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The aim of this study was to investigate the effect of humic substance compounds (humic acid (HA) and
fulvic acid (FA)) on the aged characteristics and release compounds profiles from polyethylene microplas-
tics (PE-MPs). Results showed that HA promoted degree of PE-MPs photodegradation with a higher value
of weight loss and oxygen atom and lower average particle size (110 lm), compared with the presence of
FA during 15 days of irradiation. Likewise, the needle trap microextraction (HS-NTME) combined with gas
chromatography/mass spectrometry (GC/MS) analysis revealed that HA and FA promoted a variety of
oxygen-containing products (carboxyl acid, phenols and ketones) and siloxanes additives released from
photodegradation of PE-MPs. Moreover, HA was found to have a higher ability to generate free radicals
(&OH and O2

–) than FA, which accelerated the photooxidation of PE-MPs and led to the different mech-
anisms of photodegradation pathway of PE-MPs. These findings not only shed light on how humic sub-
stances affect photodegradation process of MPs, but also support further investigation into the possible
hazard of MPs when co-existing compounds exist in the aqueous system.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Due to their low cost and high durability, plastics are widely
used in various industries, resulting in the generation of large
amounts of plastic waste (Qiu et al., 2022; Tian et al., 2022).
According to the United Nations Environment Programme (UNEP),
there are between 75 million and 199 million tons of plastic waste
in the oceans, accounting for 85% of the total weight of marine
waste. Likewise, UNEP predicted that by 2040, the amount of plas-
tic waste entering aquatic ecosystems would almost tripled, reach-
ing 23 � 37 million tons per year (United Nations Environment
Programme, 2021). Large amounts of plastic waste in the aquatic
system are decomposed into smaller plastic fragments (Microplas-
tics, MPs) through various in-situ environment processes (e.g.,
photodegradation, biodegradation, and photooxidation) and
released various harmful compounds during this process, posing
a significant threat to socioeconomic, ecosystem, and human
health (Wu et al., 2022; Zhu et al., 2022; Ding et al., 2022). Thus,
it is necessary to assess the environmental hazards and behaviors
of plastics in the aquatic system.

Although previous studies focused on monitoring abundance,
distribution, and type of plastic pollution in aquatics systems
(Han et al., 2020; Mao et al., 2021; Niu et al., 2021), recent research
indicated that the potential concern associated with the release of
harmful compounds during the degradation of plastics into the
microplastics (Lomonaco et al., 2020; Wu et al., 2022). The release
of harmful compounds, including volatile organic compounds (e.g.,
lactones, esters, and ketones), persistent organic pollutants (e.g.,
biphenyls, trichloroethane, and hexachlorobenzene), additives
(e.g., plasticizers and colourants), and residual monomers, can
result in secondary organic pollution and involve the physico-
chemical reaction in the environment, leading to enhancing the
toxicity effects in environment ecosystem (Hartikainen et al.,
2018; Lomonaco et al., 2020). For instance, some persistent organic
pollutants can generate the secondary organic aerosols or airborne
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particles through the photooxidation process, further threaten
aquatic organisms (Lomonaco et al., 2020; Wu et al., 2022). Like-
wise, Menicagli et al. (2019) reported that the volatile organic com-
pounds negatively impacted the neuro-, hepato-, and nephron-
toxicity of biota (Menicagli et al., 2019). Generally, releasing harm-
ful compounds from plastics was significantly related to environ-
mental factors (e.g., ultraviolet radiation and oxygen content)
and coexisting active compounds.

