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Raman spectroscopy can be used to effectively analyze submicron- tomicrosizedmicroplastics, but Raman spec-
tra of weathered microplastics commonly show deviations from those of unweathered microplastics and are
often affected by fluorescence. However, studies of weathering-induced surface changes in microplastics have
been limited to laboratory simulations. To systematically study Raman spectra and surface changes of
microplastics weathered under natural environments, we collected microplastics from sediments around
waste plastics processing and recycling industries in Laizhou City, Shandong Province, East China. Raman spectra
of weathered microplastics differ greatly from standard spectra of unweathered plastic material. Peaks in the
Raman spectra of weathered microplastics are weakened and even invisible. A preliminary Raman database of
weathered microplastics (RDWP) including 124 Raman spectra of weathered microplastics was built to accu-
rately identify microplastics in natural environments, and it is open to all users. FTIR spectroscopy revealed the
presence of oxygen-containing functional groups and C_C bonds related to oxidation and chain scission. SEM
showed thatweatheredmicroplastics had rough surfaces and that PPwasmore easily fractured than PE. Comple-
mentary C and O elemental maps suggested that the O/C ratio is a potential indicator of oxidation degree. EDS
revealed titanium on PET and PVC surfaces, which is related to titanium dioxide typically used as a light-
blocking aid. Our data document that Raman spectroscopy has great potential in the identification of naturally
weathered microplastics and that combined spectral and elemental analyses can be useful in deciphering the
degradation processes of microplastics under natural conditions.
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Capsule: Raman spectra of weathered microplastics differ greatly from standard spectra. A Raman database of
weatheredmicroplastics is established. Surface changes of weatheredmicroplastics were systematically studied.

© 2020 Published by Elsevier B.V.
1. Introduction

Microplastics (Thompson et al., 2004), plastic debris smaller
than 5 mm, have raised widespread concern in society and the sci-
entific community. Currently, the upper size limit of microplastics
is defined as 5 mm (Thompson et al., 2004), but the lower size
limit has not yet been accurately defined (Dehaut et al., 2019).
Studies have shown that the abundance of micrometer-sized
microplastics in environmental samples is high (Brandon et al., n.
d.; Imhof et al., 2016; Song et al., 2018; Vianello et al., 2019;
Zuccarello et al., 2019) and that small-sized microplastics are easily
ingested by organisms (Chain, 2016; Roch et al., 2019) and have sig-
nificant toxic effects (Gray and Weinstein, 2017; Strungaru et al.,
2019). When researching microplastics in environmental samples,
we need to pay attention to the smaller particle sizes and identify
accurate polymer types (Dehaut et al., 2019; Dong et al., 2020b;
Miraj et al., 2019).

Raman spectroscopy can detect microplastics with a size of 1 μm
(Ossmann et al., 2018) and is considered to be effective when analyz-
ing small-sized microplastics (Pico et al., 2019; Schwaferts et al.,
2019; Sobhani et al., 2019; Zuccarello et al., 2019). However, due to
the resonance fluorescence phenomenon inherent in Raman scatter-
ing, Raman spectroscopy is susceptible to strong fluorescence inter-
ference when applied to the detection of microplastics, especially
when detecting plastic samples that are colored, weathered in the
environment or adhered with organic matter residues (Dehaut
et al., 2019; Kappler et al., 2016; Zarfl, 2019). Therefore, considering
that the Raman spectra of weathered microplastics are prone to
change and that there is no specific Raman database of weathered
microplastics, it is essential to build a spectral database of weathered
plastics and use it when identifying unknown microplastics in envi-
ronmental samples.

In addition, the ability to absorb organic pollutants (Koelmans
et al., 2013) and heavy metals (Dong et al., 2020b; Gao et al., 2019)
is known for microplastics, especially aged or weathered
microplastics, which are considered to have enhanced adsorption
(Huffer et al., 2018; Liu et al., 2019a; Zhang et al., 2018). Studies
about the surface changes on aged or weathered plastic surfaces
are mostly performed in the lab (Gewert et al., 2015; Tosin et al.,
2012) via simulated photooxidation (Jelle and Nilsen, 2011) or
chemical oxidation (Liu et al., 2019b). However, the degradation
process of weathered microplastics in natural environments is
more complicated than that in lab simulations. Researching the sur-
face changes of microplastics weathered in the field is important to
understand the persistence of microplastics pollution and the origin
of small-sized microplastics.

