbonyl index of
large-sized (500–1000 μm) microplastics exhibited a significant decrease
during ageing, which was due to the erosion of the oxidized surface and
exposure of the inner layer that had a lower degree of ageing.

The average carbonyl index during the 6 days of Fenton ageing
was 0.536 (i.e., 0.375–0.865), which was significantly higher than
that (0.310–0.442) of 15–45 days of UV ageing in our previous study
5

(Zhang et al., 2022). This implies that ROS has a greater impact on the
ageing of rainwater facilities than UV ageing. Consequently, they are
more likely to release microplastics and additives to the environment
under ROS oxidation.

Similarly, in order to reveal the changes in other oxygen-containing
functional groups (such as C–OH and C\\O bonds) during the ageing pro-
cess, the correlation indexwas obtained using the samemethod to compare
the integration of methylene absorbance bands, as shown in Fig. S1. It can
be observed that the ratio of C–OH, and C\\O on the surface of the rainwa-
ter facility increases with ageing. However, the change of both indices is
relatively weak, where the C–OH and C\\O index of the modular storage
tank is closer to the change of the carbonyl index.

The EPR spectrum of ·OH in the simulated ageing solution in the system
is shown in Fig. 2(C). According to relevant studies, the main reactive oxy-
gen species (ROS) produced in the aqueous reaction (i.e., Fenton reaction)
between divalent iron and H2O2 are high-valent iron (IV) oxide substances
(Chen, 2019). Its further conversion of these substances to hydroxyl radi-
cals occurs when ·OH has the maximum oxidation potential under acidic
conditions and dominates the reaction process. Rainwater facilities will
inevitably contact with free radicals in the natural environment, causing
ageing of plastic facilities. Firstly, ·OH breaks the C − H of the polymer
and generates alkyl radicals (R·), followed by the generation of alkoxy
groups (RO·); eventually, alkoxy groups (RO·) combine with hydrogen
and form hydroxyl functional groups, or generate carbonyl groups through
disproportionation reactions. And the carbonyl group formation process
occurs with a large number of chain breaks, thus accelerating the release
of microplastics from rainwater facilities.

And the presence of ROS in the environment is extremely widespread.
Song et al. (2022) studied the concentration of ROS in Poyang Lake
during flood and drought periods, where the concentration of ·OH was
(1.58–1.75) × 10−16 M. In this study, the total spin of EPR inferred that
the concentration of ·OH in solution concentration was 1.51 × 10−6 M
(1.232 × 1013 spins).

3.1.3. 2D-COS analysis
The 2D-COS maps (Fig. 3) were obtained by further analysis of the

fingerprint region to reveal changes in functional groups on the surface.
The autocorrelation peaks on the diagonal of the synchronous correlation
spectra can reflect the degree of functional groups affected by external per-
turbations. The cross peaks on the non-diagonal can reflect the similarity
changes in the intensity of different wave number spectra. The asynchro-
nous correlation spectra are mainly used to distinguish the sources of the
spectral peaks and the masked overlapping peaks. The order of changes in
different wave number groups can be judged by comparing the cross
peaks of the synchronous and asynchronous correlation spectra. Five corre-
lation bands (1100, 1300, 1375, 1630, 1744 cm−1) were chosen to uncover
sequence changes in the functional groups (C\\C, C\\O, O–C=O, C–OH,
C_O). For the three types of facilities, the positive and negative variations
of the corresponding absorption bands in the synchronous and asynchro-
nous correlation spectra are listed in Table 1.

Through the positive correlation of the cross-peaks in the synchronous
correlation bands for the five types of chemical bonds, the distribution of
the peaks of the three facilities can be found to be almost similar. Themod-
ular storage tank (PP) had the largest spectral variation range, which may
result in the maximum release of microplastics. The change in functional
group intensity of rainwater pipe (PVC) was the most significant, and the
changes in the surface morphology were also the most obvious.