Humic substances (HSs), are heterogeneous organic com-
pounds that are mainly composed of humic acids (HAs), fulvic
acids (FAs), and humins (HUs), the major organic fraction in soil,
peat, dystrophic lakes, and ocean water (Ding et al., 2022; Guo
et al., 2019). Among them, the HAs and FAs, as the main active
compounds of HSs, contain a variety of functional groups (e.g.,
ketones and oxygen-containing functional groups) (The structural
model shown in the Figure S1), contributing to reducing the
bioavailability and toxicity and improving the transformation of
inorganic/organic pollutants in the environment system (Tian
et al., 2022). For instance, Tao et al. (2019) in their study con-
firmed that the two major functional groups (aryl C-O and alkyl
ester C = O) of HA act as the main electron shuttles, which con-
tributes to the biodegradation of dibutyl phthalate in mollisol
(Tao et al., 2019). Likewise, our previous studies confirmed that
HA with a higher electron transfer ability mediated the abiotic
redox process of Cr (VI) under aerobic/anaerobic conditions,
transferring high-valent to low-valent chromium and reducing
toxicity (Wang et al., 2022; Wang et al., 2021). In recent years,
the interfacial interaction between MPs and HAs/FAs has
attracted attention, and the effect of HAs/FAs on the transport
and retention behavior of MPs has generally been studied (Luo
et al., 2022; Xi et al., 2022; Bogdanov et al., 2022). Ding et al.
(2022) revealed from a molecular structure perspective that the
oxygen-containing functional group in dissolved organic matters
(HAs and FAs) is the main functional group affecting the transfor-
mation of MPs in environmental systems (Ding et al., 2022).
Moreover, recent research has reported that HAs and FAs, as the
reactive oxygen species generator, are involved in the photoaging
of MPs in the aquatic system, accelerating the aging process (Qiu
et al., 2022). Nonetheless, to date, information on the effect of
HAs and FAs on the photodegradation behavior of MPs in aquatic
systems, particularly the harmful compounds release from the
photodegradation of MPs, is insufficient.

To fill this knowledge gap, this study has primarily investigated
the effect of humic substances (HAs and FAs) on the degradation of
microplastics under visible light conditions. Polyethylene
microplastics (PE-MPs) were chosen as model plastics because of
their broad applicability. The study aimed to (i) explore the effect
of HAs and FAs on the degradation properties of PE-MPs under vis-
ible light conditions, (ii) clarify the release of degrading com-
pounds from photoaging of PE-MPs under HAs and FAs addition
conditions via needle trap microextraction (HS-NTME) combined
with gas chromatography/mass spectrometry (GC/MS) analysis,
and (iii) assess the potential environmental hazards of the degra-
dation process of PE-MPs under the presence of HSs fractions.
2. Materials and methods

2.1. Chemical and materials

Polyethylene plastic was purchased from Liming Plastics Co.,
Ltd. (China), crushed using a grinder, and passed through a 100-
mesh sieve. Humic acid (BR; CAS 1415–93-6) and fulvic acid (BR;
CAS 479–66-3) was purchased from Shanghai Yuanye Bio-
Technology Co., Ltd. (China). Other chemical reagents were pur-
chased from Sigma-Aldrich Co. Ltd.
2

2.2. Batch experiment setup

In this study, laboratory-accelerated batch aging experiments
were conducted in 40 ml quartz tubes with silica gel under a UV
box (Fig. S2). The UV box is made of an opaque steel plate with
two UV lamps (365 nm, Xujiang Electromechanical Inc., China)
installed on the top. The light intensity in the exposure chamber
was approximately 60 mW/cm2, which was detected using a UV
irradiation meter (Shenzhen Zhuoyue Yi Biao Co., Ltd., China). Like-
wise, the sample loaded vials were placed horizontally in the UV
box. Before the aging experiments, the quartz tubes were treated
in a muffle furnace at 500 �C for 4 h. Moreover, humic substances
and MPs are substances present in large quantities in aqueous sys-
tems. Thus, as a representative of the natural environment, a 1:1
(w:w) ratio of MPs to HA and FA was chosen in this study and they
were placed into the quartz tubes, respectively. Similarly, 30 ml of
ultrapure water was added to the quartz tubes to simulate the
environment within the aquatic system. The temperature of the
chamber was maintained at 25 ± 3 ◦C. To investigate the evolution
of the structure of PE-MPs and the release of degradation com-
pounds, tube samples were taken at time points of 0, 3, 6, 9, 12,
and 15 days. The control treatment groups were subjected to the
same conditions without HA and FA addition. The treatment and
control groups were taken in triplicate.

2.3. Characterization of the microplastics

MPs were extracted from samples collected at each time point
for characterization. Briefly, the samples were shaken at 150 rpm
for 24 h with 5 M NaCl solution at a 1:3 (v:v) ratio. The supernatant
was separated from the mixed solution by centrifugation at
5000 rpm for 10 min. Finally, the supernatants were subjected to
solid–liquid separation through a glass microfiber filter, and then
the solid phase was treated by the dehybridization process. The
solid phase was first rinsed three times with methanol and filtered
to remove degradation products that might have adhered to the
surface. The solid phase fraction was then mixed with 30% hydro-
gen peroxide solution for 12 h and filtered to remove the HA and
FA absorbed on the surface of the MPs. Finally, the collected MPs
were oven-dried (50 �C, 2 h) for surface morphology and chemical
bonding characterization. In this study, the surface morphology
variability of pristine and degraded MPs was analyzed using a
scanning electron microscopy-energy dispersive spectrometer
(SEM-EDS, SU8020, Japan). The evolution of the PE-MP particle size
was further analyzed using a laser particle size analyzer (LPSA).
Similarly, X-ray photoelectron spectroscopy (XPS, Thermoescalab
250Xi, USA) was used to determine and analyze the changes in
the chemical bonding of PE-MPs throughout the degradation pro-
cess. High-resolution C 1 s and O 1 s regions were recorded in
the XPS spectra.

