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ABSTRACT: Nanoplastics (NPs), mainly originated from weath-
ering of microplastics, are ubiquitous throughout the world.
However, the environmentally released NPs are still under debate
due to the lack of direct proof for the chemical identification of
individual nanoparticles. Here, we show an observational evidence
of release of heterogeneous NPs from recycled PVC powders
(RPP) using a nondestructive analytical method, namely,
correlative Raman imaging and scanning electron (RISE)
microscopy. The technology achieves direct chemical identifica-
tion of individual nanoparticles on RPP surface that are as small as 360 nm including nano-PVC and nano-CaCO3 in
complexes with pigments. After washing and filtering through a 1 μm poly(ether sulfone) filter, we clearly distinguish nano-
PVC from the other components in an air-dried filtrate. Furthermore, the automated 2D mapping of RISE enables the
acquisition of the 2D chemical information on a selected area (e.g., 5 μm × 5 μm) and the display of the different components
of nanoparticle aggregates without colloidal separation. Our findings give direct evidence and detailed insights in the potential
release of nanoplastics from the recycled plastic products. The RISE method will help us intuitively understand the origin,
occurrence, and fate of NPs in the environment.
KEYWORDS: nanoplastics, microplastics, polyvinyl chloride, Raman imaging and scanning electron (RISE) microscopy,
single-nanoparticle analysis, direct chemical identification, environmental release

Recent research has observed nanoplastics (NPs, less
than 1 μm in one dimension1,2) in marine environ-
ments.3 NPs are deemed to arise indirectly from the

fragmentation of large plastic debris in the ocean4,5 and
directly from daily commodities, such as cosmetic products
and drug carriers.6−8 However, direct observational evidence
that supports these hypotheses are lacking. NP-like compo-
nents can be obtained from light degradation9 and mechanical
breakdown10 of polystyrene plastic materials, but chemical
information on monogranular NPs remains unknown.
Hernandez et al.7 claimed that 24−52 nm ultrafine polystyrene
particles can be separated from microbead-containing
commercial facial scrubs by sequential filtration. In other
cases, secondary NPs might be produced from biodegradable
polyhydroxybutyrate microplastics (MPs),11 and a plastic
teabag can release billions of NPs into a single cup.12

Nevertheless, these isolated nanomaterials are identified by
analyzing the thin powder film of particle aggregates from the
drying suspension primarily by using attenuated total

reflectance Fourier transform infrared (ATR-FTIR) spectros-
copy.11,12

Innovative techniques have been developed in recent years
for the direct analysis of the chemical compositions of
discernible NP particles in environmental samples. For
example, hyperspectral imaging (HSI), which combines
spectral image information from 200 to 2500 nm and spatial
image information,13,14 enables the determination and visual-
ization of MPs and NPs in complex biological or environ-
mental matrices.15 The chemicals of each pixel is identified by
using spectral information obtained through a mathematical
model.16 However, the HSI technology is unsuitable for
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determining NPs in homogeneous plastic background matrices
because HSI imaging is primarily used for visualizing spatial
heterogeneities.17

Raman spectroscopy is a nondestructive analysis technique
for the characterization of plastic chemical structures on the
basis of detected vibrations that modify the polarizability of a
polymer molecule.18,19 Recently, the integration of Raman
imaging and scanning electron microscopy (SEM) was realized
in one instrument, namely, the confocal Raman-in-SEM
system.20−22 This technique enables the acquisition of
morphological images at nanometer resolutions and the
chemical compositions of nanopolymer particles.20−22

As a high-strength thermoplastic polymer, polyvinyl chloride
(PVC) is extensively used in pipes, buildings, and struc-
tures.23,24 The recycling of primary plastic wastes into recycled
plastics is an important part of global efforts for the reduction
of plastics in the waste stream.25 Recycled PVC is often
pulverized in fine powder for subsequent plastic injection,
molding, and combination with other ingredients.26 The
grinding process of recycled PVC powder can generate
nanosized PVC particles.
Herein, we applied correlative RISE microscopy for the

direct identification and morphological characterization of the
possible nanoparticles on the surface of recycled commodity
PVC powder. Furthermore, nanoparticles washed off from the

powder surfaces were individually identified through RISE
method and used in determining whether nanosized PVC can
be released by washing with distilled water. By performing
Raman single-spot analysis on the NPs from the shedding of
PVC powder, we were able to observe directly the potential
release of NPs from commercially available recycled plastic
materials.

