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In this study, the morphology and sorption behavior of polyethylene terephthalate (PET) microplastics
during the aging process are investigated. To clarify the sorption mechanism of aged PET microplastics,
the common sunblock 4-methylbenzylidene camphor (4-MBC) was chosen as the target contaminant,
and UV irradiation was used for the laboratory aging simulation. The results show that oxygen-containing
functional groups (carboxylic, carbonyl, ketone and hydroxyl groups) increase on the surface of aged
PET microplastics. Based on density functional theory (DFT) simulations, the camphor part of 4-MBC
acts as a hydrogen bond acceptor, whereas the carboxylic group on aged PET microplastics acts as
a hydrogen bond donor. The formation of hydrogen bonding causes increased sorption of 4-MBC on
aged PET microplastics. The sorption capacity increased from 5 to 11 ug g for 50 ppb 4-MBC with
100 mg PET microplastics after a five-day aging process. Other environmental factors that affect
sorption were also identified; a higher pH value and the presence of salinity reduced the amount of
sorption. The sorption of virgin PET ranged from 8.0 to 3.4 ng g~! and the sorption of aged PET ranged
from 22 to 5 ng g+ at pH 4 to 10. In the presence of salinity (10% seawater), the virgin PET sorption
dropped to 2.1 pg g~* while the aged PET sorption dropped to 4 pg g~ A similar phenomenon was also
observed in the sorption behavior under natural sunlight (the sorption of PET increased from 0.4 to 0.8
ng g~! after 6 months of aging). The potential risk to ecosystems of aged PET microplastics under
prolonged sunlight exposure in the natural environment could be greater than that predicted for virgin
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and leading to the high bioavailability of pollutants to organ-
isms when consumed. Hence, microplastic-sorbed contami-
nants in aquatic systems might represent one of the most
threatening issues nowadays.

1. Introduction

Microplastics are plastic fragments with a size less than 5 mm.*
They have been widely found in aquatic environments, such as
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oceans, lakes, rivers, and wastewater treatment plants. Micro-
plastics may pose threats to human health through the food
chain due to plastic ingestion by marine species and seabirds
and may further affect the circulatory system and endocrine
system of marine organisms.** Moreover, various contaminants
have also been reported to adsorb onto microplastics. With the
uptake of contaminants onto microplastics, several studies**®
have indicated that microplastics act as a vector to accumulate
contaminants, thereby transporting them over a wide range’
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The morphology and chemical structure of microplastics can
be easily affected by solar irradiation, heat, chemical oxidation
and biodegradation.®® Therefore, observed microplastics are
aged under most conditions, and studies performed using
virgin microplastics may underestimate the risk of contami-
nants adsorbed onto aged microplastics. Previous studies have
revealed that the difference between aged microplastics and
virgin microplastics is caused by alterations in physicochemical
properties, including both structural®®™®® (e.g., surface area,
crystallinity and surface roughness) and surface chemical
properties™™” (e.g., functional groups and electrostatic inter-
actions). Liu et al.*® found that the mobility of aged micro-
plastics in the environment is greater than that of virgin
microplastics because of the increased surface oxidation of
aged microplastics, which enhances the surface charge and
hydrophilicity. In these circumstances, the transmission range
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of contaminants will increase. Consequently, as more marine
organisms ingest microplastics and absorb contaminants, more
harm will be caused to these organisms.**>°

4-Methylbenzylidene camphor (4-MBC) is a commonly used
organic UV filter added to plastic personal care products to
reduce the harm of radiation to human skin.** Studies*** also
indicate that 4-MBC can be easily uptaken by microplastics
because of its hydrophobicity, and microplastics thereby
become a platform transporting this contaminant into aquatic
environments. Several studies***® have shown that 4-MBC can
exert adverse effects on the reproduction and development of
marine species at environmentally relevant concentrations.
Additionally, 4-MBC is believed to disperse adsorbed UV energy
and persist under UV radiation due to the isomerization
between the (E)- and (Z)-isomers, which has recently raised
significant concerns about its environmental stability.>****' In
addition, Beiras et al.** indicated that microplastics could be
vectors ingested by marine species. Therefore, 4-MBC was
selected as a model contaminant to investigate the sorption
behavior of aged microplastics.

