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ABSTRACT: We investigated the photoaging of polypropylene (PP)
microplastics (MPs) in lake water. The results showed that photoaging of
PP MPs was signiﬁcantly inhibited in lake water compared with ultrapure
water after 12 d of ultraviolet (UV) irradiation, and humic acid and fulvic
acid, rather than carbonate (CO32−), nitrate (NO3−), or chloride (Cl−)
ions, were identiﬁed as the primary contributors to the observed
inhibition. Mechanisms for the roles of humic acid (Suwannee River
humic acid) and fulvic acid (Pony Lake fulvic acid) in reducing the rates
of photodegradation showed that humic acid and fulvic acid acted as both
reactive oxygen species (ROS) scavengers (e.g., of •OH) (dominant
contribution) and optical light ﬁlters. As ROS scavengers, humic acid and
fulvic acid signiﬁcantly decreased the capacity for the formation of •OH
and O2•− by PP MPs under irradiation. In addition, the chromophores in
humic acid and fulvic acid competed for photons with MPs through the light-shielding eﬀect, thereby causing less fragmentation of
PP particles and changes in other properties (melting temperature, contact angle, and surface zeta potential). The proposed
mechanisms for inhibition by humic acid and fulvic acid will aid our eﬀorts to assess the duration of aging and alterations of MP
properties during long-term weathering in natural waters.
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1. INTRODUCTION

During degradation, MPs experience contact with various
organic/inorganic water constituents, such as carbonate
(CO32−), nitrate (NO3−), and halogen (Cl− and Br−) ions
and natural organic matter. These water constituents have the
potential to be involved in photochemical transformations of
organic pollutants, resulting in a wide variation in the
photoaging processes of MPs in diﬀerent water matrices.11
Hence, it is necessary to investigate the speciﬁc mechanisms of
water-constituent-mediated photoaging of MPs in natural
water to better understand their environmental behavior and
ecological risks, and to minimize the knowledge gap between
outdoor natural weathering and laboratory-accelerated weathering of MPs.
Humic acid and fulvic acid are representative natural organic
matter widely distributed in natural waters, and they exhibit
both enhancement and inhibition eﬀects of photooxidation of
organic contaminants in water.12,13 For enhancement, humic

Microplastics (MPs), plastic particles with sizes <5 mm, are
emerging contaminants that are of increasing concern due to
their ubiquitous presence in diﬀerent water matrices (river
water, lake water, estuary water, and seawater) and adverse
impacts on aquatic organisms.1,2 Among diﬀerent water
matrices, lake water is an important sink for MPs. It was
estimated that the concentration of MPs in global lake water
ranged from 0.27 particles/m3 to 34,000 particles/m3 (median:
1442 particles/m3).3 In addition, lake water systems can also
act as crucial sources of MPs in coastal seawater and remote
oceans.4 Upon entering lake water, MPs readily undergo
various in situ weathering processes (i.e., hydrolysis,
biodegradation, photo/thermal oxidation, and mechanical
abrasion), of which irradiation-induced photoaging is the
major process.5,6 Increasing numbers of publications have
considered the photoaging of MPs in aquatic water, which
leads to alterations in MP properties (i.e., crystallinity,
hydrophobicity, polarity, roughness, and surface charge) and
breakdown of MP particles to abundant smaller secondary
MPs. In addition, aged MPs in water exhibit strong aggregation
potential,7 leaching of additives,8 adsorption onto organic/
inorganic pollutants,9 and toxicity to aquatic organisms.10
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boxanilide (XTT) was supplied by Sigma-Aldrich (USA).
Other reagents, including sodium carbonate (Na2CO3),
isopropyl alcohol (IPA), sodium nitrate (NaNO3), sodium
chloride (NaCl), and sodium bromide (NaBr), were purchased
from Nanjing Chemical Reagent Co., China.
2.2. Photochemical Experiments. The weathering
experiments with plastic particles were carried out by mixing
0.5 g of PP MPs and 20 mL of 10 mg C/L (carbon content per
liter of solution) SRHA/PLFA in a silica tube. The tubes were
irradiated in an XPA-VII photochemical reactor (Xujiang
Electromechanical Inc., China) coupled with a 500 W mercury
lamp (Figure S2a). The reaction temperature was set at 25 °C,
which was controlled by a cylindrical quartz cold trap with a
recycled cooling water system. The disturbance of waves, wind,
or tides in natural water on the fragmentation of MPs was
simulated by placing a magnetic stirrer in the silica tube and
stirring at 700 rad/min. The calculated water velocity was 2.97
m/s which was comparable and slightly higher than that in
Dongting Lake (V = 2.11 m/s), China, according to previous
literature (Text S3).22
Quartz tubes were removed from the photochemical reactor
at 0, 2, 4, 6, 8, 10, and 12 d (12 h light irradiation per day) to
acquire PP MPs after diﬀerent aging periods. Then, MP
samples were collected by passing the suspension through a
ﬁlter membrane (0.45 μm glass ﬁber ﬁlter), dried (50 °C for 48
h), and stored in a 4 °C refrigerator (away from light) prior to
use. Dark controls were conducted simultaneously without
irradiation by wrapping the tubes with aluminum foil.
Considering that self-degradation of humic acid and fulvic
acid under irradiation may lead to loss of chromophores and
changes in optical properties, and the total organic carbon
(TOC) of SRHA and PLFA solutions was determined after
diﬀerent aging periods,23 which showed that the solution TOC
values decreased 55% for SRHA and 32% for PLFA after 12 h
of UV exposure (Figure S3). Therefore, SRHA- and PLFAcontaining reaction solutions were refreshed every 12 h during
MP aging.
2.3. ROS Identiﬁcation and Quantiﬁcation. Details
related to the determination of O2•− and •OH during the MP
photoaging are supplied in Text S4.
2.4. Characterization of Pristine and Aged PP MPs.
The surface morphologies of pristine and aged PP MPs were
determined by ﬁeld-emission scanning electron microscopy
(SEM, FEI Quanta 250, USA). Prior to SEM observation, MP
samples were dispersed evenly in anhydrous ethanol to ensure
that the particles selected for SEM analyses were statistically
representative of the entire solution. In addition, during
counting of the average number of MPs after certain irradiation
times, 150 particles were randomly selected (Figure S4) from
the SEM image, and the static strategies were also reported by
Chen et al. (2019).5 MP particle sizes were then obtained by
counting the sizes of 150 selected plastic particles. Functional
groups on the surfaces of pristine and aged PP MPs were
examined by attenuated total reﬂection Fourier transform
infrared spectroscopy (ATR-FTIR, Bruker, Tensor II) (64
scans, 400−4000 cm−1). The crystallinity of MPs was
calculated using the following formula (eq 1)24

