
Environmental Science
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
pr

os
in

ce
 2

02
3.

 D
ow

nl
oa

de
d 

on
 0

6.
12

.2
02

5 
19

:3
3:

06
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
The missing sma
aState Key Laboratory of Estuarine and

University, Shanghai 200241, China. E-mai
bShanghai Key Laboratory of Atmosphe

Department of Environmental Science & E

200433, China
cShanghai Institute of Pollution Control an

China
dKey Laboratory of Marine Eco-environm

Bioresource and Environment Research C

Ministry of Natural Resources (MNR), Qingd
eLamont-Doherty Earth Observatory of Colum

† Electronic supplementary informa
https://doi.org/10.1039/d3va00291h

Cite this: Environ. Sci.: Adv., 2024, 3,
227

Received 19th September 2023
Accepted 24th November 2023

DOI: 10.1039/d3va00291h

rsc.li/esadvances

© 2024 The Author(s). Published by
ll microplastics: easily generated
from weathered plastic pieces in labs but hardly
detected in natural environments†

Fangni Du,a Huiwen Cai, a Lei Su,a Wei Wang,b Liwu Zhang, bc Chengjun Sun, d

Beizhan Yane and Huahong Shi *a

Small microplastics (SMPs, 1–20 mm) and nanoplastics (NPs, 1–1000 nm) are contaminants of high concern,

but they were only documented in a few studies due to challenges during pre-treatment and

characterization in environmental samples. In this study, weathered plastic pieces and surrounding

sediments were collected from 3 areas of Yangtze Estuary, China. A top-down method was used to

generate SMPs/NPs from plastic pieces using an ultrasonic cleaner in the lab, and the abundance and

size distribution of SMPs/NPs generated, as well as those found from the surrounding sediments of the

pieces in the field were measured and subsequently compared after verifying polymer types using

Raman spectroscopy. The results revealed that each plastic piece generated an average of 3 × 104

particles of MPs, and NPs with size down to 620 nm in lab samples. However, the number of SMPs

found in surrounding sediments was almost 3 times lower than that generated from one plastic piece.

Furthermore, the particle size ranges do not align with those generated in the lab. It indicated that

smaller and more abundant SMPs/NPs could be generated from the weathered plastic pieces, but few

SMPs were found in surrounding environments. We assume that the current sampling and identification

methods limit the representativeness of samples and the accuracy of SMP/NP detection.
Environmental signicance

The presence of small microplastics (1–20 mm) and nanoplastics (<1 mm) in the environment is a major concern. Our study has shown that highly weathered
plastics can generate a signicant amount of small microplastics, and we have also identied nanoplastics. However, the abundance and size of microplastics in
the highly polluted surrounding sediment were lower, indicating that the abundance of small microplastics and nanoplastics is underestimated. Therefore, it is
essential to develop novel methods to overcome the signicant detection barriers of SMPs/NPs.
1 Introduction

Plastics, one of the greatest inventions in the last century, have
been widely used in daily human life due to their excellent
properties such as ease of production, light weight, high
stability, and versatility.1 Unfortunately, ∼90% of consumed
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plastics have been discarded into the environment.2,3 Due to the
effects of UV radiation and tides, large plastic waste in the
aquatic system will be physically and chemically weathered into
smaller pieces < 5 mm, including microplastics (MPs) and
nanoplastics (NPs, < 1 mm).4,5 According to the pore size of lters
used in conventional ltration, the diffraction limit of an
infrared microscope, and the feasibility of conducting experi-
ments, MPs can be further divided into large MPs (LMPs, > 20
mm) and small MPs (SMPs, 1–20 mm).6 It is worth noting that
compared with LMPs, SMPs and NPs possess larger specic
surface area and stronger adsorption capacity, which make
them more prone to carrying more chemicals such as anthro-
pogenic contaminants, natural organic matter, etc.2