Researchers have different opinions regarding the effect of
aging on the sorption capacities;****° the detailed mechanisms
that alter the sorption behavior of aged microplastics remain
a topic of discussion. Some studies have reported that the
sorption capacity of microplastics decrease after aging, with an
increase in the hydrophilicity of the surface of the polymer
between microplastics and hydrophobic organics.*”*® Hydrogen
bonding between microplastics and water can also decrease the
sorption capacities of contaminants.® On the other hand, others
have demonstrated that the sorption capacity of aged micro-
plastics is larger than that of virgin microplastics because of an
increase in the surface area after aging.'>***' An increase in
crystallinity can cause the softer aged microplastics to absorb
contaminants more easily.** The electrostatic attraction of aged
microplastics with contaminants after the effect of the aging
process on the zeta potential of microplastics was indicated as
another factor enhancing the sorption behavior.***** Studies
reported that an increase in the hydrophilicity of the polymer
between microplastics and contaminants can increase the
uptake of contaminants by microplastics.'”***»* Previous
studies have also proposed that the increase formation of
oxygen-containing functional groups on the surface of micro-
plastics can enhance the sorption behavior of aged micro-
plastics by hydrogen bond generation;>?****3**% however,
currently, no study has identified the specific oxygen-containing
functional groups that affect the sorption behavior. Density
functional theory (DFT) has been used to study electrostatic
repulsion at the molecular level for microplastic sorption.***
DFT is also a very effective tool for simulating hydrogen
bonds.*”~*° However, this type of simulation of hydrogen bonds
has not yet been used for microplastics.

Consequently, the specific objectives of this study were to (1)
investigate the sorption behavior of 4-MBC onto virgin and aged
microplastics; (2) identify the specific oxygen-containing func-
tional groups generating hydrogen bonds between 4-MBC and
microplastics by DFT; (3) classify hydrogen bond formation
from an experimental viewpoint; and (4) investigate the effect of
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environmental factors on 4-MBC sorption. In this pilot study,
both experimental and theoretical viewpoints were discussed in
depth; DFT was used as a theoretical way to identify the specific
oxygen-containing functional groups that generate hydrogen
bonds affecting the sorption behavior of aged microplastics,
and acetonitrile solution was used experimentally to estimate
the formation of hydrogen bonds during sorption.

2. Materials and methods
2.1 Materials and chemicals

Plastic particles of high-density polyethylene (HDPE) were
purchased from the USI Corporation, polypropylene (PP) was
purchased from the LCY Chemical Group, and polyethylene
terephthalate (PET) was purchased from the Shinkong Synthetic
Fibers Corporation. Bottled PET (Bot-PET) samples were
purchased from UNI Water of Uni-President Enterprises
Corporation in Taiwan. HDPE, PP and PET samples were
further milled in a cryomill (Retsch, Germany) into crushed
form and homogenized to achieve particle sizes of 150 to 200
um. All three types of microplastics were washed with methanol
to remove any existing contaminant chemicals and dried with
liquid nitrogen before use.

Gradient-grade acetonitrile (ACN) and methanol were
purchased from Merck (Darmstadt, Germany) with a minimum
purity of 99%. 4-MBC with a minimum purity of 99% was ob-
tained from Sigma-Aldrich (USA), and its physicochemical
properties are listed in Fig. S1.T A stock solution of 4-MBC was
prepared in 100% methanol and stored in the dark at —20 °C,
and the stock solution was refreshed every four months. Artifi-
cial sea salt (S9883) was purchased from Sigma-Aldrich (Tauf-
kirchen, Germany) with mass fractions of 55% Cl~, 31% Na",
8% SO,>", 4% Mg>", 1% K*, 1% Ca** and <1% other. Ultrapure
water (resistance of 18.2 MQ cm; Millipore Co., MA, USA) was
used to prepare all solutions.