2.4. Determination of the free radicals

The free radicals (&OH) of the samples were determined using
electron paramagnetic resonance spectroscopy (EPR, A300-10/12,
Bruker, Germany) according to the method recommended by
Xing et al. (2022). Briefly, approximately 9 ml samples collected
at different irradiation times were mixed with 1 ml of 5,5
dimethyl-1-pyrroline-N-oxide (0.03 M) in the dark and stirred for
2 min. The mixed system was then filtered through a 0.45 lm filter
membrane and analyzed by EPR spectrometry at room tempera-
ture. The operating parameters of the EPR instrument were as fol-
lows: microwave power, 10mW; modulation amplitude 2.071 G;
sweep width, 100G; center field, 3480 G; sweep time, 41.943 s.
Furthermore, to analyze the content of &OH in the photodegrada-
tion process of PS-MPs, high-performance liquid chromatography
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(HPLC, Agilent 1200) was used in this study (Qiu et al., 2022). The
samples (5 ml) collected at different irradiation times were mixed
with sodium benzoic acid (0.01 M) in the dark and stirred for
20 min. Then, a 2 ml mixture was filtered, and the &OH content
was determined by monitoring the p-hydroxybenzoic acid content
using HPLC.
2.5. Analysis of the release of the degradation compounds

The degradation compounds from the MP aging process were
determined by headspace-solid phase microextraction coupled
with gas chromatography-mass spectrometry (GC/MS). In this
study, the liquid fraction of the sample and methanol wash phase
(degradation products attached to the MPs surface) were combined
for analysis of degradation compounds. The degradation com-
pounds were extracted according to the standard method
described by Wu et al. (2022). Briefly, the liquid phase was first
obtained using the headspace-solid phase microextraction. A
10 ml sample was transferred to a 20 ml headspace vial and sub-
jected to solid phase microextraction at 80℃. The adsorption time
was 40 min, and the test was performed after desorption at 250 �C
for 3 min. GC–MS analysis was carried out using GC–MS QP2010
ultra (Shimadzu, Kyoto, Japan) with the DB-5MS Column (Agilent,
J&W Scientific, 30 m � 0.25 mm � 0.25 lm). Helium was used as
carrier gas with a constant flow rate of 1 ml/min. The temperature
program started at 40℃ for 2 min, rose to 200℃with a rate of 6℃/
min, and then to 300 ℃ with a rate of 15 ℃ (3 min hold time). The
temperature of the inlet, transfer line, and ion source was set to
250 ℃, 280 ℃, and 220 ℃, respectively. MS acquisition was per-
formed with the range of 33–500 mass units. The extracted peaks
Fig. 1. The change in the physical properties of the PE-MPs after 15 d of irradiation. (a) th
acid; (c) the SEM image of the aged PE-MPs without humic acid and fulvic acid; (d) the

3

were identified by NIST 14 library and ones with matching degrees
higher than 800 were marked.
3. Results and discussion