According to a theoretical 3D fragmentation process, the
particle number of fragmented plastics is in reverse ratio to the
third power of the diameter when the total weight is constant.7

In other words, the particle abundance of fragmented SMPs/
NPs should be much higher than that of LMPs in the environ-
ment. Furthermore, the results of laboratory simulation prove
Environ. Sci.: Adv., 2024, 3, 227–238 | 227
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View Article Online
that SMPs/NPs can be easily generated from a piece of LMP with
a ball mill, shaker, ultrasonic cleaner, probe sonicator, and even
hot water.8–11 In these reports, the generated particles have been
successfully identied using novel instruments such as a scan-
ning electron microscope-Raman spectroscopy (SEM-Raman
spectroscopy) and gas chromatograph-mass spectrometer (GC-
MS). However, there are fewer studies that detect SMPs/NPs in
real eld samples compared to LMPs according to the tech-
nique barrier as well as complex environmental matrices which
could cause severe interference during the analysis process.12,13

Apparently, the results of model prediction and simulation
experiments elaborated above have contradicted those found in
eld investigations. There are many explanations for this
inconsistency, including quick degradation or transportation of
SMPs/NPs which causes collected samples without SMPs/NPs,
aggregation of particles which causes inefficient separation,
identication difficulties, etc.9,14 A so-called top-down method
can be used to pin down key reasons for the contradiction. The
top-down approach involves analyzing pollution particles from
the source of pollution, rather than those extracted from the
environment. Herein, the pollutant source and pollution level
in the surrounding environment will be analyzed and compared
to reveal the potential changes during the detection process.

In this study, the top-down method was used to compare the
abundance, size distribution, and polymer types of SMPs gener-
ated from plastic pieces with those found in surrounding
Fig. 1 Sampling areas and sites set for plastic pieces and sediments.

228 | Environ. Sci.: Adv., 2024, 3, 227–238
sediments in coastal areas of the Yangtze Estuary, Shanghai,
China. Herein, NPs generated from plastic pieces were identied
using the surface-enhanced Raman scattering (SERS) technique.
Our aims were to determine (1) if SMPs and NPs could be
generated from pieces and their physicochemical features; (2) if
comparable abundances of SMPs and NPs could be found in the
surrounding sediments where the pieces were collected.
2 Methods and materials
2.1 Sampling of plastic pieces and surrounding sediments

All plastic samples were collected in three areas along water-
ways in Shanghai, China from July to December 2020 (Fig. 1).
These areas were classied as tidal ats (Chongming), stone
dams (Pudong), and sand beaches (Nanhui). In each area, three
sites were set. Highly weathered plastic pieces with a size of 1–
5 cm were collected and kept in aluminum foil bags for labo-
ratory analysis.

In addition to the plastic pieces, we also collected
surrounding sediment samples (a quadrat with a size of 25 cm
× 25 cm) at each site (Fig. 1). The top layer of the sediment, up
to 1–3 cm in depth, was scooped using a metal spoon.15 Stones
and plant branches were removed from the surface of the
sediments rst, and big plastic pieces (bigger than 5 mm) were
collected. Aer that, at least 300 g of sediment samples were
collected and kept in an aluminum foil bag.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.2 Generation of SMPs and NPs from plastic pieces

In the laboratory, the collected plastic pieces were put in
a 200 mL beaker and immersed in ∼150 mL of 30% hydrogen
peroxide. Then, the beaker was covered and placed in an incu-
bator set to oscillate at 30 rpm and 25 °C for 30 minutes. Aer
digestion, the pieces were taken out, dried in an oven at 50 °C
and then observed under a stereomicroscope (Carl Zeiss
Discovery V8, Micro Imaging GmbH, Gottingen, Germany).
Since the plastic pieces are big in size, the chemical composi-
tions of 2920 plastic pieces were veried using an ATR-FTIR
(Nicolet iS 5N, Thermo Fisher Scientic Co., USA). The major
types of plastics were PP (66.6%) and PE (28.7%). Six types of
plastic pieces were selected according to their surface features
and composition, i.e., four polypropylene (PP) and two poly-
ethylene (PE) pieces. We used three similar pieces of each type
for the representativeness of the data. The aging features of six
types of plastics (18 in total) are shown in Table S1.† According
to the surface gures, we measured the line density, surface
loss, and irregular pattern, and then dened the crack feature of
the six types of plastics. The selected pieces were kept in glass
Petri dishes to avoid air contamination.