2.2 Sorption batch experiments

All batch experiments were performed in 110 mL amber glass
bottles with polytetrafluoroethylene (PTFE) caps as the reactor
systems and prepared in ultrapure water to avoid biodegrada-
tion and photooxidation. For each sample, 100 mg of micro-
plastics was prewetted with 30 mL of 0.01 M CaCl,, which served
as a bacteriostatic agent, for 12 h. Each reactor was spiked with
30 mL of a methanol solution containing 4-MBC. The relative
volume of methanol in the aqueous solution was kept beneath
0.2% (v/v) to reduce cosolvent effects for all the samples.*® The
initial concentration of contaminants was set at 50-1500 pg L.
Bottles were capped and stirred well (1000 rpm) with a magnetic
stirrer in the dark at 20 °C for 27 h, as experiments showed that
sorption equilibrium was reached within 24 h. Samples were
taken periodically, and an equal amount of ACN was added to
form a 50:50 (v/v) ACN solution to avoid depositing the
remaining 4-MBC on the Agilent PTFE filter. The samples were
then filtered through 0.2 pm Agilent PTFE filters to separate the
aqueous solution and microplastics within 30 seconds to
prevent the desorption of 4-MBC into the aqueous solution. The
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scheme of the sorption experiment is shown in Fig. S2.1 All
experiments were performed in duplicate.

To study the effect of pH, the initial pH values of the back-
ground solution mixed with CaCl, and 4-MBC were adjusted to
pH 4, 6, 8 and 10 by using NaOH (0.1 M) or HCI (0.1 M).
Simulated seawater was produced by dissolving artificial sea
salt in water to study the effects of salinity, and the concentra-
tion of simulated seawater was set at 3.59%, (w/w). To study the
effects of water on hydrogen bond formation, an aqueous
reaction solution was prepared with ACN instead of water. In
the three experiments above, the initial concentration of
contaminants was set at 50 ug L™ ", and the microplastic content
was 100 mg in 60 mL amber glass bottles.

2.3 Aging process and characterization of microplastics

Microplastics were exposed to UV light (4 x 16 W UV lamps with
a maximum wavelength of 254 nm) for 120 h for the laboratory
aging (lab-aging) process (Fig. S371). For the in situ aging process,
Bot-PET samples were placed on the roof of the Graduate
Institute of Environmental Engineering (GIEE) building (GPS
coordinates: 25.0180, 121.5433; Taiwan) for predetermined
time intervals (0, 3, 6, 9, and 12 months); the Env-PET sample
was a PET bottle collected on a beach in Yilan, Taiwan (GPS
coordinates: 24.8567, 121.8327; Taiwan), in February 2019.
More climate information is provided for the sampling sites in
Text S1.F The aged samples were washed with ultrapure water,
filtered through 0.8 um cellulose acetate filter paper, freeze-
dried for 3 h and collected for use in sorption batch experi-
ments. The physical dimensions and morphologies of the
microplastics were characterized by field emission scanning
electron microscopy (FESEM, SU-8010, Hitachi, Japan) operated
at an acceleration voltage of 10 kV. The scanning electron
microscope (SEM) samples were prepared by dispersing a small
amount of microplastics in ethanol, adding a drop to a silica-
coated glass sample holder and coating with a layer of gold.
The sample-containing glass microscope slides were oven dried
at 90 °C before performing the SEM measurements. The coated
samples were analyzed by using a 10 kV acceleration voltage,
and images were obtained at 40 000 times magnification.
Fourier transform infrared (FTIR) spectroscopy and X-ray
photoelectron spectroscopy (XPS) were employed to provide
surface elemental identification. Spectroscopic analyses were
performed using a Nicolet iS50 (Thermo Scientific, UK) to
collect FTIR data. Each sample was analyzed in the attenuated
total reflectance (ATR) mode. IR spectra were measured using
a mercury cadmium telluride (MCT) single element detector at
a spectral resolution of 16 cm™" with a wavenumber range of
4000-500 cm™'. XPS analysis was performed with a JPS-9030
(JEOL, Ltd, Japan) equipped with a monochromatic Al Ka
radiation source (1486.7 eV). Charge compensation was ach-
ieved with a flood source. The survey and high-resolution
spectra were recorded at a take-off angle of 45° in fixed
analyzer transmission mode with pass energies of 100 and
20 eV, respectively. The C 1s and O 1s electron binding energies
were determined for the different carbon and oxygen species.
The concentrations of target compounds in experimental
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samples were analyzed by liquid chromatography-tandem mass
spectrometry (LC-MS/MS) with an Agilent 1200 liquid chro-
matograph (Agilent, Palo Alto, CA, USA) equipped with a ZOR-
BAX Eclipse XDB-C;g column (150 X 4.6 mm, 5 pm pore size).
Further details of the LC-MS/MS instrument conditions and
data analysis of the sorption experiment are described in ESI
Text S2 and S3.1

2.4 Density functional theory studies

In this study, series of simulations with the goal of clarifying the
interactions between 4-MBC water (H,0), carboxylic (RCOOH),
alcohol (RCOH) and aldehyde (RCHO) groups moieties were
performed by using the Vienna ab initio simulation package
(VASP) based on DFT.**** The generalized gradient approxi-
mation (GGA) was used with the Perdew-Burke-Ernzerhof
(PBE)**** exchange-correlation functional and the projector
augmented wave (PAW)***” pseudopotentials.