3.1. Characteristics of the surface properties

Previous studies have confirmed that MPs undergo significant
changes in their physical properties, including surface characteris-
tics, weight loss, and particle size, during the aging/degradation
process (Zhang et al., 2022; Zhu et al., 2022). Thus, to investigate
the effect of HA and FA on the photodegradation of PE-MPs, the
surface characteristics of PE-MPs were first determined using a
scanning electron microscopy-energy dispersive spectrometer
(SEM-EDS). A significant difference in the surface morphology
between the initial and aged PE-MPs was observed in this study
(Fig. 1). The results showed that the surface morphology of the ini-
tial PE-MPs was relatively smooth and shiny (Fig. 1a). However, the
surface properties of PE-MPs without interaction with HA and FA
became relatively rough after 15 d of irradiation (Fig. 1c). More-
over, when HA and FA were involved, some cracks and holes were
observed in the surface properties of the PE-MPs (Fig. 1 b and d).
The significant changes in the surface properties of the PE-MPs
may be due to the shrinkage and reorganization of the structure
due to the removal of photodegradation by-products, thus leading
to cracks (Nanoparticle and Nabi, 2020; Uheida et al., 2021). Like-
wise, the presence of cracks increases the degree of degradation
because it provides a pathway for oxygen to penetrate deeper into
the PE-MPs and enhance photo-oxidation, resulting in the appear-
ance of holes on the surface of the PE-MPs (Yang et al., 2022).
e SEM image of the initial PE-MPs; (b) the SEM image of the aged PE-MPs with fulvic
SEM image of the aged PE-MPs with humic acid.
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3.2. Characteristics of the physical properties

Moreover, the physical properties, including weight loss and
particle size of the PE-MPs are also commonly used to characterize
the degradation efficiency under irradiation conditions, although
the degradation of PS-MPs is slower under natural conditions
(Chen et al., 2021; Yang et al., 2015). The weight loss of PS-MPs
in the absence and presence of HA and FA was determined
(Fig. 2a). Results showed that the average weight loss of aged PE-
MPs without HA and FA was 1.28%, which was 159% and 288%
Fig. 2. The dry weight loss (a) and average size distrib
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Fig. 3. The X-ray photoelectron spectroscopy spectra of original PE (a), aged PE-MPs with
without FA and HA (d).
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lower than weight loss during the degradation process with FA
(3.31%) and HA (4.96%). Previous studies have demonstrated that
the weight loss of PE-MPs is only in the range of 0.005% to 1.5%
under UV condition (Chen et al., 2021). This may be due to the pho-
todegradation and photooxidation of the PE-MPs under UV condi-
tions. Moreover, compared with the presence of FA, a higher
weight loss of aged PE-MPs was observed in the presence of HA
when irradiated for 15 days, indicating that HA might promote
the degree of photodegradation and photooxidation process of
PE-MPs.
utions (b) of the PE-MPs after 15 d of irradiation.

0 200 400 600 800 1000 1200 1400

 FA-PE

(d)

(b)

Binding Energy (eV)
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the presence of FA (b), aged PE-MPs with the presence of HA (c), and aged PE-MPs



Fig. 4. The X-ray photoelectron spectroscopy C 1 s and O 1 s spectra of aged PE-MPs without FA and HA (a and d), aged PE-MPs with the presence of FA (b and e), aged PE-MPs
with the presence of HA (c and f).
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Furthermore, the evolution of the PE-MP particle size was
determined using a laser particle size analyzer (Fig. 2b). A decreas-
ing trend in the particle size distribution of PE-MPs was observed
during photodegradation. The average particle size of the aged
PE-MPs was 148 lm. After irradiation for 15 days, the average par-
ticle size of aged PE-MPs without HA and FA participation
decreased from 148 lm to 136 lm (approximately 8.1%). In the
presence of FA, the average particle size of the PS-MPs decreased
to 129 lm, which was 12.8% and 5.2% lower than that in the orig-
inal and without the addition of FA, respectively. Compared with
the presence of FA, a lower average particle size of aged PE-MPs
was observed in the presence of HA (110 lm). This might be attrib-
uted to the enhanced chain break and degradation of PE-MPs dur-
ing irradiation for 15 days. The decrease in the particle size of the
PE-MPs during photodegradation might be the reason for the
increased weight loss. Moreover, the PE-MPs showed a smaller
particle size distribution in the photodegradation process with
HA and FA participation than that without HA and FA participation.
These results indicate that HA and FA may promote the pho-
todegradation of PE-MPs, especially the presence of HA may con-
tribute to the breakage and degradation of chain and surface
structure.

3.3. Evolution of the chemical properties

The photodegradation of MPs is usually accompanied by pho-
tooxidation, resulting in a change in the chemical bonds. Thus, to
evaluate the influence of HA on the photodegradation of the PE-
MPs, XPS analysis was used to characterize the evolution of the
chemical bonds (Fig. 3). In the original PS-MPs, a small content of
oxygen atoms was observed, suggesting that a low degree of oxida-
5

tion had occurred on the surface of the PE-MPs during the produc-
tion, crushing, and storage processes (Chen et al., 2020, 2021).
When compared to the original PE-MPs, higher levels of oxygen
atoms were observed in the aged PE-MPs, indicating a higher
degree of oxidation under light irradiation conditions (Xing et al.,
2022). Moreover, the XPS spectra of aged PE-MPs exhibited signif-
icant differences in the presence of HA and FA. The O 1 s peak value
of the photodegradation of PE-MPs with HA was higher than that
in the presence of FA.