Aer the weight measurement of each piece, an ultrasound
treatment was used to simulate the process of environmental
fragmentation. One piece was added into a 20 mL glass vial,
along with ethanol (analytical reagent) in the ratio of 10–13 mL
to 1 gram of plastic. Each glass vial was put into an ultrasonic
cleaner (40 kHZ, 500 W, KQ-500E, Shumei, China) for 1 min to
mimic the weathering process on plastics in a real environ-
ment.16 Aer drying at 50 °C, the solution was concentrated to
∼1 mL in volume and kept in a 1.5 mL glass vial. To obtain the
size distribution and abundance of generatedMPs/NPs, 50 mL of
the concentrated solution was dropped on three replicate
circular silicon wafers for each sample. Three procedural blanks
were also prepared in the same way as plastic samples to correct
the potential procedural contamination. The ethanol solution
was ltered using 1 mm glass membrane to avoid
contamination.

We also conducted an additional experiment to test the
reliability of the ultrasound method. We selected six plastic
pieces, including ve PP and one PE, to compare the forces of
ultrasound and oscillation. To ensure reliability and compara-
bility, each piece was cut into two small parts and weighed. One
plastic part was treated following the same process as described
in the ultrasonic section. The other part was treated with an
oscillator (2800 rpm min−1, VORTEX-5, Haimen Kylin-Bell Lab
Instrument, China) for 1 minute. The oscillating time was the
same as the ultrasound time, and the rotational speed was set
based on ambient water velocity in the Yangzi River.
2.3 Extraction of MPs from sediment samples

To extract MPs and SMPs from sediments, we employed
a otation method using a saturated NaCl solution
(1.202 g cm−3).17 At each sampling site, we collected 100 g of
sediment and set three replicates and procedural blanks. In the
sampling area, since PP and PE accounted for more than 90% of
all veried pieces, and given the densities of PP (0.9 g cm−3) and
© 2024 The Author(s). Published by the Royal Society of Chemistry
PE (0.962 g cm−3), we compared the extraction efficiency of MPs
and SMPs between saturated NaCl and NaBr (1.55 g cm−3)
solutions (see the ESI for detailed procedures).† There is no
signicant difference between the two solvents. Considering the
convenience of reagents, cost-effectiveness, and environmental
friendliness, we selected NaCl as the otation agent. Firstly,
100 g of sediment and 300 mL of saturated NaCl solution were
put into a clean long glass cylinder with consistent upper and
lower diameters (28.5 cm in height and 6.5 cm in diameter), and
a magnetic stirrer was used to suspend MPs/NPs and separate
sediment aggregations for 10 min. Then, the stirrer was
removed, and the glass cylinder was le to stand for 48 hours.
Secondly, the supernatant aer separation was transferred to
another glass cylinder for digestion using 200 mL of 30%
hydrogen peroxide at room temperature for half an hour and
then moved into an incubator for 24 hours at 65 °C, 50 rpm to
remove organic matter. Finally, the solution was ltered using
nylon lter membranes with pore sizes of 20 mm, 10 mm, and 5
mm (NY2004700, NY1004700, NY0504700, Millipore, USA) for
the convenience of analysis. The lter membranes were kept in
glass Petri dishes with covers for subsequent analysis.

We used three air puriers (6000V, Allerair, Canada) to
control air quality in the laboratory during experiments. We also
wore cotton lab coats and gloves and cleaned the glassware with
Milli-Q water three times before use. To prevent contamination,
we covered all the samples with aluminium foil.