Therefore, to systematically study the changes in the Raman
spectra, physical morphology and chemical composition of the sur-
face of weathered microplastic debris under natural environments,
one of the largest centers of waste plastics processing and recycling
industries in China was selected as the study area. We sampled the
sediments in a dry ditch of the study area and picked up the weath-
ered microplastic debris. Raman spectra were obtained for identify-
ing polymer types and building the Raman Database of Weathered
Plastics (RDWP). Fourier transform infrared spectrometry (FTIR)
was used to analyze the changes in surface functional groups. Scan-
ning electron microscopy-energy dispersive X-ray spectroscopy
(SEM-EDS) was used to study the changes in surface morphology
and elemental composition.
2. Methods

2.1. Study area and sample collection

The study area is located in the Luwang Area of Shahe Town, Laizhou
City, Shandong Province, China (Fig. S1a, b). Many waste plastics pro-
cessing and recycling industries have gathered in this area since the
1980s. The enterprises in this area were mostly family workshops and
lacked environmental protection equipment and capabilities; in the
process of disposing of waste plastics, a large number of plastics were
placed directly on the ground with no cover and exposed to air, and
wastewater andwaste gas were randomly discharged into the environ-
ment.Waste plastics recycling industries have imported a large number
of waste plastics from developed countries all over the world. Thus, the
microplastics are not only from one city but, rather, represent a minia-
ture of plastics in the world.

Samples were collected along the Zhenzhu River in the study area in
August 2018 (Table S1). A large amount of (micro)plastic debris can be
seen in surface sediments (Fig. S1c, d).We sealed the sediment samples
in glass bottles and preserved them in darkness, and we randomly se-
lected 155microplastic debris samples (Fig. S2) from the sediment sam-
ples and studied their surface characteristics. The microplastic debris
was directly removed from the sediments with tweezers and naturally
air dried. A part of the attached dirtwasnaturally removed from the sur-
face in the process of air drying, and additional residues were removed
with a dust blower ball and Delicate Task Wipes (KIMTECH) carefully
and gently. Detailed information about the study area and sample col-
lection are given in the SI.

2.2. Confocal micro-Raman spectroscopy

Micro-Raman microscopy was conducted on selected microplastic
targets using a WITec alpha300-R confocal Raman imaging microscope
at the State Key Laboratory of Biogeology and Environmental Geology,
China University of Geosciences (Wuhan). The instrument was
equipped with a 532-nmwavelength laser and set at a power between
2 and 10mW(usually 5mW). Raman spectra were obtained at variable
magnifications of 10× to 100× and hence at variable spatial resolutions
of up to 360 nm. The Raman spectra were collected in the
200–3500 cm−1 range using 600 lines per millimeter grating, which
yielded a spectral resolution of 4 cm−1. The integration time was
1–10 s (usually 5 s), and the cumulation number was 1–10 times (usu-
ally 4). To obtain the spectrum with low fluorescence and the highest
possible quality, we used different Raman settings for the same spot
or collected multiple spectra at different spots on the same sample. A
total of 155 spectra of weathered microplastic debris and 18 spectra of
standard plastics were collected. The standards were purchased from
“Taobao.com” or derived from plastic packaging for food, daily necessi-
ties, and laboratory plastic consumables.