However, the sequence of functional group changes of the threematerials
was different. The functional group changes of the inspection well (HDPE)
and rainwater pipe (PVC) occurred in the order of 1100 (C − O) > 1375
(C− OH) > 1300 (C− C). The changes in the surface functional groups of
the modular storage tank (PP) followed in the order of 1630 (C=O) >
1375 (C − OH) >1100 (C − O). The differences in the surface functional
groups may be caused by the obvious increase of microplastic release from
the modular storage tank (PP) with increasing ageing time, resulting in the
rapid peeling of microplastics on the surface. The impact of Fenton ageing
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Fig. 3. The 2D-COS map of rainwater facilities after 6 days of Fenton ageing. Red and blue colors in the graph indicate positive and negative correlations, respectively.
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on the threematerials is greatly different fromUVageing (Zhang et al., 2022),
where thewavenumber range affected on the surface functional groups of the
rainwater inspection well (HDPE) and modular storage tank (PP) increased,
while the functional groups of the rainwater pipe (PVC) exhibit that the
lower wavenumber range (1000–1200 cm−1) decreases and the higher
wavenumber range (1800–1900 cm−1) increases. In addition, the asynchro-
nous spectra of the three components exhibited richer information.

3.1.4. XPS analysis
The sample surface was characterized by XPS, and the change in chem-

ical bond was further revealed by analysing XPS deconvolution data. The
results are shown in Fig. 4. The functional groups of the inspection well
(HDPE) and modular storage tank (PP) changed obviously after 6 days of
ageing. There was a C\\O peak at 286.23 eV for the inspection well
(HDPE), and the intensity of the C_O peak was enhanced at 287.53 eV.
In the spectrum of the modular storage tank (PP), a weak C_O peak was
observed. The decrease in the intensity of C=C/C–C/C–H and the increase
in the intensity of the C_O peak indicate the appearance of oxygen groups
and the breakage of the backbone (Miao et al., 2020). However, there was
no new peak generated in the rainwater pipe (PVC). The peak of O–C=O
existed in all the materials before and after ageing, which could most likely
originate from one of the most widespread plasticizers (i.e., phthalates)
(Suhrhoff and Scholz-Böttcher, 2016). The surface elements were semi-
quantitatively analyzed by XPS, and the results are shown in Table 2.
Ca, Si, and Cl elements in the aged rainwater pipe (PVC) were significantly
decreased, indicating that the oxidation by ROS could lead to the
Table 1
Synchronous (Φ) and asynchronous (Ψ, in the brackets) 2D–COS data for the sign of eac

Wavenumber (cm−1) Band Inspection well Mo

1100 1300 1375 1630 110

1100 C–O + (0) + (−) + (−) 0 0
1300 C–C + (0) + (+) 0
1375 C–OH + (0) 0
1630 C=O + (0)

6

decomposition and release of other additives chemicals (antioxidants-
phenolic compounds, flame retardants-brominated flame retardants,
photostabilizers-benzotriazoles and plasticizers-phthalates) from rainwater
facilities. The release of additives in plastic products can cause surface
defects and increase the risk of microplastic release. The presence of oxygen
containing additive might influence the ageing process. Since the additives
amount added in the samples is quite small (<10%of the total components,
according to the manufacture), we assume that the additives might exert
limited influence on ageing process compared with the main components.
To distinguish to what extent of the additives influence the ageing, further
study remains to be conducted.

Besides that, the decrease of Cl elements could be due to the depolymer-
ization and dichlorination of PVC rainwater pipes occurs with the ageing
process. Compared with UV ageing (Zhang et al., 2022), the differences in
functional groups and elemental changes on the surfaces of the inspection
well (HDPE) and the modular storage tank (PP) were similar, while the
rainwater pipe (PVC) was more seriously influenced by UV radiation,
with more types of oxygen-containing functional groups.