acid and fulvic acid are essential producers of reactive oxygen
species (ROS), including singlet oxygen (1O2), hydroxyl
radicals (•OH), superoxide anions (O2•−), and hydrogen
peroxide (H2O2).14 Because the excited triplet states of natural
organic matter (3NOM*), including triplet humic acid (3HA*)
and triplet fulvic acid (3FA*), could react with organic
pollutants in water directly through energy or electron transfer,
their presence in water could interfere with the photodegradation of organic contaminants.15−17 On the other
hand, humic acid and fulvic acid in water may also inhibit
the eﬀect of photodegradation of organic pollutants through
two pathways: (i) scavenging or quenching of substances such
as ROS. Under irradiation, humic acid and fulvic acid can
capture ROS and decrease the eﬃciencies of reactions between
pollutants and ROS;18 (ii) shielding of reactants from light.
Chromophores and nonchromophoric groups within humic
acid and fulvic acid could adhere to the surfaces of MPs and
interfere with eﬀective light absorption by MPs.19 For example,
polystyrene MPs were reported to have remarkable potential
for sorption onto Suwannee River humic acid (SRHA) and
Suwannee River fulvic acid through hydrophobic interactions
and π−π electron donor interactions.20 Considering that the
dual eﬀects of humic acid and fulvic acid are simultaneously
feasible under irradiation, it is unclear whether they aﬀect the
MP photoaging process. In addition, the capacity for the
formation of ROS and the sorption potential of humic acid/
fulvic acid for MPs are impacted by coexisting ions (i.e., Cl−),
and studies of the coexistence of natural organic matter and
ions may be important for simulating the mechanism for the
aging of MPs in natural waters.5,20
This study investigated the photoaging of MPs in lake water.
Polypropylene (PP) was selected as a probe plastic because it
is produced with the highest capacity (10 million tons in
2018), and it makes a large contribution (19.3%) to the global
plastics market.21 The aims of this study were to (i) discuss the
alteration of MP properties during photoaging in lake water
and (ii) clarify the dominant contributors and potential
mechanisms controlling the photoaging of PP MPs in water.
The results obtained in this study will be helpful for evaluating
the changes in MP properties after long-term weathering in
natural water environments.

2. MATERIALS AND METHODS
2.1. Materials. PP MPs (particle sizes: 100−150 μm) were
purchased from Yangli Electromechanical Technology Co.,
Ltd. (China), and they contained no additives according to the
supplier. The SRHA (2S101H) and Pony Lake fulvic acid
(PLFA, 1R109F) used in this study were supplied by the
International Humic Substances Society (IHSS, www.
humicsubstances.org), and the properties (SUVA254, E2/E3,
and humic acid and fulvic acid content) are supplied in Text S1
and Table S1. The lake water sample used in this study was
collected in Taihu Lake (China) (119°55′30.08″E,
31°13′49.47″N) (Figure S1 of the Supporting Information)
on June 27, 2019. The water sample was ﬁltered through a 0.45
μm membrane within 24 h and stored at 4 °C before use.
Water qualities, including pH (7.25 ± 0.28), conductivity (407
± 8.14 μs/cm), salinity (0.20 ± 0.001‰), and total dissolved
solids (273 ± 4.58 mg/L) are given in Text S2. Highperformance liquid chromatography-grade acetonitrile was
purchased from Merck KGaA (Germany). Nitrobenzene
(NB) was purchased from Kermel Co. Ltd., China. 2,3Bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-car-