2.3. FTIR analysis

An FTIR (Nicolet iS50 FT-IR, Thermo Scientific) equipped with a
pluggable attenuated total reflection (ATR) accessory was used to iden-
tify the microplastics that could not be identified by Raman spectros-
copy and to analyze the changes in the functional groups of the
surface. The FTIR spectra were collected in the 650–4000 cm−1 range.
A total of 54 FTIR spectra were collected with a cumulative number of
20 times and a spectral resolution of 0.482 cm−1.

http://Taobao.com
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2.4. Spectra analysis

The KnowItAll Informatics System 2018 (Bio-Rad Laboratories) was
used to analyze the Raman spectra. The software can perform spectral
searches, spectral identification, functional group analysis, etc., and
has spectral datamanagement capabilities, allowing users to build spec-
tral databases by themselves. First, the spectra of the standards were
built as a Raman Database of Standard Microplastics (RDSP) separately
in KnowItAll. Then, the RDSPwas used as one of the searched databases,
and the spectra of weathered microplastics were matched and identi-
fied. Finally, the spectra of weathered microplastics were built as the
Raman database of weathered microplastics (RDWP).

2.5. SEM-EDS analysis

SEMwas conducted with a Tescan VEGA3 SEM in the State Key Lab-
oratory of Biogeology and Environmental Geology at CUG-Wuhan. Anal-
yses were performed on microplastics under a vacuum pressure of
10−3 mbar with a 0.25 nA electron beam accelerated at 10 keV, and
theX-rayswere collected on an electronically cooled Oxford Instrument
AztecOne EDS XT detector. The surface of the microplastic debris was
presprayed with platinum to improve electrical conductivity. In addi-
tion, the EDS was used to obtain the elemental composition of
microplastic targets with spot analysis, line scan and mapping modes.
A total of 40 microplastic debris samples were analyzed by SEM-EDS.
The O/C ratio was calculated as the atomic ratio of oxygen and carbon.

3. Results and discussion

3.1. Raman spectra of weathered microplastics

The Raman spectra of weathered microplastics were distinctly dif-
ferent from the spectra of fresh standard samples (Figs. 1, S3–S6). The
Raman spectra (Fig. 1a–d) were identified as PE based on the two
peaks at 2846 and 2881 cm−1 and were also verified by ATR-FTIR. The
relative intensities of the 2846 and 2881 cm−1 peaks in the Raman spec-
tra changed significantly afterweathering (Fig. 1b–e). The peaks at 2846
and 2881 cm−1 of weathered microplastics were relatively weak, and
there was a broad and strong band in the range of 2100–2200 cm−1
Fig. 1. Raman spectra (left) and ATR-FTIR spectra (right) of PE m
(Fig. 1b–d). In addition, the stretching vibrations of C\\C at 1060 and
1127 cm−1 and the bending vibrations of CH2 at 1293 and 1438 cm−1

were distinct in the Raman spectra of sta-1 and wea-27 (Fig. 1a, b),
but these peaks were not visible in the Raman spectra of wea-17 and
wea-24 (Fig. 1c, d).

Similarly, PP was identified by several peaks at 2800–3000 cm−1 in
the Raman spectrum (Fig. S4) andwere also verified by ATR-FTIR. How-
ever, the peaks of CH2 stretching vibration between 2800 and
3000 cm−1 in some spectra were relatively weak, and a broad and
strong band was also observed in the range of 2100–2200 cm−1

(Fig. S4). The peaks of CH2 stretching vibration in the spectra of weath-
ered PETwere relativelyweak (Fig. S5). Additionally, the Raman spectra
of weathered PVC microplastic debris were inconsistent with the stan-
dard spectra (Fig. S6). Except for the attenuation of CH2 stretching vi-
bration, the peaks of C\\Cl vibration in some spectra of weathered
PVC were weak as well (Fig. S5), which indicates the dechlorination in
the weathering process of PVC.

We collected multiple spectra on different depths in the same spot
with the help of the confocal function of Ramanmicroscope. The spectra
collected at different depths were generally consistent except for the
change in Raman intensity (Fig. S7), which indicates that the possible
disturbance from the organic matter attached on the surface was
minimized.