3.2. Microplastic release behavior

3.2.1. Release of microplastics
Fig. 5 shows the microplastics released from the rainwater components

before and after Fenton ageing. The released microplastics were irregular
fragments and particles that were basically black, brown, and transparent
in color. The morphological characteristics of the released microplastics
h cross peak in the maps of the three rainwater components.

dular storage tank Rainwater pipe

0 1300 1375 1630 1100 1300 1375 1630

0 + (+) 0 0 0 + (−) 0
+ (0) + (0) + (+) 0 + (+) 0

+ (0) + (+) + (0) 0
+ (0) + (0)



Fig. 4. X-ray photoelectron spectra (XPS) of rainwater facilities without ageing (0 d, a–c) (Zhang et al., 2022) and after 6 days of Fenton ageing (d–f).
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were observed by SEM, and it was found that the irregularity of the mor-
phology of the released microplastics increased, the edges became sharp,
and the surface bulged after ageing. Fadare et al. (2020) investigated the
phenomenon of microplastic release from plastic food containers and
noted that the shapes of particles could be classified as cubic, spherical,
rod-like, and irregular shapes. Similar to our previous research, the shapes
of the released microplastics were all irregular particles and fragments
Table 2
Semi-quantitative analysis of XPS surface elements.

Rainwater components Elements Atomic%

C O C

Pristine (Zhang et al., 2022) Inspection well 82.82 12.82 2
Modular storage tank 74.06 17.00 1
Rainwater pipe 82.44 11.04 1

Fenton ageing Inspection well 80.44 14.75 1
Modular storage tank 84.88 11.79 0
Rainwater pipe 85.9 11.63 –
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(Zhang et al., 2022), but the surfaces of the released microplastics were
smoother and the edges were sharper after Fenton ageing.

3.2.2. The change in the amount of microplastics
Fig. 6 shows the amounts of microplastics released from the three

rainwater components under Fenton ageing. With increasing degradation,
three types of rainwater facilities release increasing amounts ofmicroplastics.
a Si S Cl N Ag Cd other

.08 2.28 – – – – – –

.85 3.22 2.22 – 1.64 – – 0.01

.80 1.83 – 1.53 1.31 0.04 – 0.01

.64 3.10 – – – 0.04 – 0.03

.77 2.02 0.52 – – – 0.02 –
1.02 – 1.43 – – 0.02 –



A. Microscopic images of the released microplastics on glass fiber filters.

B. SEM images of the released microplastics.

Fig. 5.Microscopic images of the releasedmicroplastics from the rainwater inspectionwell,modular storage tank, and rainwater pipe before (0 d) and after 6 days of Fenton ageing.
A. Microscopic images of the released microplastics on glass fiber filters.
B. SEM images of the released microplastics.
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The microplastic release from the modular storage tank (PP) was the highest
among the three facilities for days 1 to 6 of the ageing process (Fig. 6a), rising
from 323 ± 93 to 6617 ± 928 items/g, followed by the inspection wells
(HDPE), which ranged from 1215 ± 164 to 6196 ± 862 items/g. The least
amount (158 ± 50 to 1377 ± 460 items/g) of release from rainwater
pipes (PVC). As a result, the risk of microplastic release is more severe for
rainwater inspection wells and storage tanks as compared to rainwater
pipes, which have a relatively low risk of microplastic release for the same
ageing time. It is evident that the amount of microplastic released is largely
dependent on the main composition of the material, except for the operating
environment of the rainwater facility. The average amount of microplastics
released from the inspection well (3186 items/g) and the modular storage
tank (3326 items/g) within 6 days of ageing was much higher than that of
8

the rainwater pipe (693 items/g), which indicates that the inspection well
and the modular storage were more vulnerable to the influence of Fenton
ageing. Interestingly, all three rainwater facilities showed a significant posi-
tive correlation between the number of microplastics released and ageing
time (r2= 0.915, 0.935, and 0.994, respectively, Fig. 6b). This phenomenon
might be related to the reduction of crystallinity and stability of the plastic
facility after 6 days of ageing.