Furthermore, the XPS C 1 s and O 1 s spectra of PE-MPs were
conducted by peak fitting (Fig. 4). A significant difference was
observed in aged PE-MPs without and with the presence of FA
and HA. In the C 1 s of the spectrum of aged PE-MPs without the
presence of FA and HA, two peaks at 284.9 eV and 286.5 eV, corre-
sponding to the C–H and C-O groups were observed, indicating that
long-chain structure breakage and oxidation occurred during the
photodegradation process (Chen et al., 2020). There was no signif-
icant difference in aged PE-MPs with the presence of FA. However,
in the C 1 s of the spectrum of aged PE-MPs with the presence of
HA, additional C = O peaks (287.3 eV) appeared. Likewise, the area
of C–H and C-O of aged PE-MPs with the presence of HA was higher
than aged PE-MPs with and without the presence of FA. In the peak
fitting of the high-resolution XPS spectra of the O 1 s regions, it can
be concluded that the two peaks at 533.1 eV and 534.2 eV of the
aged PE-MPs without the presence of FA and HA, corresponding
to the C-O and COOH groups, indicating that the surface chemical
bonds of the PS-MPs were oxidized to carboxylic type compounds
(Al Abdulal et al., 2015). While additional C = O (531.5 eV)
appeared in the aged PE-MPs with the presence of FA and HA com-
pared to the aged PE-MPs without the presence of FA and HA. Fur-
ther analysis of the effect of HA and FA on the photodegradation
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process of PE-MPs revealed a higher content of oxygen-containing
functional groups (COOH, C-O, C = O) in the aged PS-MPs with the
presence of HA than in the presence of FA, indicating that HA can
contribute to the higher degree of photooxidation of the PE-MPs.
Furthermore, the carbonyl index (CI) and O/C ratio are important
indicators that have been widely used to quantitatively character-
ize the degree of oxidation of MPs (Yang et al., 2022; Liu et al.,
2019). Generally, the CI value and O/C ratio are significantly posi-
tively correlated with the oxidation degree of MPs (Rouillon
et al., 2016). In this study, the CI value of the PE-MPs in the pres-
ence of HA after irradiation for 15 days (0.75) was higher than that
of the aged PE-MPs (0.08) without the presence of HA and FA, and
aged PE-MPs in the presence of FA (0.41). These findings are con-
sistent with the results from previous studies. Likewise, we also
found that the CI value of PS-MPs in the presence of HA after irra-
diation for 40 days was 0.53 in our already conducted study (Wang
et al., 2023). Similarly, the O/C ratio showed a trend similar to that
of the CI value (Table 1). These results suggest that HA, as an excel-
lent free radical generator and electron transfer carrier, may easily
mediate the photooxidation of PE-MPs in the photodegradation
process (Qiu et al., 2022).
Fig. 5. The HS-NTME-GC/MS total ion chromatograms and overview of the chemical grou
PE-MPs with the presence of FA (b and e), aged PE-MPs with the presence of HA (c and

Table 1
The carbonyl index and O/C ratio of aged PE-MPs during the photodegradation
process.