The significant differences between the Raman spectra of weathered
microplastics and the standard spectra have been widely reported in
many studies (Di et al., 2019; Huang et al., 2019; Li et al., 2019; Wang
et al., 2018; Xiong et al., 2018) and may lead to the inaccurate identifi-
cation of certain microplastics. Specifically, the weakened stretching vi-
brations of methyl, methylene and methine at 2800–3000 cm−1 and a
broad and strong band at 2100–2200 cm−1 are universally displayed
in many different studies (Di et al., 2019; Huang et al., 2019; Li et al.,
2019; Wang et al., 2018; Xiong et al., 2018). Thus, given the inconsis-
tency between the spectra of standard samples and the spectra of
weathered samples (Figs. 1, S3–S6), the visible and valid Raman peaks
for identifying weathered microplastics are listed in Table 1, and it is
crucial to build a Raman database of weathered microplastics.

Raman mapping developed byWITec (Kappler et al., 2016; Sobhani
et al., 2019) is an efficient method and has been used to identify
microplastics. Raman mapping obtains the spectra of all points in a
icroplastic debris. All spectra were not baseline subtracted.



Table 1
Visible and valid Raman peak combinations for identifying weathered microplastics.

Polymer types Raman peaks (cm−1)

PE 2846(CH2), 2881(CH2)
PP 2839(CH2), 2881(CH2), 2904(CH2), 2960(CH3)
PET 1612(phenyl), 1726(C=O), 3082(C\\H of phenyl)
PVC 638 (C\\Cl)a, 694(C\\Cl)a, 2911(CH2)

a The vibration of C\\Cl at 638 and 694 cm−1 was invisible in certain Raman spectra of
weathered PVC.
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plane with a certain spatial resolution and maps the distribution of
microplastics by postprocessing the spectrum. Raman mapping can
identify microplastics from the matrix by integrating the mutual peaks
of the polymer (such as 2800–3100 cm−1) and identify the specific
polymer type by integrating the particular peaks. It has the potential
to detect small-sizedmicroplastics, but the detection and quantification
method based on Raman mapping is time consuming and has not yet
been standardized. This technology was successfully used to identify
microplastics as small as 0.1 μm (Sobhani et al., 2020) and distinguish
microplastics from the sand background (Sobhani et al., 2019). How-
ever, the microplastics used for Raman mapping were fresh standard
samples rather than weathered microplastics (Sobhani et al., 2019).
The range of 2800–3100 cm−1 was used as the mutual peak (Sobhani
et al., 2019), but the peak intensity of weathered microplastics in this
range decreased significantly (Figs. S3–S6). Specifically, the peaks at
694 cm−1 for PVC, 1059 cm−1 for PE and 402 cm−1 for PP, which
were used for acquiring different polymer types (Sobhani et al., 2019),
were weakened in the weathered microplastics (Figs. S3–S6) and
could not be distinguished from the fluorescence background. There-
fore, it is necessary to further study the application of Raman mapping
technology in detecting weathered microplastics in environmental
samples; in particular, we need to select the peaks cautiously for
integration.

3.2. The building of a preliminary Raman database

The Raman Database of Standard Microplastics (RDSP) contains 18
spectra of 8 polymer types (Table 2). ATR-FTIR spectra were collected
for 20 debris samples unrecognized by Raman, but 10 samples remain
unidentified. The combined results of Raman and ATR-FTIR identifica-
tion show that the microplastic debris in our study area is mainly PE
and PP, accounting for 45.2% and 32.9%, respectively, of the total. PET
and PVC microplastic debris accounted for 6.45% and 4.52%, respec-
tively. In addition, 6.45% of the microplastic debris was not identified.
The high percentage of PE and PP is related to the polymer types of
recycling plastics in this waste plastics processing and recycling indus-
tries area.

Among the 135 Raman spectra that could be identified, we selected
124 spectra with distinct peaks to build a preliminary Raman database
Table 2
Spectra numbers of the identified microplastic debris.