The kinetic energy cut-off for the plane-wave basis set of wave
functions was set to 400 eV. The self-consistent field conver-
gence criterion for energy was set to be dE < 107> eV, where
atomic forces were minimized to Fya < 102 eV A™Y. To describe
weak interactions, such as hydrogen bonding and van der Waals
(vdw) interactions, in the modeling system, DFT-D3 with
Becke-Jonson damping®®*® was introduced as a semi-empirical
dispersion correction for the energy. The binding energy (E)
between 4-MBC and the selected molecules was defined by E}, =
Egs — (E1 + E,), where Egy stands for the total energy of the
whole system and E; and E, stands for the total energy of the
individual part, respectively.

3. Results and discussion

3.1 Physical and chemical characterization of aged PET
microplastics

Fig. 1 shows SEM images of PET microplastics after aging in 4 x
16 W UVC light for 120 h. The results indicate that wrinkles
occurred on the aged PET microplastics after the aging process,
which could increase sorption by increasing the surface area.
In addition to causing the development of wrinkles, the
aging process may also have affected the chemical properties of
the microplastics. The XPS results for the virgin and aged PET
microplastics show that both the content of oxygen-containing
functional groups and the oxygen/carbon (O/C) ratio on the PET
microplastics increased after the aging process (Table S5 and
Fig. 2). The O/C ratio is a parameter to quantitatively describe
the surface alteration properties of microplastics and is signif-
icantly correlated with the polymer types.”” The XPS data
showed that the intensity of O/C increased (63.7% > 57.6%) after
the aging process. In particular, the C-O (16.7% > 15.2%) and
carbonyl bands (22.2% > 21.4%) increased, while the C-H
bonds decreased (63.5% > 61.1%) after the simulated aging
process, which reveals that the PET was oxidized. This is basi-
cally consistent with the results of previous studies'****° on the
artificial aging process of microplastics. Additionally, these
phenomena are consistent with data obtained in previous

studies®* in which photodegradation cleaved chemical bonds
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Fig. 1 SEM images of virgin (upper) and aged (lower) PET microplastics. Enlarged: 100 00x (a and d), 200 00x (b and e) and 400 00x (c and f).

in the main polymer chain and produced free radicals (peroxy therefore reducing C-H and C=C bonds. Meanwhile, the XPS

radicals and polymer radicals) that reacted with oxygen and data verified the aging process of PET particles.

formed an inert product that reacted with the polymer, After increases in the O/C ratio were observed from the XPS
data, further investigations of the related oxygen-containing
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Fig. 2 XPS spectra of the C 1s orbital and O 1s orbital of virgin and aged PET microplastics.
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functional groups were conducted with FTIR. Fig. 3 shows the
FTIR spectra of virgin and aged PET microplastics, and the
characteristic peak at 1100 cm ™" is attributed to C-O stretching.
The stretching vibration of the -OH group produces a peak at
3400 cm ™', and C-H bending produces a peak at 700 cm ™ *. The
peaks at 1450 cm ™" and 1730 cm ™! could be as associated with
C-0 and C=0 stretching, respectively.***

Since the carbonyl index, calculated by the ratio of the
absorption intensity of carbonyl group (1730 cm™') to that of
methylene (1450 cm '), can represent the degree of aging of
microplastics and can strongly affect the sorption behavior of
aged microplastics based on observations made in earlier
studies,®”** it can be inferred that functional groups with
carbonyl groups, such as carboxylic groups (RCOOH), carbonyl
groups (RCHO), ketone groups (RCOR) and hydroxyl groups
(RCOH), may have affected the sorption of 4-MBC. As shown in
Table S5, the carbonyl index value of aged PET was higher than
that of virgin PET, which further confirmed the oxidation of PET
during the aging process. There was a significant increase in the
abundance of the RCOOH peak in PET due to the aging process;
notably, RCOOH is the final oxidation byproduct of primary
alcohol oxidation (the intermediate oxidation byproducts are
ketone groups (RCOR) and aldehyde groups (RCHO)). There-
fore, the significant increase in RCOOH abundance in PET
agreed with the O/C ratio and SEM results. The results also show
that C-H and C=C bonds within the polymer chains break
during the aging process, and the corresponding FTIR peaks at
wavenumbers of 1350 and 1730 cm ™", respectively, were lower
for the aged PET microplastics than for the virgin PET micro-
plastics and consistent with the XPS data.

