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ABSTRACT: Nanoplastics (NPs) have become a new type of pollutant
of high concern that is ubiquitous in aqueous environments. However,
the transport and transformation of NPs in natural waters are not yet
fully understood. In this study, the aggregation and photooxidation of
NPs were assessed with nanosized polystyrene (PS) as an example, and
the effects of dissolved organic matter (DOM) were investigated with
Suwannee River fulvic acid (SRFA) as representative DOM. The results
showed that simulated sunlight irradiation exhibited negligible effects on
the aggregation of PS, while SRFA enhanced its heteroaggregation
through hydrophobic interactions. In SRFA solutions, photooxidation of
PS with a particle size of 200 nm was observed, which led to an increase
in the O/C ratio on its surface at a rate of (2.20 ± 0.40) × 10−2 h−1.
This indicates the promotional effect of SRFA on the oxidation of
nanosized PS, which is attributed to the generation of the excited triplet state (3SRFA*), hydroxyl radicals (•OH), and singlet oxygen
(1O2). Among these reactive species, 1O2 played a crucial role in the oxidation of PS. The findings in this study are helpful for an in-
depth understanding of the environmental behavior of NPs in natural waters.
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■ INTRODUCTION

In recent years, plastics have attracted much attention as a class
of emerging pollutants.1−4 An increasing mass of plastics has
been detected in surface waters around the world due to the
increasing discharge of plastic waste.5−7 Among the various
plastics present, polypropylene (PP), poly(vinyl chloride)
(PVC), polystyrene (PS), and polyethylene (PE) are
commonly detected in surface waters.6,8 Increasing research
is currently focused on the distribution and environmental
behavior of these plastics in water systems.9,10

A large number of plastics exhibit toxic effects on organisms
and may cause serious ecological risks. Studies on the
toxicological effects of plastics showed that ingestion of
microplastics (MPs, <5 mm in diameter) and nanoplastics
(NPs, <1 μm in diameter) by animals can induce damage to
their reproductive ability and to specific organs,9,11 whereas
NPs were found to penetrate cell walls and reach the
circulatory system.12 At the same time, MPs can also affect
the transport behavior of organic pollutants in the environ-
ment.9 They have been reported to be carriers of various
contaminants in natural waters due to the strong adsorption
ability of hydrophobic organic pollutants, such as polychlori-
nated biphenyls (PCBs), polycyclic aromatic hydrocarbons
(PAHs), and per- and polyfluorinated chemicals (PFCs).13−16

Thus, it is of great significance to understand the transport and

degradation behavior of plastics in natural waters to be able to
properly assess their potential ecological risks. However, less
attention has been given to the transport and degradation of
NPs in natural waters compared with those of MPs.
The main environmental fate-determining processes of

plastics in natural waters are aggregation and degradation,
including photodegradation, thermal degradation, biodegrada-
tion, and oxidation reactions.4,17,18 These processes may alter
the properties of plastics, including their size, morphology,
mechanical strength, and oxygen content.19−21 The aggrega-
tion of plastics, e.g., MPs, in natural waters is likely to be
affected by dissolved organic matter (DOM), which is a
ubiquitous natural organic macromolecule in aquatic ecosys-
tems.22 Previous research has shown that DOM can affect the
environmental behavior of nanoparticles,23 and heteroaggre-
gation was proven to occur in the presence of DOM due to
electrostatic repulsion and hydrophobic interactions, thereby
changing the fate and distribution of nanoparticles in the

Received: October 19, 2021
Revised: February 4, 2022
Accepted: February 7, 2022
Published: February 17, 2022

Articlepubs.acs.org/est

© 2022 American Chemical Society
3085

https://doi.org/10.1021/acs.est.1c07129
Environ. Sci. Technol. 2022, 56, 3085−3095

D
ow

nl
oa

de
d 

vi
a 

L
E

ID
E

N
 U

N
IV

 o
n 

M
ay

 1
9,

 2
02

2 
at

 1
4:

15
:0

7 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ya-nan+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fangyuan+Cheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tingting+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chao+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiao+Qu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jingwen+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Willie+J.+G.+M.+Peijnenburg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Willie+J.+G.+M.+Peijnenburg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.1c07129&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c07129?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c07129?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c07129?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c07129?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c07129?fig=abs1&ref=pdf
https://pubs.acs.org/toc/esthag/56/5?ref=pdf
https://pubs.acs.org/toc/esthag/56/5?ref=pdf
https://pubs.acs.org/toc/esthag/56/5?ref=pdf
https://pubs.acs.org/toc/esthag/56/5?ref=pdf
pubs.acs.org/est?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.est.1c07129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/est?ref=pdf
https://pubs.acs.org/est?ref=pdf


aquatic environment.23 As a kind of nanoparticle, the surface
morphology and fate of NPs can also be affected by DOM.
The aggregation of MPs was proven to be affected by DOM
and ionic strength, and the heteroaggregation of MPs was
reported to change in the presence of inorganic colloids and
natural organic matter.24,25 However, in sunlit surface water,
the influence of DOM on the aggregation of NPs is still
unclear.
Under long-term irradiation in water, the surface properties

and microstructure of MPs, such as color, surface morphology,
and density, can be changed.26−28 In addition, photochemically
produced reactive intermediates (PPRIs), such as singlet
oxygen (1O2) and hydroxyl radicals (•OH), can react on the
surface of MPs to accelerate their photodegradation in natural
waters.26,27 The reaction of 1O2 and

•OH with MPs can lead to
the formation of oxygen-containing functional groups on the
surface of MPs and can enhance their negative surface
potential in water,26,29 which subsequently affects their fate
and transport, as well as their potential risks in the
environment.30−33 In estuarine water and coastal seawater,
the presence of Cl− can inhibit the photooxidation of MPs by
generating Cl2

•−.27 DOM has been proven to play an
important role in photochemical processes in aquatic environ-
ments.34,35 Upon irradiation, DOM can generate various
photochemically produced reactive intermediates (PPRIs),
such as the excited triplet state of DOM (3DOM*), 1O2, and
•OH.36,37 Thus, DOM may also influence the degradation
behavior of NPs in sunlit surface waters. Nevertheless,
sunlight-induced degradation of NPs in the presence of
DOM and the roles of PPRIs in the photodegradation of
NPs are still unclear. In addition, NPs at environmentally
relevant concentrations can interact with DOM38 and induce
structural changes in DOM.24 Thus, the interaction of DOM
with NPs may affect the generation of PPRIs from DOM,
which can influence the photodegradation of various
pollutants, including particles, initiated by these PPRIs.35,39

Once released into natural water, NPs have great potential to
interact with DOM, which has a significant impact on the
environmental fate of NPs. Thus, in this study, the
predominant aim was to investigate the aggregation and
photooxidation behaviors of NPs under simulated sunlight
irradiation and to reveal the mechanisms related to the
interaction of DOM with NPs affecting the behavior of NPs.
Nanosized PS and Suwannee River fulvic acid (SRFA) were
selected as representatives of NPs and DOM, respectively. The
obtained results could increase our understanding of the
environmental behavior of NPs and provide new scientific
evidence for the potential risks of NPs in natural waters.

■ MATERIALS AND METHODS
Chemicals. PS suspensions (50 mg/mL density: 1.05 g/

cm3; solvent: ultrapure water; and no group modification on
the surface of PS) with particle sizes of 50, 200, and 1000 nm
were purchased from Zhongkeleiming Technology Co., Ltd.
(Beijing, China). 2,4,6-Trimethylphenol (TMP, 98%), furfuryl
alcohol (FFA, 98%), sorbic acid (SA, 99% purity), benzene
(99%), and phenol (99%) were purchased from J&K Scientific,
Ltd. (Beijing, China). Suwannee River fulvic acid Standard II
(SRFA, 2S101F) was purchased from the International Humic
Substances Society. Sodium dihydrogen phosphate
(NaH2PO4) and disodium hydrogen phosphate (Na2HPO4)
were purchased from Tianjin Damao Chemical (Tianjin,
China). Ultrapure water (18.2 MΩ) was obtained from a

purification system produced by Chengdu Ultrapure Technol-
ogy Co., Ltd. (Chengdu, China). The organic solvents used in
this study were of chromatographical purity and were obtained
from TEDIA (Fairfield, OH).
The PS suspensions were diluted with pure water to a final

concentration of 200 mg/L and subsequently used as PS stock
solutions. Appropriate amounts of SRFA in deionized water
were dissolved and filtered with 0.45 μm of poly(vinylidene
fluoride) to prepare a 1 g/L stock solution.