RDSPa Raman identification ATR-FTIR identification RDWPb

Total 18 155 20 124
PE 2 67 3 62
PP 3 47 4 44
PET 6 10 0 10
PVC 2 6 1 4
PS 1 0 1 0
PC 1 1 0 1
PA 2 3 1 2
ABS 0 1 0 1
NC 1 0 0 0
NIc 0 20 10 0

a Raman Database of Standard Microplastics.
b Raman Database of Weathered Microplastics.
c No Identification.
of weathered microplastics (RDWP). The number of spectra for each
polymer type is given in Table 2. These 135 identified spectra were
mostly utilized to best address the variability and uncertainty of the
spectra of weathered plastics in the environment, and we need to bal-
ance the variety and accuracy of RDWP at the same time. The criteria
of selection are that (1) the included Raman spectra must have at
least one clearly specific peak, such as the peaks listed in Table 1;
(2) the spectra with inconsistent peaks or large fluorescence back-
ground were excluded. Eleven spectra were excluded in the RDWP
mainly due to inconsistencies in the standard spectra, such as those
displaying a prominent fluorescence background or inconsistent
peaks. Fluorescence might originate from the surface changes and the
attached environmental organicmatter residues. Given PVC as an exam-
ple (Fig. S6), wea-49 shows an inconsistent peak at 1595 cm−1, wea-
156 shows a large fluorescence background, and wea-106 (identified
by FTIR) does not show any informative peak. In this case, the Raman
spectra of wea-49 and wea-106 are excluded in RDWP. We believe
that the building of RDWP will improve the matching score between
the Raman spectra ofweatheredmicroplastics and the standard spectra,
but the effect of RDWP in identifying weathered microplastics needs to
be verified by other researchers.

The database and raw data of all spectra are given byMendeley data
(Dong et al., 2020c) and open to all users. The database will be updated
online with Mendeley data, and we will provide additional spectra in
the following versions.
3.3. Changes in surface functional groups

Raman spectroscopy can be used to identify polymer types, but it is
difficult to further obtain information about the changes in the chemical
composition of the polymer surfaces. However, Raman spectroscopy
can be supplemented by FTIR, which can detect the changes in func-
tional groups on a plastic surface. In our study, a series of peaks in the
3000–3900 cm−1 region usually appeared in the IR spectra of weath-
ered microplastics (Fig. S8), indicating the presence of O\\H or N\\H
stretching vibrations. The broad peak at approximately 3360 cm−1 is
the absorption peak of the associated hydroxyl group, and the presence
of O\\H indicates that hydrolytic and oxidizing processes occurred on
the surface.

For PP and PE, the peaks at 1680–1800 cm−1 indicate carbonyl
stretching vibrations, while a broad peak at 1010 cm−1 indicates C\\O
stretching vibrations. The carbonyl groups include amide, ketone, alde-
hyde, ester, carboxylic acid, and acid halide (Fig. 2). The existence of
C_C is documented by several peaks at approximately 1640 cm−1

and confirmed by the peaks of C_C wag vibrations at 874 and
911 cm−1. The peaks at 1640–1670 cm−1 are possibly indicative of
the presence of water that is likely to be absorbed on a heavily oxidized
surface. The presence of oxygen-containing functional groups suggests
that the plastic surface was oxidized, whereas the occurrence of C_C
bonds is consistent with the cleavage of the polymer carbon chain. In
addition, the presence of amino groups (Fig. 2) suggests the influence
of possible microbial activities during weathering. The spectra at
1600–1800 cm−1 are generally consistent, and there is no significant
difference between PP and PE (Fig. 2). The consistency of the spectra
may indicate a uniform weathering process for PP and PE.

The initial spectra of standard PVC and PET (Figs. S5, S6) are more
complicated than those of PE and PP, and it is difficult to compare the
spectra between standard plastics and weathered plastics. The carbon
chain of PVC did not include carbonyl groups, but the carbonyl groups
at 1717 cm−1 were detected in the spectra of standard PVC (Fig. S6),
which might be related to the additives incorporated in the production
process (Rahman and Brazel, 2004). The carbon chain of PVC originally
includes the ketone carbonyl. The FTIR spectra of PVC and PET provide
less information about the weathering process than do the spectra of
PE and PP.