According to previous studies, the surface oxygen-containing
functional groups in aged PET microplastics may form
hydrogen bonds with 4-MBC, strengthening the sorption of 4-
MBC.****% However, the O/C ratio has a positive correlation
with the sorption of hydrophilic antibiotics,"””® and the hydro-
phobic sites on microplastics could be reduced by surface

Transmittance (%)
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Fig. 3 FTIR spectra of virgin and aged PET microplastics.
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oxidation. Hence, the sorption of contaminants by micro-
plastics can be affected by hydrophobic interactions between
these compounds. Nevertheless, several studies******”* have
mentioned that the sorption behavior between microplastics
and hydrophilic organic contaminants is more strongly domi-
nated by hydrogen bonding than by hydrophobic interactions.
Thus, this study concentrates on exploring the effect of
hydrogen bonding between virgin and aged PET microplastics
and 4-MBC in the following section.

3.2 Effect of PET microplastic aging on sorption and
sorption isotherms

3.2.1 Effect of PET microplastic aging on sorption. To
investigate the hypothesis regarding the greater sorption of 4-
MBC by aged PET microplastics than virgin PET microplastics,
sorption tests were performed by mixing 100 mg of PET
microplastics with 50 ppb 4-MBC. In the sorption experiment
(Fig. 4), the sorption of 4-MBC by aged PET microplastics (11 pg
g ) was higher than that by virgin PET microplastics (5 pg g ).
Additionally, based on analysis of the entire sorption process,
sorption equilibrium was reached in 24 h. The increase in the
sorption confirmed that the presence of oxygen-containing
surface functional groups on aged PET microplastics allowed
for the formation of hydrogen bonds with 4-MBC.

The kinetic parameters, including the sorption capacity at
equilibrium (g.), rate constant (k), and regression coefficient
(R?) derived from the pseudo-second order and pseudo-first
order models, are listed in Table S6.7 It is worth noting that
the sorption kinetics fit the pseudo-second order model with
regression coefficient (R?) values > 0.99. The rate constant of the
fitted pseudo-second order model was 20% greater for aged PET
than for virgin PET. The acceleration in sorption may have been
affected by the formation of oxygen-containing functional
groups and crack formation, as these processes increased the
active sorption sites on the aged PET microplastics. Similar

|—2—Aged PET
|——PET

Sorption Capacity (ng/g)

30

Time (h)

Fig. 4 Sorption kinetics of virgin and aged PET microplastics with 4-
MBC over 27 h ([4-MBC]p, = 50 ppb, [microplasticslp = 100 mg,
temperature = 20 °C, initial pH = 7, salinity = 0).
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development was also observed in previous studies,’>”* in which
sorbents with carboxylic groups had faster sorption rates than
those without carboxylic groups due to the affinity between the
sorbent and sorbate.

To further investigate the sorption kinetics of 4-MBC onto
PET microplastics, the data for the fitted pseudo-second order
model at 20 °C and 50 °C were then used to calculate the
sorption activation energy. The Arrhenius equation was used to
calculate the sorption activation energy, and the results are
shown in Table S7.1 The activation energy of aged PET micro-
plastics at temperatures between 20 °C and 50 °C was half of
virgin microplastics. Additionally, the sorption of virgin and
aged PET both decreased with increasing sorption temperature.
The lower activation energy of aged PET microplastics showed
that aged PET microplastics will adsorb 4-MBC faster than
virgin PET microplastics, which is also consistent with the
results in Table S6.f With the same sorption mechanism,
Koyuncu et al.” also discovered that the sorption decreases as
the sorption temperature increases, in which the sorption of
acid activated kaolinites with 3-methoxybenzaldehyde with
hydrogen bonding formation.