Oscillation Experiments. Oscillation experiments were
performed to investigate the aggregation of PS with particle
sizes of 50, 200, and 1000 nm in an aqueous environment.
Micron-sized PS (1000 nm, i.e., 1 μm) was selected as a
control of MPs. PS with an initial concentration of 20 mg/L
was placed in a conical flask, and phosphate buffer solution
(PBS, 1.0 mM) was used to control the pH of the solutions at
7.0. The solutions were oscillated in a constant-temperature
oscillator under dark conditions for 7 days (25 ± 1 °C, 150
rpm) as described in a previous study in which the interaction
equilibrium time of PS with humic acid was approximately 7
days.24 Samples were collected at predetermined time intervals
(0, 1, 2, 3, 4, 5, 6, and 7 days) for the determination of average
hydrodynamic diameters. In addition, their morphology and
microstructure were observed, and the elemental composition
(C and O) on the surface of PS was determined.
The effect of DOM on the aggregation of PS was

investigated by adding SRFA (10 mg/L) to PBS solutions,
and the influence of simulated sunlight irradiation on the
aggregation of PS was also investigated with the detailed
irradiation methods shown below. All experiments were
conducted in triplicate.

Light Irradiation Experiments. The irradiation experi-
ments were carried out in an XPA-7 merry-go-round
photochemical reactor (Xujiang Electromechanical Plant,
Nanjing, China) with quartz tubes containing the reaction
solutions. A water-refrigerated 500 W medium-pressure
mercury lamp equipped with 290 nm filters (λ > 290 nm)
was used to mimic the UV-A and UV-B portions of sunlight.
The light intensity at the surface of the quartz tubes was
detected with a TriOS-RAMSES spectroradiometer (TriOS
GmbH, Germany), and the results are shown in Figure S1 in
the Supporting Information (SI). During irradiation, a
circulating cooling water system was used to keep the
temperature at 25 ± 1 °C, which could not change the
physical and chemical properties of PS.40 A magnetic stirring
system at a speed of 700 rpm was used to keep PS and SRFA
fully mixed in the suspensions and to simulate the mechanical
abrasion forces in natural waters.27

The influence of light irradiation on the aggregation of PS
was investigated. During light irradiation, samples were
collected at predetermined time intervals (0, 10, 30, 50, 80,
and 120 min), and the ζ-potential and average hydrodynamic
diameter of PS were determined. In addition, the effect of light
irradiation on the aggregation of PS that had been oscillated
for 7 days was also observed.
Photodegradation experiments were carried out to inves-

tigate the photooxidation of PS. Different particle sizes (200
and 1000 nm) of PS with an initial concentration of 20 mg/L
and SRFA (10 mg/L) were thoroughly mixed in PBS (1.0 mM,
pH = 7.0). Although the actual estimated average concen-
tration of MPs is <1 mg/L in natural waters,41 relatively higher
concentrations of NPs were used because the concentrations of
NPs in natural waters are considered to be much higher than
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those of MPs42 and the higher concentration of NPs is helpful
to facilitate instrumental analysis.
The samples were oscillated for 1 week in a constant-

temperature oscillator (25 ± 1 °C, 150 rpm) to ensure the
interaction equilibrium of PS and SRFA, and the irradiation
experiment was carried out subsequently. The samples
containing only PS or SRFA were treated as blank controls.
Photodegradation experiments were performed with predeter-
mined time intervals (0, 2, 4, 8, 16, and 24 h), and the
elemental composition (C and O) on the surface of PS was
determined after pretreatment.
SA (5 mM), isopropyl alcohol (IPA, 20 mM), and FFA (1

mM) were used as quenchers for 3DOM*, •OH, and 1O2,
respectively,43−46 and were used to reveal the roles of 3DOM*,
1O2, and

•OH produced by SRFA in the photooxidation of PS.
All experimental conditions were conducted in triplicate.
Determination of PPRIs from SRFA. TMP, FFA, and

benzene were used as probe chemicals to measure the apparent
quantum yields (Φ) and steady-state concentrations of
3DOM*, 1O2, and •OH, respectively.47−50 The calculation
methods of the steady-state concentrations and Φ of 3DOM*-
([3DOM*]SS),

1O2 ([
1O2]SS), and

•OH ([•OH]SS) are detailed
in Text S2.
The effect of PS on the generation of these PPRIs from

SRFA (10 mg/L) was investigated by adding PS (50 nm) at
different concentrations (0.5, 5, 10, and 20 mg/L) or PS (20
mg/L) with different particle sizes (50, 200, and 1000 nm) in
PBS (1.0 mM, pH = 7.0). The role of oscillation on the
generation of these PPRIs from SRFA was investigated by

performing irradiation experiments with samples oscillated for
7 days. During light irradiation, samples were collected at
predetermined time intervals (0, 10, 30, 50, 80, and 120 min)
and filtered with 0.45 μm of poly(vinylidene fluoride) for
subsequent analysis. All experimental conditions were con-
ducted in triplicate.