The quantity of microplastics released from Fenton-aged rainwater
facilities is much greater than those of plastics in everyday products.
Fadare et al. (2020) investigated the process of microplastic release from
consumer plastic food containers (take away pack) and pointed out that
the release of microplastics from the containers was 18 ± 4 mg/pack.
Kutralam-Muniasamy et al. (2020) detected 23milk samples from8 brands,



Fig. 6.Microplastic released from rainwater facilities, and correlation analysis between the release amount and ageing time.
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and the concentration of microplastic was 6.5±2.3 items/L. It was pointed
out that the common types of microplastic came from the membrane mate-
rials in dairy processes. Chen et al. (2021) reported that the abundance of
microplastics in construction site soil covered with anti-dust nets was
4069 items/kg above that of uncovered soils. Therefore, the risk of
microplastic pollution from plastic rainwater facilities should be taken seri-
ously. As a key component of urban rainwater facilities, the microplastics
released from plastic inspection wells and storage tanks will migrate to
the surrounding soil and water bodies, which has potential harm to the
ecological environment.

3.2.3. Size distribution
The size distribution of the releasedmicroplastics is shown in Fig. 7. The

changes in particle size were similar and mostly concentrated in the size of
<30 μm (78.1 %). This proportion was larger than that of UV ageing in our
Fig. 7. Size distribution of
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previous study, with <30 μm accounting for only 64.3 % (Zhang et al.,
2022). Therefore, themicroplastic particle size<30 μm increased obviously
with the increasing ageing degree of plastic rainwater facilities. The
microplastics with a size <30 μm released from the inspection well
(HDPE) increased by 11 %, and the number of microplastics with a size of
>50 μm decreased by 7 %. However, the microplastics with the size
<10 μmand>50 μmreleased from themodular storage tank (PP) decreased
by 3% and 5%, and the number of microplastics with the size of 10–30 μm
increased by 13 %. As for the rainwater pipes (PVC), the results are similar
to those of rainwater inspection wells, but with a broader range of varia-
tion. The microplastic with a size of <30 μm increased by 36 %, and the
number of microplastics with a size of >50 μm decreased by 26 %.
Wang et al. (2021) studied microplastic release from disposable masks
under ultraviolet light weathering and pointed out that the particle size
was primarily concentrated between 10 and 20 μm and 50–250 μm.
released microplastics.
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Mason et al. (2018) detected 11 brands of bottled water from 9 countries
and 93 % of the samples showed evidence of microplastic contamination,
whichwasmainly in the particle size range of 6.5 to 100 μm. Polypropylene
was the most common polymer type (54 %). Li et al. (2020) selected ten
representative PP infant feeding bottles and tested their microplastic
release behavior under different water temperatures, sterilization, and re-
peated use. It was found that the baby bottles would release a large amount
of microplastics, and the particle size is concentrated in the 0.8–10 μm
range. Ranjan et al. (2021) researched the mechanism of microplastic
release from the hydrophobic film within disposable paper cups and
pointed out that the released microplastics are <10 μm in particle size.
Su et al. (2022) examined the behavior of microplastic release from infant
pacifiers by steam sterilization and noted that most of the microplastics
were 1.5–10 μm in size (roughly 81 %). Thus, in general, microplastics
released from plastic rainwater facilities have relatively bigger particle
sizes than those of food-grade plastic products.

Moreover, it can be observed that the change in particle size of PVC
rainwater pipe before and after ageing is the most significant, however,
the difference in particle size distribution of microplastics in the three
plastic facilities aged to 6 days is smaller. By combining the changes of
microplastic release (Fig. 6) and particle size (Fig. 7), it is probably due to
the non-uniformity of the surface of the facilities in the initial stage of
ageing, the larger microplastic particles peel off first, making the surface
defective, and then a large amount of small particle size microplastic
release occurs. This should be the typical stage of microplastic release
from plastic facilities, except that the inspection well and modular storage
tank experienced this stage earlier and are not reflected in the graph.