2.4 Observation of particles using SEM

SEM was used to acquire high-quality images of piece surfaces
and MPs/NPs. Twenty mL of the concentrated solution was
transferred to the surface of the silicon wafer and optimized
Klarite substrate using a pipette, respectively. The substrates
were dried in an oven at 50 °C to remove any water content and
then treated with gold sputtering. SMPs/NPs on the silicon
wafer were imaged using a SEM (S-4800, Hitachi, Japan) at
various magnications (1 k–3.5 k×). Particles on the Klarite
substrate were observed under another SEM (Regulus8100,
Hitachi, Japan) at 20 k–45 k× magnication.

2.5 Identication and quantication of MPs using a Raman
microscope

The generated particles were rst photographed with a stereo-
microscope to obtain their general distribution on the silicon
wafer. Then the silicon wafer was transferred to a Raman
microscope (inVia Reex, Renishaw, UK) to identify particles in
a random area (2000 mm × 500 mm). Raman spectra were
recorded in the range of 600–1200 cm−1, and a single spectrum
was scanned 5 times with an integration of 2 s each scan. All
spectra were set at 50× magnication using a 785 nm laser at
a power of 28 mW. The Raman spectra were reasonably baseline
calibrated to eliminate uorescent background or noise to
improve the accuracy of data analysis.18 The spectra of MPs were
analyzed using several characteristic peaks. Seven most prom-
inent peaks of PP at 809, 841, 1151, 1168, 1220, 1435, and
1458 cm−1 were used to characterize and calculate the peak
signal-noise ratio (PSNR, eqn (1)).19,20 Characteristic peaks of PE
Environ. Sci.: Adv., 2024, 3, 227–238 | 229
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were chosen at 1070, 1138, 1298, 1420, 1443, and 1464 cm−1.21,22

According to the identication results, the percentage and
abundance of each type of generatedMPs/NPs on the wafer were
calculated and estimated. According to the calculation of the
PSNR, each ratio was calculated to compare the spectrum
quality which indicated the difficulty degree for analyzing each
particle. The PSNR is dened as

X
PSNRn ¼ 10� log10

�
MAX2

n

MSE

�
(1)

Here, MAXn represents the maximal intensity of the Raman
signals and MSE corresponds to the standard deviation varia-
tion of background noise.23
Fig. 2 Morphological characteristics of plastic pieces from the environm
using SEM. Photographs of (D–F) were the magnification of the areas in

230 | Environ. Sci.: Adv., 2024, 3, 227–238
The particles separated from sediment samples were
observed and identied on the lter membranes. To ensure
a balance between data reliability and time expenditure, some
researchers measured part of the area in the lter membrane for
semi-quantization of the abundance of MPs.24,25 In this study,
ve small squares with a diameter of 5 mm were selected on
each lter membrane (Fig. S1†). MPs with size >50 mm in the ve
squares were identied using a Raman microscope (DXR™ 3,
Thermo Fisher Scientic Co., USA) at 20× magnication using
a 785 nm laser at a power of 28 mW. The spectral range was set
as 400–4000 cm−1. A single spectrum was scanned 4 times with
an integration of 8 s each scan. MPs with size < 50 mm and NPs
were detected in smaller areas (2000 mm × 500 mm) of the
squares. They were identied using the same parameters on the
ent. (A–F) are obtained using an optical microscope; (G–I) are obtained
the corresponding black square frames of (A–C).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Raman microscope for the generated SMPs/NPs above (inVia
Reex, Renishaw, UK). All particles were veried and counted in
these ve squares, and an estimated abundance of MPs/NPs in
the sediment was calculated from the MP/NP percentage on the
lter membranes. For details on the abundance calculation
process of plastic fragments from plastic pieces andMPs/NPs in
the sediment see the ESI.†