Sample Pretreatment and Analytical Methods. The ζ-
potential and average hydrodynamic diameter of PS were
measured by dynamic light scattering (DLS) using a Zetasizer
ZS (Malvern, U.K.). The samples were obtained during
oscillation or irradiation treatment, and the solution was placed
in a sample cell for measurement using a He−Ne laser
operating at a wavelength of 633 nm and a scattering angle of
90°.
The morphology and microstructure of PS during the

treatment were characterized by field emission scanning
electron microscopy (FE-SEM, HITA CHIS-4800). The
samples were obtained and directly dropped onto monocrystal-
line silicon sheets (1 cm × 1 cm). The samples were
completely dried in a vacuum-drying oven at 60 °C, and SEM
analysis at acceleration voltages of 15.0−25.0 kV was
performed after spraying gold.
The elemental composition (C and O) on the surface of PS

during the treatment was determined by field emission
scanning electron microscopy (FE-SEM, HITA CHIS-4800)
coupled with energy-dispersive spectrometry (EDS). The
detailed methods are as follows: 25 mL of samples were
collected and centrifuged at high speed several times (15 000
rpm, 20 min) to remove the aqueous phase and to collect the
PS precipitate from the bottom of the centrifuge tube.24 Then,

Figure 1. Average hydrodynamic diameters (a) and particle size distribution (b, c, d) of PS (20 mg/L) during 1 week of oscillation (oscillation
conditions: 150 rpm, 25 °C).

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

https://doi.org/10.1021/acs.est.1c07129
Environ. Sci. Technol. 2022, 56, 3085−3095

3087

https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c07129/suppl_file/es1c07129_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c07129?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c07129?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c07129?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c07129?fig=fig1&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c07129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


5 mL of ultrapure water was added to the centrifuge tube
containing the PS precipitate, and the solution was vortexed for
5 min. The cleaning process was repeated three times to
remove the SRFA adsorbed on the surface of PS. Finally, the
collected precipitate was dropped on a monocrystalline silicon
sheet (1 cm × 1 cm) with a glass dropper and dried in a
vacuum-drying oven at 60 °C until completely dried. EDS was
used to measure the O/C content on the PS surface after gold
spraying.
An Agilent 1260 II HPLC system (Agilent) with a UV−vis

detector and an Ultimate AQ-C18 column (250 mm × 4.6
mm, 5 mm, Welch Materials, Maryland) was employed for the
quantification of TMP, FFA, and phenol, as detailed in Table
S1.

■ RESULTS AND DISCUSSION

Aggregation and Degradation of PS during Oscil-
lation and Light Irradiation. The morphology and micro-
structure of PS during oscillation and light irradiation were
observed using SEM, and the results are shown in Figure S2.
The original PS particles had smooth and globular features
(Figure S2a), and the polymer dispersity index (PDI) was very
small (<0.1, Table S2), indicating that the size distribution was
uniform.51 The average hydrodynamic diameters of PS during
oscillation were measured to investigate the aggregation of PS,
and the results are shown in Figure 1. The determined values
of the average hydrodynamic diameter of PS were higher than
the theoretical values (50, 200, and 1000 nm) due to its slight
agglomeration of PS in aqueous solutions. Aggregation of PS
with a particle size of 50 nm was observed during 1 week of

oscillation as the average hydrodynamic diameter increased
during the oscillation (Figure 1a). Although no obvious
increase in the average hydrodynamic diameter was observed
for PS with particle sizes of 200 and 1000 nm, slight
aggregation occurred as the ratio of large PS particles increased
during oscillation (Figure 1b−d).
Compared with the untreated 1000 nm PS, the oscillation-

treated PS was obviously ruptured (Figure S2b), and lower
particle-sized PS (<150 nm) was detected during oscillation
(Figure 1d). This indicates that the oscillation of PS could lead
to the generation of PS fragments of lower particle size. Thus,
it can be concluded that the mechanical abrasion forces
brought about by the fluctuation of the water flow have an
important effect on the surface aging of PS particles with large
particle sizes, which is in accordance with a previous study.52

This leads to the breaking and cracking of microscale particles
into nanoscale plastics. Therefore, the abundance of NPs in
natural waters may be far underestimated, especially upon
prolonged emissions of MPs in the aquatic environment.
No significant increase in the average hydrodynamic

diameter (Figures 2a,b and S3) and no obvious change in
the particle size distribution (Figure S4) were observed for PS
particles with different particle sizes (50, 200, and 1000 nm)
no matter during simulated sunlight irradiation directly or
during irradiation after 1 week of oscillation. These results
demonstrated that simulated sunlight irradiation exhibited a
negligible effect on the aggregation of PS, which is in
accordance with the observed dispersion state of PS in the
SEM images (Figure S2).