Xc = (1 − (1 − I998/I974)/1.233)/(1 + I998/I974)

(1)

where I998 and I974 are the absorbance intensities at 998 cm−1
(crystalline region for PP MPs) and 974 cm−1 (−CH3 rocking
band), respectively, in the ATR-FTIR spectra.25 Other surface
properties and makeup domains of pristine and aged PP MPs,
B
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Figure 1. (a,b) Changes of the CI value for PP MPs at diﬀerent aging times in ultrapure water (green sphere) and lake water (yellow sphere) under
UV light (a) and dark conditions (b); (c,d) changes of PP MP particle size for PP MPs at diﬀerent aging times in ultrapure water (green box plot)
and lake water(yellow box plot) under UV light (c) and dark conditions (d) (in each box chart, the transverse line from top to bottom distributed
in the cross-pieces of each box plot represents the maximum value, value within the 75th percentile, medium value, value within the 25th percentile,
and minimum value; the solid sphere from top to bottom in each box plot represents the outsize value) (statistical analysis was performed using
one-way ANOVA. NS represents no signiﬁcance, while **p < 0.01 was considered as a statistically signiﬁcant diﬀerence compared to the control
group).

results.26 Compared with the dark control, two peaks at 1500−
1850 and 3300−3800 cm−1 were observed in the ATR-FTIR
spectra after UV irradiation in ultrapure water and lake water
(Figure S5a,b), which revealed that UV irradiation induced
polymer chain scission and the formation of carbonyl groups
(i.e., aldehydes, ketones, carboxylic acids, and esters) and
hydroxyl groups (i.e., −OH) on the surfaces of aged PP MPs
during aging. The formation of low-molecular-weight degradation products by PP MPs was also detected in the leachates.
In Figure S6, homologues of dicarboxylic acids were detected
in degradation leachates, and the molecular formulas of
degradation products are displayed as CxH2x−2O4, such as
C9H16O4, C10H18O4, and C11H20O4.27
The carbonyl index (CI), the relative abundance of carbonyl
groups within plastic polymers, was introduced as an important
indicator with which to characterize the extent of photooxidation for plastic particles because photooxidation of MPs
produced abundant carbonyl groups (i.e., aldehydes, ketones,
and carboxylic acids) that were prone to accumulate on the
surfaces of plastics with aging time.28 The CI values of PP MPs
were therefore determined by calculating the maximum
intensity of the adsorption peak at 1715 cm−1 relative to that
of the reference peak at 974 cm−1 in ATR-FTIR spectra.25
Based on Pearson correlation analysis, a signiﬁcant correlation
(r = 0.978, p < 0.01) was discovered between the CI values and
aging time, indicating that the CI values were an appropriate
index reﬂecting the changes in MP chemical properties after
diﬀerent aging times. In Figure 1a, the pseudo-ﬁrst-order

including zeta potential, contact angle, and melting temperature, were determined by a Zetasizer (Nano ZS, Malvern,
UK), contact angle goniometer (OCA 30, DataPhysics
Instruments GmbH, USA), and thermogravimetry−diﬀerential
scanning calorimetry (TG−DSC) analyzer (STA449F3,
Germany), respectively.
2.5. Statistical Analyses. All statistical analyses were
conducted with IBM SPSS (version 19.0) software. For the
correlation of plastic particle size versus aging time, Pearson
correlation analysis was applied. For multiple comparisons of
MP properties (i.e., size, crystallinity, melting temperature, and
contact angle) at diﬀerent aging times, one-way analysis of
variance (ANOVA) was conducted. Statistical signiﬁcance was
deﬁned as NS (no signiﬁcance), * (p < 0.05), and ** (p <
0.01). Moreover, all of the experiments (i.e., MP aging,
characterization, and ROS determination) were repeated three
times in this study, and the results are presented as mean
values ± standard deviation (SD). A SD of less than 10%
between parallel samples meant that the parallelism of the data
was acceptable.

3. RESULTS AND DISCUSSION
3.1. Characterization of Pristine and Aged PP MPs in
Lake Water. To explore long-term aging of PP MPs in lake
water, laboratory-accelerated aging experiments were conducted with UV exposure for 12 d, which was comparable to
approximately 90 d of natural weathering in an outdoor
environment (Nanjing, China) according to our previous
C
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Figure 2. Variation of contact angle and crystallinity for PP MPs in ultrapure water (orange box) and lake water (blue box) at diﬀerent aging times
under UV light and dark conditions [(a,b) variations of contact angle (a) and crystallinity (b) for PP MPs under UV light conditions (b); (c,d)
variation of contact angle (c) and crystallinity (d) for PP MPs in ultrapure water and lake water at diﬀerent aging times under dark conditions (d)]
(statistical analysis was performed using one-way ANOVA. NS represents no signiﬁcance, while **p < 0.01 was considered as a statistically
signiﬁcant diﬀerence compared to the control group).