Fig. 2. FTIR spectra of PE and PP in the range of 1600–1800 cm−1.
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Compared with the FTIR spectra obtained after simulating the pho-
tooxidation process of plastics in the laboratory (Gardette et al., 2013;
Jelle and Nilsen, 2011; Rouillon et al., 2016), the FTIR spectra in this
study are complicated and informative. The ultraviolet (UV) radiation
exposure experiments performed by Jelle and Nilsen (2011) showed
two peaks at 1713 and 1732 cm−1 for PE and PP. Similarly, Rouillon
et al. (2016) observed two peaks at 1712 and 1735 cm−1 in the photo-
oxidation experiments of PP. Even the FTIR spectra of plastics in the en-
vironment (Cooper and Corcoran, 2010; Veerasingam et al., 2016;
Zbyszewski and Corcoran, 2011; Zheng et al., 2019; Zhu et al., 2019)
usually show only one or two peaks in the range of 1680–1800 cm−1.
In contrast, a series of peaks ranging from 1680 to 1800 cm−1 were ob-
served in this study (Fig. 2) and may indicate that the plastic debris
underwent complex physical-chemical weathering processes. In
Fig. 3. Secondary electron imag
particular, the emergence of amino groups indicates that microbes
may be involved in the weathering process.

3.4. Changes in surface morphology

The surface of the standard plastics is flat and smooth (Fig. S10),
while the surface of the weathered plastics is rough and irregular with
cracks, fractures, notching, pits, bumps and many small fragments or
debris (Figs. 3 and S10). The surface of wea-16 (Fig. 3c, d) shows an in-
teresting phenomenon. The surface of wea-16 has regular cracks similar
tomud cracks (Fig. 3c), and there seems to be a layeredweathering pro-
cess on the plastic surface (Fig. 3d). The surface of this plastic debris was
weathered and cracked; then, the debris peeled off from the initial sur-
face and showed a wavy distribution while exposing a smooth inner
surface. The small debris spilled from the initial surface might become
smaller-sized microplastics; thus, we need to consider the smaller-
sized microplastics in submicron- to microsized microplastics in the
environment.

There are morphological differences between the weathered sur-
faces of PE (Fig. 3a–d) and those of PP (Fig. 3e–h). The weathered sur-
face of PP has more pits, deeper cracks, and more prominent
irregularities, while the weathered surface of PE is relatively smooth.
In particular, rifts usually appear on the surfaces of PP rather than on
the surfaces of PE (Fig. 3e, g). Therefore, compared to PP, PE is relatively
more resistant to weathering processes. Cooper and Corcoran (2010)
found that PE has more pits and fractures than does PP on the beaches
of Hawaii and proposed that PE is more susceptible to oxidation than
is PP, which contradicts our results. However, PE was more resistant
to weathering than was PP on the beaches of Lake Huron, and this
was explained as resulting from the difference in water chemistries be-
tween the beaches of Hawaii and those of Lake Huron (Zbyszewski and
Corcoran, 2011). From the perspective of photochemical oxidation, the
stability of PP is lower than that of PE because the carbon atoms in PP
are tertiary carbons, which are more vulnerable to free radical attack
(Andrady, 2017; Gewert et al., 2015). This perspective is consistent
with our SEM results and the results in Lake Huron (Zbyszewski and
Corcoran, 2011) but inconsistent with the results from the beaches of
Hawaii (Cooper and Corcoran, 2010), which may reveal the impact of
es of weathered PE and PP.
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natural geographical conditions on the differential weathering pro-
cesses of PE and PP.

Changes in the surface O/C ratio.
The O atomic of the microplastic surface has a significant linear cor-

relationwith theC atomic (Fig. 4),which indicates the oxidation process
on the surface. The O/C ratio of fresh standard microplastics is lower
than the O/C ratio of weatheredmicroplastics (Table S2). The increasing
O/C ratio corresponds with the appearance of peaks associated with
oxygen-containing functional groups in the FTIR spectra (Fig. 2). In ad-
dition, the O/C ratio is not consistent (Fig. 4) for different points for the
same microplastic debris, which explains the heterogeneous oxidation
process that occurred on the surface.