Figure 2. Average hydrodynamic diameters of PS (20 mg/L) during simulated sunlight irradiation after 1 week of oscillation (a, b) and the O/C
ratio (wt/wt) of PS after treatment with oscillation and light irradiation (c, d). Oscillation conditions: 150 rpm, 25 °C.
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The elemental composition (C and O) on the surface of PS
with particle sizes of 200 and 1000 nm was analyzed, and the
O/C ratio (wt/wt) was calculated. There was 1.08 and 1.30%
O (wt %) in the original PS with particle sizes of 200 and 1000
nm, respectively, which is attributed to the gold-spraying
process during the pretreatment of samples for EDS analysis.
No obvious changes in the O/C ratio for PS were observed
after simulated sunlight irradiation, oscillation, and a
combination of oscillation followed by irradiation (Figure
2c,d). Thus, it can be concluded that direct irradiation cannot
induce the oxidation of nanoscale PS in sunlit surface waters.
Influence of SRFA on Aggregation of PS. In the

presence of SRFA, SEM images of PS with different particle
sizes after treatment with oscillation and/or light irradiation
are shown in Figure 3. In the presence of SRFA, slight
aggregation of PS was observed (Figure 3a), indicating the
promotional effect of SRFA on the aggregation of PS. After 1
week of oscillation, a stronger interaction between PS and
SRFA was observed compared with that without SRFA
(Figures 3b vs S2b). Thus, heterogeneous aggregation between
PS and SRFA occurred in this system. After 1 week of

oscillation, simulated sunlight irradiation showed no obvious
effect on the dispersion state of PS in the presence of SRFA
after oscillation (Figure 3c vs 3b), which also confirmed the
negligible effect of simulated sunlight irradiation on the
aggregation of PS particles. After light irradiation without
oscillation, slight aggregation of PS was also observed (Figure
3d), which is attributed to 2 h stirring during the simulated
sunlight irradiation.
SRFA contains multiple functional groups and organic

components, such as humic acid-like and fulvic acid-like
components.53 The interaction with SRFA molecules (such as
intramolecular energy transfer, excited-state electron transfer,
and charge transfer)54−56 may affect the surface charge of PS,
and the neutralization of positive and negative charges in the
solution could lead to the appearance of the isoelectric point,
which is a preferable condition for the formation of large
heterogeneous aggregates of NPs.23,25 Therefore, the ζ-
potential at the PS surface was measured during oscillation
and light irradiation. The initial ζ-potentials of 50, 200, and
1000 nm of PS were −38.15, −12.43, and −24.50 mV,
respectively (Table S2).

Figure 3. SEM images of initial PS (a), PS after 1 week of oscillation (b), PS after 2 h of light irradiation with (c) and without 1 week of oscillation
(d) in the presence of SRFA (oscillation conditions: 150 rpm, 25 °C; PS: 20 mg/L; and SRFA: 10 mg/L).
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No obvious change in the ζ-potential of PS with each
particle size was observed in the presence of SRFA during 1
week of oscillation (Figure S5). Therefore, the electrostatic
interaction during the oscillation process was not the reason
for the heteroaggregation of PS and SRFA. There are
hydrophobic acids in SRFA,53 indicating the presence of
hydrophobic domains that can serve as aggregation points for
the assembly of SRFA and PS. This indicates that hydrophobic
interactions play important roles in the adsorption of PS and
SRFA. Moreover, no significant change in the ζ-potential of PS
was observed during the light irradiation directly or during
irradiation after 1 week of oscillation (Figure S5), indicating
that simulated sunlight irradiation has little effect on the charge
distribution of PS in SRFA solutions.
The average hydrodynamic diameters and the particle size

distribution of PS during oscillation and light irradiation were
measured to investigate the aggregation of PS in the presence
of SRFA, and the results are shown in Figures 4, S6, and S7.
The results showed that the average hydrodynamic diameter of
PS particles increased during 1 week of oscillation in the
presence of SRFA (Figure 4a), and the increase was much
higher than that without SRFA (Figure 1a). These results
demonstrated the promotional effect of SRFA on the
aggregation of nanosized PS. In the presence of SRFA, the
contribution of large-sized particles significantly increased
during oscillation (Figure 4b−d), which also confirms the

enhanced aggregation of PS induced by SRFA. The
aggregation effect increased with decreasing particle size,
which is consistent with the results in previous research.24