2.6 Identication of NPs using surface-enhanced Raman
scattering (SERS)

In this study, the generated NPs from one type of plastic were
analyzed on a Klarite substrate. It is a commonly used substrate
that was designed as an inverted pyramid structure and coated
Fig. 3 Morphological characteristics of particles generated from plastic p
Photographs of (G–I) were the magnification of the areas corresponding

© 2024 The Author(s). Published by the Royal Society of Chemistry
with aurum (Au). The SERS technique provides an easy-to-use
and rapid method to obtain the chemical information about
NPs as a single nanoparticle situated in the “hotspots” of the
Klarite substrate, which can reach up to >100 orders of
magnitude of the enhanced signal. Meanwhile, the grids on the
Klarite substrate can help locate particles aer transferring the
substrate to the Raman microscope. Aer SEM observation, the
located NPs were identied using a Raman microscope (Lab-
RAMHR Evolution, Horiba, French) at 100×magnication with
a 532 nm laser at a power of 25 mW. The spectral ranges were
set as 600–1800 and 2800–3000 cm−1 to shorten the scanning
duration. And a single spectrum was scanned 4 times with
integration of 10 s each scan.
ieces. (A–C) Optical images of particles; (D–I) SEM images of particles.
to the white square frames of (D–F).

Environ. Sci.: Adv., 2024, 3, 227–238 | 231
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2.7 Statistical analysis

To determine the differences among the mean abundances of
MPs from different weathered plastic pieces and sediment
samples, the data were assessed for normality of residual
distributions using the Shapiro–Wilk test (p > 0.05). As themean
abundances of MPs from plastic pieces and sediments followed
a non-normal distribution, a Welch's ANOVA was used. The
statistical analysis was performed using the SPSS 18.0 soware
(IBM Corp, Armonk, New York, USA).

3 Results and discussion
3.1 MPs generated from weathered plastic pieces

The plastic pieces found in natural environments exhibited
a wide range of sizes, colors, and irregular shapes (Fig. 2A–C,
S2†). They were categorized into 6 types according to their
different polymer compositions and aging characters (Fig. S2,
Table. S1†). Some plastic pieces had a rough surface (Fig. 2D).
Others displayed deep lines and grooves (Fig. 2E and F). All of
Fig. 4 The morphological and chemical information of MPs in different s

232 | Environ. Sci.: Adv., 2024, 3, 227–238
the plastics were highly weathered and had fragile surfaces to
spall off small particles. The SEM images of plastic surfaces
showed a large number of nearly spherical and irregular parti-
cles with a size of 1–5 mm. In addition, some nanoparticles were
also observed on the surface (Fig. 2G–I, S2†).

Aer the ultrasonic treatment of plastic pieces, particles
generated from the weathered plastics were found on the silicon
wafer (Fig. 3A–C). Under a SEM, it was obvious that some
particles tended to gather or aggregate together (Fig. 3D–F).
Higher magnication SEM images of the particles showed that
the particles had irregular shapes and rough surfaces, and some
smaller particles stuck on the larger particle surface. The size of
the smaller particles was less than 10 mm or even in nano-size
ranges (Fig. 3G–I).

The Raman microscope analysis of the silicon wafers
revealed the identication results of a total of 1682 particles,
with 1128 particles conrmed to be MPs. The dominant poly-
mer composition was PP (1045 particles), followed by PE (83
particles) (Fig. 4). The sizes of all the identied MPs ranged
ize fractions. (A–D) PP particles; (E–H) PE particles. Scale bar = 20 mm.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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from 6 to 350 mm with a mean value of 41 mm, and were cate-
gorized into four size fractions (>50, 50–20, 20–10, and 10–5
mm). The quality of the spectra calculated from PP particles
larger than 10 mm was signicantly better than that of smaller
particles, as the Raman signal intensity decreased with the
decreasing of particle size (Fig. 4A–C). Furthermore, when the
particle size gets smaller than the size of the laser spot, the
signal of the silicon substrate increases and interferes with the
particle signal, resulting in a decrease of the particle-to-
substrate noise ratio (PSNR) (Fig. 4D and H). The particles
with size down to 5 mm were barely detectable in the end.