kinetic model provided a reasonable ﬁt for the increase in the
CI value of PP MPs with aging time, while no diﬀerence in CI
values was observed in dark controls (Figure 1b). The CI value
of PP MPs found in ultrapure water was higher than that of PP
MPs in lake water after UV irradiation for the same time
period, suggesting that photoaging of PP MPs could be
inhibited by discharge into lake water.
In addition, SEM images showed that the surface
morphology of PP MPs was converted from smooth to
rough and tended to fragment after 12 d of UV irradiation in
water (Figure S7). The changes in MP particle sizes (S/S0, S:
particle size at irradiation time t, S0: particle size before UV
irradiation) exhibited a signiﬁcant correlation versus aging time
for PP MPs in ultrapure water (r = 0.956, p < 0.01) and lake
water (r = 0.970, p < 0.01), indicating that the changes in
particle size reﬂected the aging degree of PP MPs after
diﬀerent aging periods. Compared with pristine PP MPs, the
average size of PP MP particles decreased by 85.40% in
ultrapure water, which was higher than that seen in lake water
(34.91%) after UV irradiation for 12 d (Figure 1c), and no
changes in particle size were observed in dark controls (Figure
1d). Additionally, the inhibitory eﬀect of lake water was also
characterized by the changes in the contact angles and
crystallinity of MPs after diﬀerent aging times. For example,
the hydrophilicity-related contact angle of PP MPs decreased
by 19.3° (from 106.7 ± 0.28 to 87.5 ± 1.20°) and 12.1° (from
106.7 ± 0.28 to 94.6 ± 0.70°) and the crystallinity of PP MPs
decreased from 97.63 ± 1.37 to 93.56 ± 1.41 and 94.99 ±
0.97% in ultrapure water and in lake water after UV exposure

for 12 d (Figure 2a,b). In contrast, no diﬀerences were found
for the contact angles and crystallinity at diﬀerent aging times
under dark conditions (Figure 2c,d). These results further
demonstrated the inhibition of PP MP aging in lake water.
Note that the radiation energy power to which solutions
were exposed during photochemical experiments was determined to be 100 W/m2 (determined by an FZ-A radiometer,
Beijing Normal University Photoelectric Instrument Factory
Co., Ltd., China) at 365 nm (Figure S2b), which was
approximately 10-fold higher than that in natural weathering
(UV365 = 10.3 W/m2).28 Spectral data for the mercury lamp
used in the laboratory acceleration experiment and for natural
sunlight were supplied in our previous study.26 To convert
laboratory acceleration experiments to natural weathering, our
previous study exposed PP MPs under natural solar irradiation
for 180 d at Nanjing University (32°6′58.20″N,
118°57′18.79″N), China.26 By comparing the aging-related
CI value, we discovered that 12 d of UV irradiation for PP MPs
in water was equivalent to 90 d of natural aging in an outdoor
environment (Nanjing, China).27 However, due to the
diﬀerent spectral distribution between mercury lamps and
natural sunlight, the results obtained in this study may be
diﬀerent when extrapolating to realistic environmental
conditions.26
3.2. Eﬀect of Humic Acid and Fulvic Acid on the
Aging of PP MPs in Water. To determine the dominant
contributor to the inhibition of PP MP aging observed in lake
water, the contributions of Br−, Cl−, CO32−, NO3−, humic acid,
and fulvic acid to the aging process were determined. These
D
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irradiation for 12 d in ultrapure water and SRHA- and PLFAcontaining aqueous solutions, respectively. The surface zeta
potential of pristine PP MPs was −0.10 ± 0.85 mV. After 12 d
of UV irradiation, the surface zeta potential observed in
ultrapure water (−8.8 ± 0.64 mV) was lower than those in
SRHA- (−0.94 ± 2.13 mV) and PLFA-containing (−6.75 ±
3.73 mV) aqueous solutions (Figure 4b). No changes were
observed in melting temperature (Figure 4c) and surface zeta
potential (Figure 4d) for dark controls. The photoaging for PP
MPs in water was mainly associated with polymer chain
scission which modiﬁed the molecular structure of the plastic,
leading to a decrease in the crystalline region and melting
temperature.32 After long-term photoaging, more oxygencontaining functional groups (i.e., carbonyl and hydroxyl
groups) were formed (Figure S5), and this lead to a higher rate
of decrease in particle sizes (Figure 3) and surface zeta
potentials (Figure 4b). In this study, the rates for the reduction
of particle sizes and surface zeta potentials were decreased in
the presence of humic acid and fulvic acid, which indicates that
humic acid and fulvic acid signiﬁcantly inhibited polymer chain
scission. To understand the mechanisms for humic acid (or
fulvic acid) inhibition of MP aging, direct and indirect
photoaging processes mediated by humic acid and fulvic acid
were explored, and these processes were mainly driven by ROS
and irradiation, respectively.
3.3. Mechanism for the Inhibition of MP Aging by
Humic Acid and Fulvic Acid: Scavenging ROS. 3.3.1. Critical Roles of •OH and O2•− in MP Photoaging. Indirect
photoaging of MPs in water is related to ROS-initiated
polymer chain reactions and is mainly controlled by •OH, 1O2,
O2•−, and H2O2.33,34 Our previous studies demonstrated the
formation of •OH, O2•−, and 1O2 by PP MPs during
photoaging in water, with contributions decreasing in the
order: •OH > O2•− > 1O2; this conﬁrmed the important roles
of •OH and O2•− in PP MP aging.26 Because H2O2 was the
source for •OH formation under irradiation, the impact of
H2O2 on the aging of PP MPs in water was excluded herein
because its impact mechanism is similar to that of •OH.35
Therefore, •OH and O2•− were selected for investigation of the
mechanism for the photoaging of PP MPs mediated by humic
acid and fulvic acid in water. As a highly reactive species (redox
potential: 2.8 V), •OH, which is formed by cleavage of
hydroperoxides (ROOH) under irradiation (ROOH → RO• +
HO•), reacts with organics through hydrogen abstraction (R−
H + •OH → R• + H2O).36 O2•− was formed mainly through
the reduction of O2 (O2 + e− → O2•−, redox potential: −0.33
V) induced by plastic polymer-derived alkyl radicals (R•),
alkoxy radicals (RO•), and alkyl peroxy radicals (ROO•)
during irradiation.37 The reactions of O2•− with organic
chemicals generally involve disproportionation (H+ + O2•− →
HO2•, HO2• + R−H → R• + H2O2),38 single-electron transfer
(R + O2•− → O2 + R•−), and nucleophilic substitution (RX +
O2•− → ROO• + X−).39 Therefore, the formation of •OH and
O2•− mediated by humic acid and fulvic acid was subsequently
explored to clarify their mechanisms for the inhibition of PP
MP aging in water.
3.3.2. Formation of •OH and O2•−. Given that PP MPs,
humic acid, and fulvic acid acted as both ROS producers and
scavengers, the two processes were simultaneously feasible
under irradiation.14,18 To identify the dominant ROS
contributor aﬀecting MP photoaging, we compared the
capacities for the formation of •OH and O2•− by PP MPs
(0.5 g/20 mL), 10 mg C/L SRHA, and 10 mg C/L PLFA. For