During light irradiation with and without 1 week of oscillation,
no significant changes in the average hydrodynamic diameters
and the particle size distribution of PS in the presence of SRFA
were observed compared with the dark controls (Figures S6
and S7), which also confirmed the negligible role of direct light
irradiation on the aggregation of PS.
Small-sized particles (<150 nm) were detected (Figure 1d),

and cracks were observed (Figure S2b) in PS with an initial
particle size of 1000 nm during 1 week of oscillation, but these
phenomena were not observed in the SRFA solution (Figures
3b and 4d). This indicates that the coating of SRFA on the PS
surface has a protective effect. It has been reported that DOM
can be coated on nanoparticles to form a relatively stable
complex.22 Thus, DOM could act as a protector against the
fracture of MPs into NPs in natural waters. The hydrophobic
forces and π−π interactions between DOM and PS were
supposed to be the main reasons for heteroaggregation.23,38

Hence, DOM in the environment has important impacts on
the dispersibility of MPs, especially NPs with a smaller particle
size, which further affects their fate in natural waters, as well as
their environmental risks.

Effect of SRFA on Photooxidation of PS. During the
photooxidation process, reactive oxygen species (ROS)-

Figure 4. Average hydrodynamic diameters (a) and particle size distribution (b, c, d) of PS during 1 week of oscillation in the presence of SRFA
(oscillation conditions: 150 rpm, 25 °C; PS: 20 mg/L; and SRFA: 10 mg/L).
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initiated reactions could lead to an increase in the oxygen
content on the surface of plastics.26,57,58 SRFA can produce
PPRIs such as the excited triplet states of SRFA (3SRFA*),
1O2, and

•OH under simulated sunlight irradiation, which may
affect the photodegradation of PS in surface waters. Thus, EDS
was used to analyze the elemental composition of PS particles,
and the results are shown in Figures S8 and S9 in the SI. The
oxygen/carbon ratio (O/C) was calculated and used to
evaluate the degree of oxidation of PS under simulated
sunlight irradiation. The oxidation rate of PS was obtained by
fitting the O/C ratio versus irradiation time, and the results are
shown in Table S3 in the SI.
Compared with the control samples (PS), the addition of

SRFA significantly enhanced the oxidation reaction of PS
particles of different sizes (Figure 5) after 1 week of oscillation,
and no obvious changes in the average hydrodynamic
diameters of PS were observed (Figure S10). As shown in
Figure 5, the O/C on the surface of PS increased significantly
during simulated sunlight irradiation in the presence of SRFA
with oxidation rates of (2.20 ± 0.40) × 10−2 h−1 and (1.74 ±
0.11) × 10−2 h−1 for 200 and 1000 nm PS, respectively. The
O/C of PS with sizes of 200 and 1000 nm increased from 0.03
and 0.04 to 0.56 and 0.48, respectively, within 24 h of
irradiation. Moreover, the oxidation rate of PS with a nominal
size of 200 nm was higher compared with the oxidation rate of
PS particles with a diameter of 1000 nm (Figure 5 and Table
S3 in the SI). This finding indicates a stronger effect of SRFA
on the degradation/oxidation of PS particles with smaller
particle sizes, which is in accordance with the higher
promotional effect of SRFA on the aggregation of PS with
small particle sizes (Figure 4). No obvious change in the O/C
of PS was observed during the irradiation process without
SRFA (Figure 2). Additionally, the high-speed centrifugal
elution process had no effect on the O/C of the PS surface
(Figure S8). It can thus be concluded that the oxidation of PS
is mainly attributable to the indirect photodegradation initiated
by the PPRIs derived from SRFA.
To further understand the mechanisms by which SRFA

influences the photooxidation of PS, quenching experiments
were carried out. The results of these experiments are shown in
Figure 5. The addition of SA significantly decreased the O/C
of PS, implying that 3SRFA* is involved in the oxidation of PS.
Previous studies have proven that the reaction of 3DOM* with
dissolved oxygen in water leads to the generation of 1O2
through energy transfer and the formation of •OH through
electron transfer.47,48 Thus, the samples were saturated with

nitrogen to remove dissolved oxygen. The results of this
experiment showed that the O/C of PS was significantly
reduced compared with the O/C in SRFA only and in the
presence of SA. This indicates a more important role of 1O2

and/or •OH in the oxidation of PS compared with 3SRFA*.
The involvement of 1O2 and

•OH in the photodegradation of
MPs was observed in a previous study,26 which could lead to
an increase in the O/C ratio on the surface of MPs during
advanced oxidation processes.29