Based on the weight of each plastic piece and verication of
polymer types, the abundances of MPs in different size fractions
from 6 types of samples were calculated (Fig. 5). The dominant
size fraction was 10–20 mm with an abundance of 6.73 × 104

particles per g (particle number/each gram piece), followed by
20–50 mm (3.74 × 104 particles per g), and 5–10 mm (3.58 × 104

particles per g). The least abundant fraction was > 50 mm (3.17×
104 particles per g). Besides, the mean value of MP abundance
from each plastic piece was 3.0 × 104 particles. There was
a signicant difference between the abundances of PP and PE
using a one-way analysis of variance (ANOVA) (p < 0.05). A
potential explanation for this is PE tends to crackmore strips on
the surface than PP due to its lamella structure.26

The abundances of generated particles by ultrasound were
1.5 to 4 times higher than those by shaking, but their size
distribution was similar to each other (Fig. S3†). The oscillation
treatment used in the shaking method produced a ow velocity
of 1.5 m s−1, which is comparable to the average velocity of
1.4 m s−1 in the Yangtze River estuary.27 The treatment of
oscillation was similar to the force of water ow, but it should
be noted that the process of plastic fragmentation is under
multi-environmental forces and it will continue from years to
Fig. 5 The abundances of generated MPs in different size fractions from

© 2024 The Author(s). Published by the Royal Society of Chemistry
decades. Therefore, the ultrasonic treatment was workable to
simulate multi-environment forces on plastics in this study.
3.2 SMPs/NPs generated from weathered plastic pieces

Through the optical images of the Klarite substrate, we could
observe the contour of microparticles and hotspots (Fig. 6A–C).
To obtain specic surface features and corresponding chemical
signals of the nanoparticles, we used the SEM to locate the
particle and obtain high-quality images (Fig. 6D–F). The Raman
signal of PP particles as small as 620 nm in diameter could be
clearly detected on the Klarite substrate (Fig. 6G–I). In contrast,
it was hard to obtain the Raman signal of PP particles less than
5 mm on the silicon wafer (Fig. S3†). The SERS technique can
signicantly increase the signal quality and spatial limit of
Raman detection on nanoplastics.

The spectra of 1–2 mm SMPs on the silicon wafer were of low
quality but exhibited strong peaks at 800–1000 cm−1, which
were distinguished as the characteristic peaks of the silicon
substrate. Hence, no NPs were identied on the silicon wafer
because of the strong substrate interference. Obviously, the use
of the Klarite substrate increased the limit of detection of
a Raman microscope to several hundreds of nanometers on
weathered NPs from environmental samples. However, using
the SERS technique is time-consuming for single-particle
detection and numerous SERS substrates come with a notable
cost, affecting the efficiency of the overall process.28,29 This was
the reason why we only tested PP samples with SERS. Moreover,
in this study, we found that some MPs were covered by impu-
rities on the membranes aer the traditional otation extrac-
tion of sediment sampling. Therefore, the SERS technique was
not applicable to the samples in complex matrices unless most
of the impurities could be removed in the pretreatment step.
PP and PE pieces.

Environ. Sci.: Adv., 2024, 3, 227–238 | 233
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Fig. 6 Images of Raman spectra of nanoplastics on the Klarite substrate. (A–C) Samples on the Klarite substrate under an optical microscope;
(D–F) SEM images of particles; (G–I) Raman spectra of PP particles on the Klarite substrate.
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3.3 MPs in the sediments

In total, 2600 particles from the sediment samples were iden-
tied using Raman spectroscopy, and 587 of them were veried
as MPs. The dominant polymer types were PP and PE,
accounting for 89% of particles. We categorized MPs into three
size fractions > 50, 50–20, and 20–10 mm (Fig. 7A). Among all
MPs, the smallest fragment was 13.97 mm in size. The PSNR
(peak signal-noise ratio) decreased with decreasing particle
sizes (Fig. 7A). The abundances of MPs showed great variations
among sediment samples (Fig. 7B). The abundance in the
Pudong area (3.6 × 104 particles/site) was signicantly higher
than those in Chongming (2.3 × 103 particles per site) and
Nanhui areas (784 particles per site) (p < 0.05). The size fraction
of MPs larger than 50 mm accounted for nearly 50% at most
sites.