3.2.2 Sorption isotherms. Several studies have investigated
the sorption behavior between organic contaminants and
microplastics, including both linear isotherms®*”® and Lang-
muir isotherms.”®”” Langmuir sorption parameters, Freundlich
sorption parameters and regression coefficient (R*) values for
PET microplastics were estimated and are reported in Fig. S4
and S5.1 The PET sorption data were fitted better by the Lang-
muir isotherm than the Freundlich isotherm (R*: 0.999 > 0.997).

The good fit to the Langmuir model shows that the PET
microplastics all exhibited monolayer sorption and that all sites
had the same reaction energy, which means that the sorption
processes were dominated by chemical sorption.®”¢%7%7°
Furthermore, high correlations between monolayer sorption
and the hydrogen bonding acting force have been observed in
previous works.*>*' The good fitting results in the present study
suggest that the oxygen-containing functional groups generated
on the surface of PET microplastics easily formed hydrogen
bonds with 4-MBC, especially in aged PET microplastics.

3.3 Mechanism of the sorption process due to hydrogen
bonds

3.3.1 DFT simulations of 4-MBC and PET microplastics. By
comparing the FTIR spectra of the virgin and aged PET micro-
plastics, we found that oxygen-containing functional groups
(RCOOH, RCHO and RCOH) increased during the aging
process, which may have increased the 4-MBC sorption of the
aged PET microplastics by forming hydrogen bonds. Several
methods can be used to characterize hydrogen bonds, as
mentioned by Ahmed and Jhung.** However, due to the low
sorption capacity of most of the environmental samples, it was
difficult to evaluate the presence of hydrogen bonds by experi-
mental methods. Therefore, DFT calculations were employed to
determine the binding energies between the considered func-
tional groups (RCOOH, RCHO, water and RCOH) and 4-MBC,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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providing deep insight into 4-MBC sorption on the surface of
PET microplastics from an atomic viewpoint.

Since 4-MBC can only be a hydrogen acceptor in hydrogen
bond formation, the target oxygen-containing functional group
should act as a hydrogen donor in the reaction. Table S87 lists
the calculated binding energies between the functional groups
and 4-MBC. Note that the keto-enol transformation of 4-MBC
was ignored because the rigid body of the benzene ring sup-
pressed such transformation.

RCOOH has the largest binding energy, twice those of RCHO
and RCOH, indicating that RCOOH is the main functional
group that affects the formation of hydrogen bonds. In addi-
tion, the resonance of the carboxylic group creates two latent
positions on the RCOOH moiety that can form hydrogen bonds
with 4-MBC. This observation suggests that RCOOH would be
the most effective functional group for hydrogen bond forma-
tion. These results also agree well with the enhanced sorption of
aged PET microplastics for 4-MBC.

3.3.2 Sorption in ACN solution. We replaced water with
ACN as the solvent to evaluate the effect of the solvent in the
solution on hydrogen bond affinities with 4-MBC, as shown in
Fig. 5a. The results indicate that the sorption of 4-MBC in ACN
is lower than that in water (the sorption of virgin PET decreased
from 5.3 to 1.2 ug g~ ', and the sorption of aged PET decreased
from 10.9 to 3 pg g '). The sorption of 4-MBC onto PET
microplastics in the ACN solution was relatively low, only one-
third that in water. Casillas-Ituarte and Allen* also revealed
that atrazine served as the hydrogen acceptor in hydrogen
bonding with the silanol group on the surface of silica and had
a lower sorption capacity for atrazine in the ACN solution
because of the lower hydrogen bond affinity in the ACN solution
than in water.

Since the water that served as the hydrogen donor had been
removed from the reaction, the sorption ratio between aged PET
microplastics and virgin PET microplastics increased in the
ACN solution (the sorption capacity of aged PET was twice that
of virgin PET in water but threefold in the ACN solution). This
variation could be attributed to the formation of RCOOH, which
generates hydrogen bonds, during the aging process. Moreover,
the potential impact of aged PET in the environment was
revealed by its 4-MBC sorption behavior, which is dominated by
hydrogen bonding with RCOOH.