The role of 1O2 and
•OH in the oxidation of PS was further

investigated by adding IPA and FFA. As shown in Figure 5, the
O/C of both 200 and 1000 nm PS decreased with the addition
of IPA in solutions containing SRFA. This indicates that the
generated •OH was involved in the oxidation of PS. The
addition of FFA further decreased the O/C of PS compared
with that in the presence of IPA, and the O/C (24 h of
irradiation) of PS with particle sizes of 200 and 1000 nm
decreased from 0.56 and 0.48 (in SRFA solution) to 0.11 and
0.14 (in SRFA solution with FFA), respectively. These results
demonstrated that 1O2 plays a major role in the oxidation of PS
in SRFA solutions under simulated sunlight irradiation. As
reported in a previous study, 1O2 could induce the photo-
oxidation of polymers with unsaturated alkenes, which leads to
the formation of a carbonyl group.59 Thus, the involvement of
1O2 in the photodegradation of PS leads to an obvious increase
in O/C.
As shown above, the adsorption of SRFA on PS occurs

mainly through hydrophobic interactions to form heteroge-
neous aggregates in which PS can be regarded as a
hydrophobic inner core. As a result, the hydrophobic
components of SRFA directly interact with PS, forming a
larger hydrophobic layer on the surface of PS. As proven by
Latch and McNeill, the hydrophobic component of DOM
contains more 1O2 than

1O2 in the aqueous phase.60 Thus, it
can be inferred that the enriched 1O2 in the hydrophobic layer
of SRFA and PS could react with PS, thereby leading to the fast
oxidation of the surface of PS.

Generation of PPRIs from SRFA in the Presence of PS.
The PPRIs generated from DOM in natural waters could
induce the degradation of PS and increase the oxygen content
on its surface. The concentrations of these PPRIs ([PPRIs]ss)
in the presence of PS in SRFA solutions were determined, and
the results are shown in Tables 1 and S4. These results indicate
that in SRFA solutions with a concentration of 10 mg/L, the
concentrations of 3SRFA* ([3SRFA*]ss), 1O2 ([1O2]ss), and

Figure 5. O/C ratio on the PS surface during simulated sunlight irradiation after 1 week of oscillation (oscillation conditions: 150 rpm, 25 °C; PS:
20 mg/L; SRFA: 10 mg/L; IPA: isopropyl alcohol, 20 mM; SA: sorbic acid, 5 mM; and FFA: furfuryl alcohol, 1 mM).
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•OH ([•OH]ss) were (4.53 ± 0.07) × 10−13 M, (7.38 ± 0.01)
× 10−13 M, and (4.78 ± 0.36) × 10−15 M, respectively.
In the presence of PS, the steady-state concentration of

PPRIs did not change significantly during the direct irradiation
process (Table S4). After oscillating for 1 week, the presence
of PS significantly decreased the concentrations of these PPRIs
(Table 1). With the coexistence of PS (50 nm), the
[3DOM*]ss, [1O2]ss, and [•OH]ss of SRFA decreased to
(2.38 ± 0.07) × 10−13 M, (3.46 ± 0.06) × 10−13 M, and (2.35
± 0.007) × 10−15 M, respectively, as the concentration of PS
increased from 0 to 20 mg/L (Table 1). Compared with
[3DOM*]ss and [•OH]ss, [1O2]ss exhibited the lowest trend
in the presence of 20 mg/L PS, with a decrease of 53.1%
compared with that without PS. The decrease in [PPRIs]ss was
supposed to be attributed to the inhibitory role of PS on the
generation of these PPRIs or the promotional effect on the
elimination of these PPRIs.
The role of PS in the elimination of these PPRIs could be

confirmed by the increased content of O on the surface of PS
(Figure 5). To verify the role of PS on the generation of PPRIs
from DOM, the generation quantum yields of 3DOM*
(Φ3DOM*),

1O2 (Φ1O2), and
•OH (Φ•

OH) from SRFA under
simulated sunlight irradiation were determined, and the results
are shown in Figures 6 and S11. The results showed that the
Φ3DOM*, Φ1O2, and Φ•