Parameters Original
PE-MPs

Aged PE-MPs
without HA and FA

Aged PE-
MPs with
HA

Aged PE-
MPs with
FA

Carbonyl
index

0.019 0.08 0.75 0.41

O/C ratio 0.015 0.03 0.07 0.05

6

3.4. Characteristics of the degradation products

To further verify the potential hazards of aged PE-MPs under
the presence of HA and FA, the degradation products were deter-
mined via the headspace with needle trap microextraction (HS-
NTME) combined with gas chromatography/mass spectrometry
(GC/MS). It was perceived that the differences in HS-NTME-GC/
MS spectra were observed after a retention time from 10 to
30 min (Fig. 5 a-c and Fig. S4). In the chromatogram of aged PE-
MPs without the presence of HA and FA, a large number of silox-
anes (e.g., cyclopentasiloxanes, cyclohexasiloxanes, cyclohep-
tasiloxanes, cyclooctasiloxanes, and cyclononasiloxanes) and a
small number of aldehyde and amide degradation products (e.g.,
nonanal, benzaldehyde, 2,4-di-tert-butylphenol, and octade-
canamide) were observed. Among them, siloxane products being
important raw materials and additives in the plastics production
process, were released to the environment in large amounts during
the chain breaks of photodegradation of PE-MPs (Rani et al., 2017;
Suhrhoff and Scholz-Bottcher, 2016). Meanwhile, the presence of
small amounts of aldehyde and amide degradation products sug-
gests that photo-oxidation processes occur during the photodegra-
dation of PE-MPs (Wu et al., 2022; Dong et al., 2019). In the
chromatogram of aged PE-MPs with the presence of FA, additional
peaks at 19.924, 20.382, 22.524, and 28.613 min/RT, corresponding
to the 2-propenoic acid, phenol, heptadecane, methanone /phenyl
(3-tridecyloxiranyl) were observed. Moreover, the relative content
of siloxane products was higher in aged PE-MPs with HA and FA
than that of without the presence of HA and FA. This result sug-
gests that the presence of FA may promote the photodegradation
process of PE-MPs. However, the extent of its influence on the pho-
tooxidation process of PE-MPs could not be determined from the
product perspective of this study. Compared with the presence of
FA, additional peaks at 10.559, 11.535, 15.970, 17.236, 19.167,
p pattern of products of aged PE-MPs with the presence of HA and FA (a and d), aged
f).
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19.610, 24.543, 27.146, 28.602 min/RT, corresponding to octanal,
benzenemethanamine, ether, 2-decenal, 2,2,6,7-tetramethyl-10-o
xatricyclo, 2-undecenal, nonadecane, ethanone, propanetrione
were found in the aged PE-MPs with the presence of HA. Also, more
aldehydes, ketones, amines and alkanes were found, suggesting
that the presence of HA may promote a higher degree of chain
breaking and photo-oxidation of PE-MPs.

Furthermore, based on the total HS-NEME-GC/MS ion chro-
matograms and the structure of those degradation products, nine
product types were identified in this study, including alkanes, alke-
nes, carboxylic acid, ketones, aldehydes, ethers, alcohols, amines,
and phenols (Fig. 5 d-f). Results showed a significant difference
in the relative content of products in the different groups. In the
aged PE-MPs without the presence of HA and FA, the relative con-
tent of alkanes, alkenes, carboxylic acid, ketones, aldehydes, ethers,
alcohols, amines, and phenols were 71.1%, 0.7%, 3.8%, 0.2%, 11.9%,
0.1%, 0.8%, 4.3%, and 6.9%, respectively. While, in the aged PE-
MPs with the presence of FA, the relative content of alkanes, alke-
nes, carboxylic acid, ketones, aldehydes, ethers, alcohols, amines,
and phenols were 69.4%, 0.7%, 5.2%, 0.5%, 7.8%, 0.1%, 0.1%, 5.6%,
and 9.4%, respectively. These findings indicated that FA may con-
Fig. 6. Co-occurrence network of the reactive oxygen species (&OH and O2
–) indices in

differential intensities of the green connections in the visualized co-occurrence networ
influence of HA and FA on the photodegradation pathway of PE-MPs.

7

tribute the oxygen-containing product generation, such as car-
boxyl acid and phenols. Compared to the aged PE-MPs with the
presence of FA, higher content of the oxygen-containing products
including carboxylic acid (16.8%) and ketones (15.1%) were
observed in the aged PE-MPs with the presence of HA process. This
result demonstrated that HA has a higher oxidative capacity than
FA to promote the photooxidative degradation of PE-MPs, which
might be due to its higher free radical generation capacity (Liu
et al., 2019; Wu et al., 2021).

3.5. Potential mechanism of PE-MPs photodegradation under humic
substances

Previous studies reported that the photodegradation degree of
MPs was significantly related to the reactive oxygen species
(ROS) in the reaction system (Wu et al., 2021). Generally, the
chemical bonds (e.g., C–C and C–H) in MPs are broken under the
stimulation of light irradiation, resulting in the generation of ROS
fromMPs (Qiu et al., 2022), which further contributed to the break-
age and oxidation of MPs. Recently it was observed that ROS can
also be formed from polymers with conjugated benzene ring struc-
dicating the degradation products during the presence of FA (a) and HA (b). The
k represent significant correlations between the measured parameters. (c) Possible
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tures (e.g., humic substances and lignin). Thus, to explore the
potential mechanisms of photodegradation of PE-MPs under the
involvement of HA and FA, the ROS was determined via the EPR
analysis combined with DMPO as the spin-trapping agent
(Fig. S3). Results showed that the characteristic peaks signals of
EPFRs including DMPO- &OH and DMPO-O2