3.4 Effect of environmental factors

3.4.1 Effect of pH. Although 4-MBC sorption is dominated
by hydrogen bonds formed with RCOOH on the surface of aged
PET microplastics, it may also be affected by environmental
factors such as pH, salinity, and weather. The pH value has an
impact on the charge on the surface and sorbates and thus
affects the sorption behavior by the electrostatic force. The
effect of pH on the sorption of 4-MBC onto PET microplastics is
presented in Fig. 5b. The sorption of PET microplastics signif-
icantly increased as the pH value decreased within the range of
4,6, 8, and 10: the sorption of virgin PET was 8.0, 5.3, 4.2 and 3.4
pg g~ ', and the sorption of aged PET was 22.4, 10.9, 6.5 and 4.9
pug g ', respectively. When the pH value decreased, the
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Fig.5 Sorption capacity of virgin and aged PET microplastics for 4-MBC (a) in water and ACN, (b) at different pH values, and (c) in the presence of
salinity ([4-MBC]y = 50 ppb, [microplasticslo = 100 mg, temperature = 20 °C, initial pH = 7 (with the exception of the control pH), salinity =

0 (with the exception of the salinity effect)).

carboxylic group (RCOOH) on the surface of the PET micro-
plastics became more protonated, enhancing hydrogen bond
formation and 4-MBC sorption.

Although a few studies®**”>** have mentioned that electro-
static attraction might play a key role in the sorption behavior of
microplastics at different pH values, 4-MBC is nonionic in water
due to its low solubility. Electrostatic attraction may not be the
major mechanism behind the sorption behavior of 4-MBC on
PET microplastics at different pH values. Further studies are
needed to examine whether the sorption of any other non-
ionizable contaminants onto microplastics is influenced by
solution pH.

3.4.2 Effect of salinity. The sorption behavior in the pres-
ence of salinity may be affected by electrostatic effects owing to
the competition sorption behavior between the metal ions and
the sorbates, thereby reducing the sorption behavior of micro-
plastics. The point of zero charge (pHpyc) of the PET micro-
plastic surface is approximately pH 4 (Table S9t); thus, metal
ions are adsorbed onto PET microplastics, decreasing the active
sorption sites (Fig. 5¢). The sorption of virgin and aged PET
microplastics was lower in the presence of salinity than in
ultrapure water. The sorption of PET and aged PET was 2.11 and
3.83 ug g~ ' in simulated seawater (0.35%,) and 5.3 and 10.9 pg
g~ ' in ultrapure water, respectively. These results further
support the idea that hydrogen bond formation between 4-MBC
and PET microplastics decreases under saline conditions and
that 4-MBC sorption decreases at the same time due to the
active sorption sites being occupied by metal ions in the
monolayer sorption system.

3.5 Comparison of aging processes in natural sunlight and
the laboratory

The environmental aging process may vary under different
natural conditions due to the light source and climatic condi-
tions. To verify the validity of the lab-aging experiment, an
in situ aging process was applied to confirm whether the aging
of plastic products will occur in the environment. Bot-PET
samples were subjected to a natural sunlight aging process
with predetermined sampling intervals (0, 3, 6, 9, and 12
months), and Env-PET samples were analyzed for comparison.
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Fig. S61 shows the FTIR spectra of Bot-PET in the in situ
aging process over 12 months. These results were similar to
those of the laboratory experiments. The spectra indicate that
the degree of aging of Bot-PET varied substantially between
summer months (0 to 6 months) and winter months (6 to 12
months), where a peak at 3400 cm ™" associated with ~OH group
stretching, a peak at 1250 cm ™" associated with C-O stretching,
a peaks at 2900 cm ™" associated with C-H bending and a peak
at 1730 cm™ ' associated with C=O stretching, respectively,
were observed and increased in summer months.

In the Bot-PET experiment, the degree of aging of Bot-PET
was found to be correlated with the sorption of 4-MBC. As the
degree of aging is enhanced in summer months, sorption also
increases. In contrast, when the degree of aging is stagnant in
winter months, the sorption tends to be constant. This simi-
larity could be attributed to the strong influence of weather on
the aging of microplastics in the environment. Since the sorp-
tion of Env-PET was larger than that of Bot-PET (Table S107), it
could be inferred that 4-MBC sorption on PET bottles in the
environment is underestimated.

3.6 Enhanced sorption behavior of aged PE and PP
microplastics

Two other microplastics, PP and PE, were studied under the
same experimental conditions to further investigate and
support the enhanced sorption behavior of aged microplastics
for 4-MBC. The results in Fig. S7T show that both PP and PE
exhibited enhanced sorption of 4-MBC after the aging process,
with the sorption of PP increasing from 19 to 28 ug ¢~ " and the
sorption of PE increasing from 30 to 34 ug g~ *. The presence of
oxygen-containing functional groups and the increased surface
area could further enhance the sorption of both aged PP and PE
microplastics compared with that of their virgin counterparts,
similar to PET.