The O/C ratio of weathered microplastics is significantly related to
the polymer types. The average O/C ratios for weathered PE and PP
are 0.177 and 0.228, respectively. The O/C ratio of PP is higher than
that of PE in the frequency distribution (Fig. 4), which corresponds
with the SEM data (Fig. 3) and indicates that PP is more sensitive to
oxidization processes than is PE. The generally identical functional
groups on the weathered surface of PP and PE explain the consistent
weathering process between PP and PE, but the differences in the SEM
data and O/C ratio indicate a difference in weathering degree and fur-
ther indicate a difference in resistance to weathering between PP and
PE.

EDS was used to map the elemental composition of the wea-16 sur-
face (Figs. 5 and S11), and the results show that the weathered outer
surface has a high O content and a low C content, while the smooth in-
ternal surface has a low O content and a high C content. The EDS map-
pings of O and C are opposite and complementary, and both are
consistent with the distribution of the weathered layer shown in the
SEM. The O/C ratio of the weathered outer surface is approximately
0.1–0.5, and the O/C ratio of the inner surface without weathering is
0.01–0.03.

Unlike the initial O/C ratio of PE and PP, which is close to zero, the
initial O/C ratios of PVC and PET are 0.045 ± 0.011 and 0.293 ± 0.082,
respectively. The latter values correspond with the keto carbonyl
group in the FTIR spectra of standard PVC and PET. The O and C atomic
of weathered PVC and PET have a significant linear correlation (Fig. 4b,
c), and the O/C ratio of weathered PVC and PET is significantly increased
(Table S2). Therefore, we believe that the O/C ratio is a potential indica-
tor to semiquantitatively determine the oxidation degree.
Fig. 4. Linear correlation between O and C atomic and frequency histogram of the O/C ratio. T
histograms. The different colors in the scatter graph represent different samples, and the mult
Changes in the O/C ratio on the surface of microplastics during the
aging process of heat-activated K2S2O8 and the Fenton treatment sug-
gested that the O/C ratio can be used to reflect the oxidation degree
(Liu et al., 2019b). The O/C ratio increased with aging time but tended
to reach a plateau in the later period of aging. The changes in the O/C
ratio were significantly related to the chemical oxidation method, and
the O/C ratios of PE aged by heat-activated K2S2O8 and the Fenton treat-
ment after one month were 0.25 and 0.12, respectively (Liu et al.,
2019b). However, the O/C ratio of microplastics weathered in natural
conditions has a more alterable range (Fig. 4), which shows the com-
plexity and persistence of theweathering process that occurs in the nat-
ural environment.

The O/C ratio for different locations on the same weathered
microplastic debris is alterable (Figs. 5 and S11), and it is essential to
collectmultiple points on the same samples for a comprehensive assess-
ment when using EDS to obtain the O/C ratio and assess the oxidization
degree. Considering the different resistances to weathering in different
polymer types, the O/C ratio might not be suitable for assessing the
weathering degree and reflecting the decline in mechanical properties
between different polymer types. Overall, the O/C ratio is a potential
and convenient indicator of oxidation degree because collecting O/C
data with SEM-EDS is practical and effective.

3.5. Titanium dioxide additives

We noticed the presence of titanium (Ti) on some surfaces of PVC
and PET (Fig. S12), and Ti may be related to the titanium dioxide
(TiO2) that is used as a light-blocking aid and added in plastic produc-
tion (Yang et al., 2004). TiO2 is generally considered to have low toxicity
(Skocaj et al., 2011), but nanosized or ultrafineTiO2 (UF-TiO2) (b100nm
in diameter) is genotoxic and cytotoxic to cultured human
lymphoblastoid cells (Wang et al., 2007). Nanoplastics and
microplastics are potential carriers of TiO2 because TiO2 is a common
additive in many personal cares or consumer products (Weir et al.,
2012).

Therefore, when evaluating the toxicity and health risks of
microplastics, it is necessary to consider the inorganic or organic pro-
cessing aids added during the plastic production process and carefully
evaluate the composite pollution of these additives and microplastics
or the leakage possibility (Schrank et al., 2019) of these additives in
he values of the standard samples are included in the scatter graphs but excluded in the
iple points of the same color represent different locations on the same sample.