The type of sites (tidal ats near waterways, articial stone
levees, sand beaches) potentially affects the behavior and
environmental fate of MPs.14 It is more possible for highly
weathered plastic pieces to generate abundant MPs and NPs,
which are supposed to fall into surrounding sediments.
234 | Environ. Sci.: Adv., 2024, 3, 227–238
However, the articial levee made of stones impedes the vertical
transport of particles. This increases the possibility of plastic
pieces gathering on the surface of the levee, undergoing
extended exposure to weathering. Consequently, this process
could lead to the creation of a greater number of SMPs/NPs on
the levee.30,31 While the tidal at and sand beach have more
vertical transport channels than the stone levee, MPs and NPs
on these surfaces could be transported to the subsurface or even
to the water environment due to interactions with microor-
ganisms, organic matter, and loose soils.14,32 These complex
factors could be the reason which leads to the higher abun-
dance of MPs at Pudong than at Chongming or Nanhui.
3.4 Underestimation of fragmented MPs in the environment

Over 90% of mismanaged large plastics are discarded in
terrestrial environments (1% on the beach and 99% on other
lands), which can be regarded as the most signicant storage
pool of plastic debris.33 Thus, it is highly possible to nd SMPs
and NPs in sediments in heavily plastic-contaminated sites. In
this study, we found that the collected plastic pieces can
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The characteristics of MPs in the sediment sampling. (A) The morphology and chemical information for MPs in sediment samples with
different sizes. Scale bar = 50 mm; (B) the abundances of MPs with different sizes generated from plastic pieces in different sampling areas.
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generate a huge number of MPs under external pressure. Each
plastic piece released more than 3 × 104 MPs/NPs with a wide
size fraction. However, we only found MPs (>10 mm) with
a mean abundance of 1.3 × 104 particles per site in sediment
samples. Interestingly, the abundance and size distribution of
© 2024 The Author(s). Published by the Royal Society of Chemistry
MPs in the sediment samples surrounding the plastic pieces did
not match those generated from the same plastic pieces
(Fig. 8A). It is highly possible that the true abundance of MPs
and NPs in sediment samples is greatly underestimated.
Environ. Sci.: Adv., 2024, 3, 227–238 | 235
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Fig. 8 Underestimation of MPs and limit of analysis methods. (A)
Abundance of MPs/NPs from sediment and plastic pieces; (B) hit
quality index (HQI) of three identificationmethods for different sizes of
particles.
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However, the key reason causing the puzzle of underesti-
mation of SMPs/NPs has not been clearly claried yet. Accord-
ing to the assumption on the vertical transport of surface
particles in Section 3.3, SMPs and NPs may “escape” from
sampling at the very beginning. The small particles fragmented
from the weathered plastics may be transported to another
environment under wind power, hydraulic action, and bio-
turbation.14,32 Some reports suggest that the loss of small
particles can also be attributed to the rapid degradation of NPs
in the environment before sampling, as well as the inefficiency
of separation and purication methods to effectively intercept
and enrich SMPs/NPs from complicated aggregates in sediment
samples.9,34 The results of this study demonstrate that the
weathered plastic pieces could generate a huge number of non-
active small particles. Additionally, a previous study shows that
the large-scale distribution of plastic pieces is inclined to
transport along the coastlines for at least 3 years.35 Throughout
the fragmentation process, the spatial dispersion and momen-
tary prevalence of MPs within the ambient environment
undergo dynamic alterations. This signies that each instance
of sampling can solely encompass momentary results. The
application of single-sampling continues to be conned to
comprehending the processes of plastic fragmentation and
dispersion. Nonetheless, this constraint pervades all prevalent
eld sampling methodologies.