The effect of environmental factors on the sorption behavior
of PP and PE microplastics was also studied. With regard to pH
(Fig. S8at), both PP and PE microplastics exhibited increased
sorption under acidic conditions (the sorption of PP was 19.5
and 14.6 ug g " at pH 4 and 10, the sorption of aged PP was 30.8
and 19.6 pug g~ " at pH 4 and 10, the sorption of PE was 30.0 and
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22.0 pg g ' at pH 4 and 10, and the sorption of aged PE was 34.7
and 22.9 ug g~ " at pH 4 and 10, respectively). Regarding salinity,
the metal ions in the simulated seawater also decreased the
sorption of PP and PE microplastics, as shown in Fig. S8b+ (in
simulated seawater, the sorption of PP and aged PP was 18.3
and 22.0 ug g, and the sorption of PE and aged PE was 27.3
and 28.4 pg g~ ', respectively; in ultrapure water, however, the
sorption of PP and aged PP was 18.9 and 27.6 ug g ', and the
sorption of PE and aged PE was 29.8 and 34.4 ug g ', respec-
tively). Overall, in this work, the sorption enhancement of aged
microplastics could be affected by hydrogen bond formation.
Moreover, the increased sorption has a high correlation with
salinity and pH on the sorption behavior of PET, PP and PE
microplastics.

4. Conclusions

The increasingly widespread use of cosmetic plastic products
raises the probability of environmental pollution in the form of
UV filters such as 4-MBC. The results of the laboratory experi-
ment show that the sorption equilibrium of 4-MBC onto PET
microplastics is achieved within a day and that the sorption of
aged PET microplastics (11 pg g~ ') is higher than that of virgin
PET microplastics (5 pg g '). The sorption isotherm and
kinetics of PET microplastics to 4-MBC are found to be Lang-
muir isotherm and pseudo-second order, in which aged PET has
a higher sorption rate (1.3 x 10° > 1.1 x 10° g ug~* h™").
Moreover, hydrogen bonds between 4-MBC and RCOOH moie-
ties are found to be the key factor affecting 4-MBC sorption onto
aged PET microplastics. A much larger binding energy
(48 kJ mol™" vs. 28 k] mol™") was observed between 4-MBC and
the RCOOH moiety than between 4-MBC and the other oxygen-
containing moieties (water, RCHO and RCOH) according to the
DFT calculation results.

Hydrogen bonds are affected by different environmental
conditions, such as pH, salinity, and solar irradiance. When the
pH value decreases from 10 to 4, the sorption of PET micro-
plastics increases due to the increase in the number of
protonated carboxylic groups on their surface under acidic
conditions (the sorption of PET ranges from 8.0 to 3.4 pg g,
and the sorption of aged PET ranges from 22 to 5 ug g~ '). On the
other hand, under simulated seawater conditions, the sorption
of PET microplastics decreases in the presence of salinity (the
sorption of PET ranges from 5.3 to 2.1 ug g ', and the sorption
of aged PET ranges from 11 to 4 ug g~ *). In the natural sunlight
aging experiment, the microplastics obviously deteriorated
under the long duration of sunlight exposure, thereby
increasing sorption (the sorption of Bot-PET ranges from 0.4 to
0.8 ng g * after 6 months of sunlight exposure).

In this work, two possible ways to determine the formation of
hydrogen bonds during sorption were also revealed. In experi-
ments, observing the sorption behavior in an acetonitrile
solution could be a potential way to evaluate hydrogen bonds.
In theory, DFT is regarded as a reliable tool for detecting
hydrogen bond formation. Due to the higher sorption capacity
of aged microplastics than virgin microplastics, aged micro-
plastics exhibit enhanced sorption behavior and can therefore
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cause more adverse effects on the environment than virgin
microplastics, as their presence not only results in higher
contaminant persistence but also increases the mobility of
contaminants in the environment. Furthermore, the enhanced
mobility of microplastics that uptake contaminants will
increase the transport of contaminants into the soil and
organisms. To evaluate the risk of aged microplastics to the
environment, the sorption mechanism of contaminants onto
aged microplastics and the potential hazards of aged micro-
plastics with fully adsorbed contaminants in the environment
should be further investigated.
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