water constitutes are of great importance in photodegradation
of organic pollutants in water, but only few studies have
addressed their impact on the photoaging of MPs to
date.11,29,30 The concentrations of Cl−, CO32−, NO3−, and
TOC in the studied lake water were 66.74 ± 0.16, 474.77 ±
1.48, 6.12 ± 0.46, and 9.71 mg/L, respectively. Br− was not
detected in the lake water due to its low concentration.
Subsequently, we exposed 0.5 g of PP MPs in 20 mL of
ultrapure water and in solutions containing 10 mg C/L SRHA
(representative of humic acid) or PLFA (representative of
fulvic acid), 60 mg/L Cl−, 500 mg/L CO32−, and 6 mg/L
NO3− to 12 d of UV irradiation. In Figure 3, the values of S/S0

Figure 3. Changes of PP MP particle size in ultrapure water (sapphire
box) and 60 mg/L Cl− (green box)-, 500 mg/L CO32− (orange box)-,
6 mg/L NO3− (red box)-, 10 mg C/L SRHA (pink box)-, and 10 mg
C/L PLFA (blue box)-containing aqueous solutions after 12 d of UV
irradiation (statistical analysis was performed using one-way ANOVA.
NS represents no signiﬁcance, while *p < 0.05 and **p < 0.01 were
considered as statistically signiﬁcant diﬀerences compared to the
control group).

were higher for aqueous solutions containing SRHA (0.28 ±
0.02) and PLFA (0.28 ± 0.01) than for ultrapure water (0.14
± 0.03) or for water containing CO32− (0.19 ± 0.04), NO3−
(0.13 ± 0.03), and Cl− (0.13 ± 0.01) after 12 d of UV
irradiation. The results indicated that humic acid and fulvic
acid displayed signiﬁcant inhibition of the photoaging of PP
MPs in water. Humic acid and fulvic acid are extensively
distributed in natural waters and readily interact with MPs
through electrostatic and hydrophobic forces.31 The critical
roles of humic acid and fulvic acid in the MP photoaging
process were subsequently explored.
The impacts of humic acid and fulvic acid on the photoaging
of PP MPs were investigated by comparing the changes
observed in melting temperatures and surface zeta potentials
after diﬀerent aging times in ultrapure water, and SRHA- and
PLFA-containing solutions [10 mg C/L, based on the TOC
value (9.71 mg/L) detected in lake water]. Signiﬁcant
correlations were observed between melting temperature (r =
0.987, p < 0.01) or surface zeta potential (r = 0.773, p < 0.05)
and aging time for PP MPs in ultrapure water, suggesting that
the melting temperature and surface zeta potential could be
used as indicators reﬂecting the changes in MPs occurring
during aging. In Figure 4a, the melting temperature of PP MPs
decreased from 165.4 ± 2.12 °C (pristine PP MPs) to 148.1 ±
0.47, 150.4 ± 0.53, and 153.8 ± 3.06 °C after exposure to UV
E
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Figure 4. Changes of melting temperature (a) and surface zeta potential (b) for PP MPs at diﬀerent aging times in the presence of ultrapure water
(orange box) and 10 mg C/L SRHA (green box)- and PLFA (blue box)-containing aqueous solutions under UV light conditions (a,b) and dark
conditions (c,d); (statistical analysis was performed using one-way ANOVA. p < 0.05 and **p < 0.01 were considered as statistically signiﬁcant
diﬀerences compared to the control group).
•