Although MPs in the sediment can be collected, there is still
a limitation in the process of MP extraction. Aer calculating
the otation efficiency of PS and PP spike standard particles, we
found that there was no signicant difference between the
236 | Environ. Sci.: Adv., 2024, 3, 227–238
otation agents of NaCl and NaBr. The average otation rate
was 94% for MPs and 7% for SMPs (Table S2†). The otation
agents can alter the surface charge of particles and the energy
barrier among particles, subsequently leading to the increase of
the aggregation kinetics among NPs or with sediments of small
size.36 In other words, SMPs and NPs mixed with sand and clay
tend to settle down in the bottle, making it harder to oat them
in the suspension. Besides, the ltration with three lters which
is oen used in sample processing, will also lead to procedure
losses of MPs and SMPs. The complex pre-treatments seem to
be unavoidable for reducing the difficulty of observation and
identication of SMPs/MPs. A method with fewer pre-treatment
steps and higher separation efficiency needs to be developed in
future research.

Another challenge is to identify SMPs/NPs in such small
sizes for chemical information. Even if they are successfully
extracted, conventional Raman spectroscopy can be inadequate
for identifying such small particles, especially those in real
sediment samples. In previous research, vibrational spectros-
copy was reported as a nondestructive method for obtaining the
morphological and chemical information of a single particle at
the same time.37 The restrictions of vibrational spectroscopy on
detecting SMPs/NPs are (1) the diffraction limit of the laser
which decides the spatial resolution, (2) the limit of detection of
particle abundance on a substrate, and (3) the processing
method when analyzing spectra. The lower size limit of m-FTIR
for MPs in environmental samples is about 20 mm in diameter.
As a non-contact technique, the detection limit of m-Raman can
reach the size of ∼1 mm for SMPs in water samples.38 Raman
spectroscopy coupled with super-resolution microscopes such
as SEM is a novel way to locate and identify NPs, such as SEM-
Raman, confocal Raman, and AFM-Raman. Nevertheless, the
practical spatial resolution is still lower than the theoretical
diffraction limit.39 To approach to smaller size in Raman
detection, surface-enhanced and tip-enhanced Raman scat-
tering techniques have been employed to increase the electric
eld intensity of nanoparticles down to ∼360 nm.9 In addition,
new technology such as Nano-IR can be used to identify nano-
particles down to tens of nanometers, even a single molecule.40

Up to now, laboratory setups for the SMPs/NPs are still under
development to meet the requirements of vibrational spectros-
copy, which necessitates pure and highly concentrated samples.
Meanwhile, the quantication analysis of vibrational spectros-
copy is another barrier to the eld investigation of SMPs/NPs. In
a previous study, semi-quantitative methods have been used to
estimate the abundance of SMPs and NPs based on the
percentage of plastics in whole particles.24,25 The identication
method should be improved for more efficient application in
the eld investigation of SMPs/NPs in future.

4 Conclusions

In summary, our study has revealed that the highly weathered
plastic pieces collected from the eld can generate a large
number of MPs, and even NPs, under moderate external pres-
sure. However, only lower abundance and larger size of plastic
particles were found in the surrounding sediments. Such
© 2024 The Author(s). Published by the Royal Society of Chemistry
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inconsistency indicates that there could be a great underesti-
mation of SMPs and NPs in the real terrestrial environment. The
limitation of analytical methods is a critical factor contributing
to this underestimation. Therefore, it is imperative to conduct
further research to understand the unique characteristics and
environmental behavior of SMPs/NPs. Additionally, innovative
methods need to be developed to overcome the signicant
detection barriers of SMPs/NPs in environmental samples.
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