Fig. 5. Secondary electron image (a), EDS elementalmaps (b: Cmap; c: Omap) and line scan (d) of wea-16. The spectra of points were collected, and theO/C ratio for each point ismarked
in a.
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the weathering process. In addition, in toxicological experiments on
microplastics, the influence of microplastics itself and that of additives
should be distinguished. The type of additive is related to the type of
polymer, and we must accurately identify the polymer types.

3.6. Degradation of microplastics under natural conditions

Plastics are generally considered to be difficult to degrade, but a se-
ries of surface changes (Figs. 2 and 3) indicate obvious degradation of
weathered microplastics in the sediments, and we still lack studies on
plastic degradation in the long term (on the scales of decades).
Microplastic is a potential indicator of the Anthropocene (Dong et al.,
2020a; Zalasiewicz et al., 2016), but the surface changes and degrada-
tion will influence the environmental lifetime of microplastics and de-
termine whether microplastics can serve as an indicator of the
Anthropocene. The sediments (Fig. S1) were directly exposed to the at-
mosphere with sufficient sunlight and oxygen, and photooxidationmay
be the primary route of degradation (Gewert et al., 2015; Singh and
Sharma, 2008). Themechanism of photooxidative degradation for poly-
mers with a carbon-carbon backbone, such as PE, PP, PS and PVC, in-
volves mainly the auto-oxidation cycle caused by free radical reactions
(Gewert et al., 2015; Singh and Sharma, 2008). Moreover, hydrolytic
degradation may occur on the basis of photooxidative degradation for
polymers with heteroatoms in the main chain, such as PET and PA
(Gewert et al., 2015). Biodegradation may occur later than abiotic deg-
radation (Gewert et al., 2015; Shah et al., 2008). Studies have reported
the interaction of microplastics with microbes or the biodegradation
of microplastics in the marine environment (Roager and
Sonnenschein, 2019; Syranidou et al., 2017; Zettler et al., 2013); how-
ever, currently, there is no study on the biodegradation of microplastics
in terrestrial ecosystems such as soils or sediments.

Raman spectra of weathered microplastics have changed signifi-
cantly compared to the standard spectra, but themechanismunderlying
the relation of the changes in Raman spectra and the degradation of the
microplastics must be further studied. The surface changes may be the
reason for the variable Raman spectra of weathered microplastics.
Changes in surface functional groups, surface oxidation and the cleavage
of the carbon chain may lead to the attenuation of relevant peaks in
Raman spectra. However, it is difficult to build or describe quantitative
correlation among spectra, surface morphology and weathering time
of environmental samples (Andrady, 2017). Whether a quantitative re-
lation can be established between the changes in Raman spectra and the
degree of oxidation and whether we can quantitively evaluate the deg-
radation or surface changes of weathered microplastics through Raman
spectra are important issues to be considered in the future. FTIR could
reveal changes in surface functional groups, SEM-EDS could reveal
changes in surface morphology and elements distribution, and Raman
would be influenced by surface changes as well. FTIR, SEM-EDS and
Raman could complement each other. Combined spectral and elemental
analyses can be useful in deciphering the degradation processes of
microplastics weathered under natural conditions.

4. Conclusion

The Raman spectra of weathered microplastics are distinctly differ-
ent from the spectra of fresh standard samples, and many peaks in the
Raman spectra of weathered microplastics are weakened and even in-
visible. A Raman database of weathered microplastics was established
to specifically identify the polymer types of weathered microplastics.
Carbon-carbon double bonds and a series of carbonyl groups appeared
on the surface of weatheredmicroplastics, which indicates the cleavage
of the carbon chain and oxidation process. The weatheredmicroplastics
have rougher surfaces and a higher O/C ratio than the standard samples.
The complementary C and O elemental maps suggested that the O/C
ratio is a potential indicator of oxidation degree.

Abbreviations

wea-n weathered microplastic debris
sta-n standard microplastic debris and particles
PP polypropylene
PE polyethylene
NC nitrocellulose
PVC polyvinyl chloride
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PET polyester
PA polyamine (nylon)
PC polycarbonate
ABS acrylonitrile butadiene styrene
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