M) and PLFA-containing solutions (rate constant: 0.067,
[•OH]ss: 4.05 × 10−15 M) were lower than that for ultrapure
water (rate constant: 0.095, [•OH]ss: 7.47 × 10−15 M),
suggesting that the presence of humic acid or fulvic acid
prevented the formation of •OH during aging of PP MPs and
their roles were as •OH scavengers rather than •OH
generators. The amounts of •OH inhibited by SRHA and
PLFA were estimated from the diﬀerence between total
[•OH]ss formed by PP MPs and SRHA (2.99 × 10−15 M)/
PLFA (1.92 × 10−15) and the [•OH]ss residual in SRHA (5.55
× 10−15 M)- and PLFA (4.05 × 10−15 M)-containing solutions,
which was 4.91 × 10−15 M for SRHA and 5.34 × 10−15 M for
PLFA, respectively.
As with •OH, in Figure 5c, the cumulative concentration of
O2•− produced by PP MPs was 2.26 ± 0.66 μM after 50 min of
UV irradiation, higher than those for SRHA (0.10 ± 0.02 μM)
and PLFA (0.04 ± 0.02 μM). No changes in the absorbance at
470 nm (representing the formation of XTT formazan) were
discovered for the dark controls (Figure S8b). This indicated
that the capacity of PP MPs to produce O2•− was higher than
those of SRHA and PLFA during irradiation. Subsequently, the
cumulative concentrations of O2•− for PP MPs in ultrapure
water and SRHA- and PLFA-containing aqueous solutions
were compared. The cumulative O2•− concentrations produced
in SRHA- and PLFA-containing reaction solutions were 1.81 ±
0.56 and 1.49 ± 0.32 μM, respectively, less than that in
ultrapure water (2.26 ± 0.66 μM) after 50 min of UV
irradiation (Figure 5d). This implied that humic acid and fulvic
acid also scavenged O2•− generated by PP MPs. Therefore, we

OH formation, 3 mM NB was utilized to determine the
steady-state concentration of •OH in aqueous solution since
they react with a second-order rate constant of 3.9 × 109 M−1
s−1 (kNB−•OH).40,41 No signiﬁcant changes in the concentration
ratio C/C 0 (C: concentration at time t; C 0 : initial
concentration before reaction) of NB were found during 5 h
of UV irradiation (Figure 5a) or under dark conditions (Figure
S8a), indicating that direct photodegradation of NB was
negligible during the reaction period. In Figure 5a, a linear ﬁt
was used for the loss of NB in the presence of PP MPs, 10 mg
C/L SRHA, or 10 mg C/L PLFA after diﬀerent UV irradiation
times. The ratio for consumption of NB in the PP MP reaction
system was higher than those in the SRHA- or PLFAcontaining systems, with calculated ﬁrst-order rate constants
kNB−•OH of 0.095 h−1 (PP MPs), 0.042 h−1 (SRHA), and 0.027
h−1 (PLFA) (Figure 5a). Steady-state concentrations of •OH
([•OH]ss) were then calculated based on the second-order rate
constant and pseudo-ﬁrst-order rate constant k′NB (eq 2)40
′ = kNB−•OH × [•OH]ss
kNB
•

(2)
−15

−15

[ OH]ss was estimated to be 7.47 × 10 , 2.99 × 10 , and
1.92 × 10−15 M in the presence of PP MPs, SRHA, and PLFA,
respectively. This indicated that the contribution from •OH
formed by humic acid and fulvic acid to the photoaging of PP
MPs was negligible and the main contributor was PP MPs
themselves. In Figure 5b, in comparing the formation of •OH
by PP MPs in ultrapure water and that in SRHA- or PLFAcontaining aqueous solutions, [•OH]ss values obtained for PP
MPs in SRHA- (rate constant: 0.078, [•OH]ss: 5.55 × 10−15
F
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Figure 5. (a) Formation capacity of •OH for PP MPs (pink line), SRHA (red line), PLFA (blue line), and NB (black line, for reference) within 5 h
of UV irradiation; (b) formation capacity of •OH for PP MPs in the presence of ultrapure water (black line) and SRHA (red line)- and PLFA (blue
line)-containing aqueous solutions during 5 h of UV irradiation; (c) formation capacity of O2•− for PP MPs (black sphere), SRHA (red sphere),
and PLFA (blue sphere) during 50 min of UV irradiation; (d) formation capacity of O2•− for PP MPs in the presence of ultrapure water (black
sphere) and SRHA (red sphere)- and PLFA (blue sphere)-containing aqueous solutions during 50 min of UV irradiation.