3.2.4. Correlation between release amount and particle size
An overview of the microplastic release behavior and size distribution

over ageing time is given in Fig. 8a. The particle size of the released
microplastics ranged from 2 to 1362 μm, of which the largest proportion
(62.7 %) was in 10–30 μm. In general, during the Fenton ageing process,
the amount of the released microplastics increased over time. Meanwhile,
the particle size distribution changed significantly, and the proportion of
small-sized microplastics (0–30 μm) increased the most. As the particle
size of microplastics decreases, it will cause more harm to the ecological
environment.

Considering the differences caused by themicroplastic release statistics,
in addition to the microplastic release per unit mass of the rainwater facil-
ities, the microplastic release per unit area of the rainwater facilities was
Fig. 8. Changes and correlation analysis between the release amount and particle size of
(a) shows the three-dimensional relationship between microplastic release, size and agei
size with ageing time.
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likewise obtained (Fig. S2). Taking the microplastic release per unit area
as themeasure, it can be seen that themicroplastic release of the three rain-
water facilities is between 73 and 1063 items/cm2, in the order of modular
storage tank > inspection well > rainwater pipe. And due to the high
density and smaller surface area/mass ratio of PVC rainwater pipes, they
exhibit a stronger risk of microplastic release.

It is noteworthy that the quantity increased exponentially with decreas-
ing particle size, and the longer the ageing time, the faster the increase
(Fig. 8b). Compared with previous studies (e.g., UV ageing), which showed
that microplastic release could be inhibited by factors such as cross-links
along with ageing, the release of microplastics with different particle sizes
kept increasing under the Fenton ageing process. This may suggest that
the mechanism of Fenton ageing is different from that of other ageing
processes (e.g., UV ageing) (Zhang et al., 2022).

4. Conclusion

As an integral part of the modern rainwater system, it is of crucial
importance to analyze the microplastic release behavior from plastic rain-
water components to prevent microplastic pollution. In this study, the
microplastic release behavior of three typical plastic rainwater components
under the effect of reactive oxygen species (ROS) was investigated by the
Fenton ageing method, which combined the surface characteristics of the
ageing materials and the released microplastics.

As the time of ageing increases, fractures, wrinkles, and holes develop
on the surface of plastic rainwater facilities. Meanwhile, the surface became
sharper. The Fenton ageing process leads to increased oxygen-containing
functional groups, increased carbonyl index, and broken carbon chains on
the surface of the rainwater facilities, which accelerated the release of
microplastics. XPS showed that the carbon and oxygen functional group
species of rainwater inspection well (HDPE) and modular storage tank
(PP) increased after Fenton ageing, but rainwater pipes (PVC) were the
most stable, with less change in functional groups and the least release of
microplastics. For these three facilities, the quantity of microplastic
released ranged from 158 to 6617 items/g, as follows: modular storage
tanks (PP) > rainwater inspection wells (HDPE) > rainwater pipes (PVC).
The proportion of released microplastics with sizes of 10–30 μm increased
significantly, while the size of microplastics larger than 30 μm decreased.
The most significant change was observed in the rainwater pipe, followed
by the modular storage tank and the rainwater inspection well. The
microplastics released from rainwater facilities have significantly larger
microplastics before (0 d) and after 1 d, 3 d, and 6 d of Fenton ageing. The left graph
ng time; the right graph (b) shows the change characteristics of microplastic particle
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sizes than food-grade plastic products with more complex surface properties.
The particle size of 10–30 μmaccounts for the most (62.7%). As shown from
our results, microplastic pollution fromplastic rainwater facilities under ROS-
induced ageing should be taken seriously. Further attention should be paid to
the ageing effect of ROS on plastic facilities in the water environment to
enhance the prevention and control of microplastic pollution.
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