– were detected on
the surface of the aged PE-MPs isolated from the aging process in
the presence of FA and HA, whereas negligible signals of DMPO-
&OH and DMPO-O2

– were determined on the pristine PE-MPs sur-
face. This finding indicated that &OH and O2

– were produced in the
aging system under the FA and HA. EPFRs could also form on MPs
under conditions of high temperature and light irradiation as pre-
viously reported, thereby inducing the generation of ROS, including
&OH and O2

– through the transfer of electrons to H2O or O2, and
these ROS could further accelerate the aging of MPs (Zhu et al.,
2020a, 2020b; Ding et al., 2020). In addition, an increasing trend
in &OH and O2

– generation was observed in the photodegradation
process of PE-MPs in the presence of FA and HA. In the presence of
FA, the average &OH and O2

– values reached 0.204 mM and
0.185 mM after irradiation for 15 days, respectively. When com-
pared to photodegradation in the presence of FA, a significantly
higher &OH and O2

– yield (0.431 mM and 0.293 mM respectively)
was observed during the photodegradation of PS-MPs with the
HA after 15 days of irradiation. According to previous studies, the
generation of &OH and O2

– from HA is divided into two main path-
ways. First, a small amount of ROS is generated spontaneously,
mainly from the stabilized reactive radical functional groups on
the surface of the HA structure. Moreover, HA, as an electron shut-
tle carrier, mediates electron transfer during redox reactions
within the system, thereby promoting the generation of ROS. Thus,
the higher ROS contents found in the presence of HA under UV con-
ditions may be due to the photoelectron stimulation accelerated
the reaction rate of HA spontaneous and electron transfer. These
results confirmed that the production of ROS by HA/FA-mediated
redox transformation on the surface of PE-MPs is the main driving
force for MPs aging under UV conditions. Thus, a stronger intensity
of ROS formation from the PE-MPs with the HA systemmay lead to
significant differences in the degradation pathway of PS-MPs with-
out HA.

Furthermore, in order to verify this hypothesis, the relationship
between ROS and degradation products was analyzed by the co-
occurrence network analysis (Fig. 6). As shown in Fig. 6 a and b,
in the visualized co-occurrence networks, the difference intensity
of green connection represents significant correlations between
the measured parameters. In detail, the ROS (&OH and O2

–) formed
from FA was significantly positively correlated with the alkenes,
while the ROS (&OH and O2

–) formed from HA was significantly
positively correlated with the phenols and alkanes. This result sug-
gests that the presence of ROS from FA may contribute to chain
breakage as well as a low degree of oxidative dehydrogenation
reactions in the first place, while the production of higher value
ROS from HA contributes more to the breakage of PE-MPs as well
as to the oxidative process. Furthermore, in the degradation of
PE-MPs involving HA, the results showed that the amount of phe-
nolic production have a significant positive correlation with oxy-
genated products, such as alcohols, esters, ketones, aldehydes
and carboxylic acids. However, in the degradation of PE-MPs
involving FA, olefins were the precursors of oxygenated products.
This result suggests that HA and FA may mediate different pho-
todegradation processes of PE-MPs (Fig. 6 c).
4. Conclusions

MPs and humic substances are ubiquitous in aquatic systems.
To better understand the effects of humic substances on the pho-
8

todegradation of MPs humic acid (HA) and Fulvic acid (FA) were
selected as representative examples to investigate the aged charac-
teristics and release compounds profiles during the photodegrada-
tion of PE-MPs. The results showed that HA and FA promoted
weight loss and the generation of the aged PS-MPs with smaller
particle sizes during 15 days of irradiation. Likewise, this study
revealed that HA and FA promoted a variety of oxygen-
containing products (carboxyl acid, phenols and ketones) and
siloxanes additives released from the photodegradation of PE-
MPs. Moreover, HA was found to have a higher ability to generate
free radicals (&OH and O2–) than FA, which accelerated the pho-
tooxidation of PE-MPs and led to the different mechanisms of the
photodegradation pathway of PE-MPs. The findings of the current
study can serve as a baseline in evaluating how coexisting pollu-
tants affect photodegradation of MPs in the aquatic system.
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