of chemical compositions with ATR-FTIR spectra revealed
that SRHA and PLFA displayed obvious absorptions at 1144,
1450, 1628, 1720, and 3300−3800 cm−1, which represented
the C−O stretching of carbohydrates, C−H deformation for
methyl and methylene groups, CC stretching of aromatics,
CO stretching of amides and quinones, and O−H stretching
of carboxyl and hydroxyl groups, respectively. The presence of
oxygen-containing functional groups caused humic acid and
fulvic acid to be negatively charged, and the zeta potentials of
10 mg C/L SRHA and PLFA solutions were −17.2 ± 1.01 and
−19.2 ± 1.75 mV, respectively. The adhesion of humic acid
and fulvic acid onto the surface of MPs during the photoaging
process was facilitated by hydrogen bonding and hydrophobic
interactions.43,44 After mixing PP MPs with SRHA and PLFA
for 12 h in the dark, the relative absorption intensities for
carbonyl (1600−1750 cm−1) were increased in ATR-FTIR
spectra compared with those for pristine MPs (Figure 6b).
Subsequently, the capacity for the adsorption of SRHA and
PLFA onto PP MPs was determined by mixing PP MPs (0.1 g/
20 mL) with SRHA (10 mg C/L) and PLFA (10 mg C/L) for
48 h under dark conditions. In Figure 6c, the TOC values for
SRHA and PLFA in the suspensions were decreased by 25.34
and 12.01% after 48 h of sorption. These results indicated that
humic acid and fulvic acid could adhere to the surfaces of PP
MPs and compete for photons with MPs, thus inhibiting the
photoaging of MPs. The light-shielding factors for humic acid
and fulvic acid were calculated by eqs 3 and 411

conclude that humic acid and fulvic acid in water inhibited the
formation of •OH and O2•− by PP MPs and thus slowed down
the radical-associated indirect photoaging process. This is in
accordance with the changes in MP properties (i.e., melting
temperature and surface zeta potential) (Figure 4a,b)
occurring in the presence of humic acid and fulvic acid. The
scavenging eﬀects of SRHA and PLFA can be attributed to the
constituents of humic acid and fulvic acid, which could react
with O2•− and •OH under irradiation. These include
hydroquinone (k•OH: 1.2 × 1010 M−1 s−1, kO2•−: <1.7 × 104
M−1 s−1), p-benzoquinone (k•OH: 6.6 × 109 M−1 s−1, kO2•−: 1.0
× 109 M−1 s−1), catechol (k•OH: 1.1 × 1010 M−1 s−1, kO2•−: 2.7 ×
105 M−1 s−1), resorcinol (k•OH: 1.2 × 1010 M−1 s−1, kO2•−: 2 M−1
s−1), gallic acid (k•OH: 1.0 × 1010 M−1 s−1, kO2•−: 2.3 × 103 M−1
s−1), and tannic acid (k•OH: 3.0 × 1010 M−1 s−1).42 In addition,
diﬀerent concentrations of MP residues may alter their ability
to generate •OH and O2•−, thus shifting the mechanism for
inhibition by humic acid and fulvic acid to MP aging. Thus, the
speciﬁc contributions of •OH and O2•− to the mechanism for
inhibition need to be clariﬁed in further research.
3.4. Mechanism for Inhibition by Humic Acid and
Fulvic Acid in the MP Aging Process: Light-Shielding
Eﬀects. Considering the special molecular structures of humic
acid and fulvic acid, chromophores such as aromatic ketones,
aldehydes, quinones, and phenolic compounds may also be
involved as optical ﬁlters in MP aging, thereby interfering with
direct photolysis of PP MPs in water. In Figure 6a, the studies
G
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Figure 6. (a) ATR-FTIR spectra of SRHA (blue line) and PLFA (pink line); (b) ATR-FTIR spectra of PP MPs after 12 h mixing in ultrapure water
(black line) and 10 mg C/L SRHA (red line)- and 10 mg C/L PLFA (blue line)-containing aqueous solutions under dark conditions (c)
adsorption capacity of SRHA (black line) and PLFA (blue line) onto PP MPs (0.1 g/20 mL) within 48 h under dark condition; (d) changes of the
light-shielding factor for SRHA (gray line) and PLFA (red line) within 270 min of UV irradiation duration; (e,f) eﬀect of SRHA- and PLFAassociated chromophore constitutes (b) and physical shielding (c) on the aging of PP MPs.