OH of SRFA were (1.32 ± 0.02) × 10−3,
(1.12 ± 0.02) × 10−3, and (6.50 ± 0.01) × 10−5, respectively.
These values are on the same order of magnitude as the values
previously reported in the literature.36,61 As shown in Figure
S11, without oscillation, the presence of PS showed no obvious

influence on the Φ3DOM*, Φ1O2, and Φ•
OH of SRFA during

direct irradiation. However, the Φ3DOM*, Φ1O2, and Φ•
OH of

SRFA decreased significantly in the presence of PS after
oscillation for 1 week (Figure 6). Thus, it can be concluded
that the presence of NPs in natural waters could affect the
generation of PPRIs from DOM.
As shown in Table 1 and Figure 6, the effect of PS on the

generation of PPRIs from SRFA is concentration-dependent.
The concentrations and quantum yields of the PPRIs from
SRFA decreased with the increase of the concentration of PS
with a particle size of 50 nm, and sharp decreases were
observed as the concentration of PS increased from 0 to 5 mg/
L. Thus, the decrease in [PPRIs]ss in the presence of PS at
lower concentrations (<5 mg/L) is mainly attributed to the
inhibitory effect of PS on the generation of these PPRIs.
Moreover, the addition of PS of different sizes also decreased
the concentrations and Φ of these PPRIs from SRFA. Among
the three PPRIs, the generation and elimination of 1O2 from
SRFA were mostly affected by PS. This is attributed to the
accumulation of 1O2 in the hydrophobic layer60 and its
reaction with PS at the hydrophobic interface of SRFA and PS.

Environmental Implications. The presence of NPs in the
environment has attracted much concern due to their possible
ecological risks. In natural waters, DOM has been proven to
play an important role in the photodegradation of organic
pollutants and in the transport of NPs. The results of this study
showed that SRFA can enhance the aggregation of nanosized
PS due to hydrophobic interactions. Thus, in natural waters,
DOM could change the transport of NPs, and it is necessary to
take the heteroaggregation induced by DOM into account for
further fate modeling and risk assessment of NPs.
DOM not only induced the aggregation of NPs but was also

able to enhance the oxidation of NPs. The generated 3SRFA*,
1O2, and

•OH, especially 1O2, from SRFA were proven to
initiate the photooxidation of PS under simulated sunlight
irradiation. These reactive species have been well proven to be
present in sunlit surface waters, and their concentrations are on
the same order as the determined values in this study.62−64

Thus, these PPRIs could play an important role in the
photoaging of plastics, especially plastics with small particle
sizes. The oxidation of NPs leads to an increase in oxygen-
containing functional groups on their surface, subsequently
enhancing the hydrophilicity of NPs. This could promote their
transport and transformation in natural waters. In addition, the
increase in the oxygen content on the surface of NPs could also

Table 1. Steady-State Concentrations of the PPRIs
([PPRIs]ss) from SRFA after 1 Week of Oscillationa

condition
[3DOM*]SS
(×10−13 M)

[1O2]SS
(×10−13 M)

[•OH]SS
(×10−17 M)

SRFA 4.53 ± 0.07 7.38 ± 0.01 4.78 ± 0.36
50 nm PS 2.46 ± 0.01 4.63 ± 0.09 3.02 ± 0.01
200 nm PS 3.28 ± 0.01 4.46 ± 0.01 2.01 ± 0.01
1000 nm PS 3.71 ± 0.01 4.68 ± 0.06 3.02 ± 0.71
SRFA + 0.5 mg/L PS 4.41 ± 0.03 5.07 ± 0.07 3.01 ± 0.01
SRFA + 5.0 mg/L PS 2.46 ± 0.01 4.63 ± 0.09 3.02 ± 0.01
SRFA + 10.0 mg/L PS 2.46 ± 0.01 4.23 ± 0.42 2.88 ± 0.12
SRFA + 20.0 mg/L PS 2.38 ± 0.02 3.46 ± 0.06 2.35 ± 0.01

aOscillation conditions: 150 rpm, 25 °C; SRFA: 10 mg/L; PS: 20.0
mg/L for 50 nm, 200 nm, and 1000 nm; and PS: 50 nm with
concentrations of 0.5, 5, 10, and 20 mg/L.

Figure 6. Quantum yield of PPRI generation from SRFA (10 mg/L) in the presence of PS (50 nm) at different concentrations (A) and of PS (20
mg/L) with different particle sizes (B). Oscillation conditions: 150 rpm, 25 °C; error bars for some data points are too small to be visible.
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affect their bioavailability, as well as their interaction with
either DOM or organic pollutants.
DOM in natural waters exhibits a great effect on the

transport and transformation of NPs. In contrast, the presence
of NPs could also affect the photochemical properties of
DOM. As proven in this study, nanosized PS with
concentrations higher than 0.5 mg/L significantly inhibited
the generation of 3SRFA*, 1O2, and

•OH from DOM under
simulated sunlight irradiation, which led to a lower
concentration of these oxidants in the SRFA solutions. In
natural waters, floating plastics, especially NPs that are
considered to have higher concentrations than MPs,42 will
change the concentration of these reactive species and
thereafter influence the photodegradation of organic pollutants
and the oxidation of other plastics.
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