Sλ = (1 − 10−αλl)/2.303αλl

(3)

i
S260−600 = jjjj
k

(4)

600

∫260

y
Sλ dSλzzzz/(600 − 260)
{

particle sizes and changes in most other properties (i.e.,
crystallinity and surface zeta potential).
Based on these results, humic acid and fulvic acid may act as
both optical ﬁlters and ROS scavengers (i.e., •OH and O2•−)
during the MP aging process. However, the contribution from
the light-shielding eﬀect to the inhibition of PP MP photoaging
is still unclear. To illustrate this hypothesis, we exposed PP
MPs and 300 mM IPA (to quench •OH) in ultrapure water, 10
mg C/L SRHA, or 10 mg C/L PLFA to UV irradiation for 8 d
because •OH was demonstrated to play a more important role
in MP aging than O2•−.26 The results showed that MP particle
sizes decreased by 66.0, 18.1, 3.96, and 5.61% in ultrapure
water, ultrapure water + IPA (300 mM), SRHA + IPA, and
PLFA + IPA reaction systems, respectively (Figure 7). In other
words, ROS contributed 47.9% to MP inhibition, while the
light-shielding eﬀect of SRHA contributed 14.14% and that of
PLFA contributed 12.49%. This indicated that light-shielding
indeed reduced the rate of photodegradation of PP MPs, with
a contribution smaller than that of free radicals (i.e., •OH).
However, the direct correlation between natural organic matter
properties (i.e., SUVA254) and the alternation of MP properties
was hard to be estimated. Because self-degradation of humic
acid and fulvic acid under irradiation leads to losses of eﬀective
constituents, their ROS formation capacity and light-shielding
ability were altered by aging (Figure S3). Since the lightshielding factors and ROS formation capacities of humic acid
and fulvic acid were closely related to their concentrations in
water (Figure S11),46 more eﬀorts should be devoted to
establishing the correlation between the natural organic matter
concentration and the changes in MP properties (i.e., size,
crystallinity, and surface zeta potential) during photoaging to
accurately evaluate the contributions of light shielding to MP

where Sλ is the light-shielding factor for humic acid and fulvic
acid at a speciﬁc wavelength, l is the length of the cuvette used
to measure the UV−vis spectrum, and S260−600 represents the
average optical screening factor between 260 and 600 nm for
humic acid and fulvic acid with composite light sources which
were chosen based on the standard medium-pressure mercury
lamp spectrum.45 The light-shielding factors before the UV
irradiation experiment were 0.91 ± 0.002 and 0.92 ± 0.001 for
SRHA and PLFA, respectively, and these values displayed little
change during 270 min of UV irradiation (Figure 6d). This
showed that the light-shielding eﬀect must be considered to
understand the roles of humic acid and fulvic acid in reducing
MP photodegradation. Apart from the contributions of
chromophoric constituents to the aging of PP MPs in water,
the nonchromophoric part in humic acid and fulvic acid was
also important to the aging of MPs in water (Figure 6e).
Humic acid and fulvic acid are complex mixtures in natural
waters and mainly comprise carbohydrates, protein, thiols,
carbonyls, and phenolics.31 Humic acid and fulvic acid coated
on the surfaces of MPs may also physically shield the MPs
from irradiation (Figure 6f). From this point of view,
chromophores and nonchromophores present in humic acid
and fulvic acid competed with PP MPs for light absorption and
inhibited the direct photodegradation of plastic polymers in
water via a light-shielding eﬀect. The degradation of MPs was
consequently inhibited, leading to smaller reductions in PP
H
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Figure 7. Changes of the PP MP particle size after exposure to
ultrapure water-, ultrapure water + IPA (300 mM)-, SRHA + IPA-,
and PLFA + IPA-containing reaction systems and UV irradiation for 8
d (statistical analysis was performed using one-way ANOVA. p < 0.05
and **p < 0.01 were considered as statistically signiﬁcant diﬀerences
compared to the control group).

aging in diﬀerent water matrices (i.e., river water, estuary
water, and seawater).

4. ENVIRONMENTAL IMPLICATIONS
This study explored the photoaging of PP MPs in lake water.
The results showed that the aging-related CI value of PP MPs
was lower in lake water than in ultrapure water, indicating that
PP MPs may have longer retention times after discharge into
lake water. In addition, natural organic matter, such as humic
acid and fulvic acid, was more important in the inhibition of
MP aging than other water constituents (i.e., Cl−, CO32−, and
NO3−). The mechanism for humic acid and fulvic acid
inhibition of MP photoaging was explained by the fact that
humic acid and fulvic acid signiﬁcantly inhibited the generation
of ROS (i.e., •OH and O2•−) by PP MPs during the
photoaging process. In addition, chromophores and nonchromophoric moieties within humic acid and fulvic acid were
eﬀective light ﬁlters that prevented UV light from reaching the
PP MPs. Overall, the observations made in this study highlight
the signiﬁcant role of humic acid and fulvic acid in modifying
the mechanism of PP MP aging during long-term weathering
in water.
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