RESULTS AND DISCUSSION
Direct Chemical Identification of the Observed

Nanoparticles on RPP Surface. Fourier transform infrared
(FTIR) microscopy results preliminarily demonstrated that the
recycled PVC powder (RPP) basically consists of PVC and
calcium carbonate (CaCO3) components (Supplementary
Figure 1a). The detailed FTIR analysis is presented in the
Supporting Information (Supplementary Text 1 and Supple-
mentary Figure 1b). RISE was innovatively used in observing
ultrafine particles (0.1−1 μm) with different irregular shapes
on the RPP surface and directly identifying the chemical and
structural characteristics of these nanoparticles (Figure 1a).
Prior to identification, the Raman spectrum of a standard
microsized PVC was obtained by the Raman-in-SEM system
(Figure 1b) and used as a reference. The representative Raman
spectral features of the standard microsized PVC were
characteristic adsorption peaks at 639 and 697 cm−1, which

Figure 1. Scanning electron microscopy (SEM) images and Raman spectroscopy of nanoparticles on the suface of recycled PVC powders
(RPP). (a) SEM images of the matrix (M) of recycled PVC powders (RPP) and the selected nanoparticles (P1, P2, and P3) on RPP surface.
(b) Raman spectra (532 nm laser) recorded with the confocal Raman-in-SEM system. Peaks for standard PVC: 639, 697, 1178, 1333, 1432,
and 2917 cm−1.27 Peaks for standard CaCO3: 715 and 1088 cm−1 (Supplementary Figure 3). Peaks for pigments: 1126 and 1509 cm−1

(Supplementary Figure 2b).28−30
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are assigned to the C−Cl stretching vibration in the PVC
polymer.27 In addition, the adsorption peaks at 1178, 1432,
and 2917 cm−1 correspond to the C−H rocking vibration, C−
H bending vibration, and C−H stretching vibration,
respectively.27 These results were similar to the Raman
spectrum of RPP matrix, indicating C−Cl stretching vibration
(639 and 697 cm−1), C−H bending vibration (1432 cm−1),
and C−H stretching vibration (2917 cm−1; Figure 1b).
The RISE imaging is efficient for the direct characterization

of nanoparticles on the RPP surface. The selected nano-
particles (P1, P2, P3, and P4) were identified by confocal
Raman-in-SEM (λex = 532 nm; Figure 1b and Supplementary
Figure 2). P1 and P2 present the typical characteristic peaks of
PVC at 639, 697, 1432, and 2917 cm−1 (Figure 1b), indicating
that the PVC ingredient dominates these nanoparticles. The
characteristic peak of CaCO3 at approximately 1088 cm−1 was
observed in P1, demonstrating that P1 might be the mixture of
PVC and CaCO3 (Figure 1b). In addition, P2 presented the
adsorption peaks at approximately 1126 and 1509 cm−1,
corresponding to the C−C and CC of polyene chain
structures, respectively.28 These structures can be attributed to
the characteristic peaks of pigments, comprising a series of
additives frequently used in polymer blends.29,30 However, P3
was confirmed as a CaCO3 particle according to the typical
absorption peaks at 715 and 1088 cm−1, respectively (Figure
1b), which was perfectly matched with those of standard
CaCO3 (Supplementary Figure 3). Furthermore, P4 exhibited
the predominant peaks located at 1126 and 1509 cm−1

(Supplementary Figure 2b), suggesting that the P4 particle is
composed of pure polyene pigment.29,30

Characteristics of the Released Nanoparticles from
RPP. These observed nanoparticles were isolated from the
RPP surface in ultrapure water by stirring and ultrasonic
washing (Figure 2). The SEM image demonstrated that the
tiny particles on the surface of RPP nearly disappeared
(Supplementary Figure 4). The total organic carbon (TOC)
analyses revealed that the maximum TOC concentration in
filtrate II remained constant at 9.69 ± 0.04 mg/L
(Supplementary Table 1), implying that the quantitatively
important release of organic matter is associated with

nanoparticle colloids. Further calculation showed that
approximately 0.15‰ (w/w) water-soluble and/or nanosized
organic carbon substances could be washed off from RPP
(Supplementary Table 1).
The filtrate II from RPP washing, which was passed through

a 1 μm poly(ether sulfone) (PES) filter, was not stabilized due
to the low ζ-potential (−16.93 ± 1.39 mV; Figure 2,
Supplementary Table 1). The suspension probably consisted
of different nanoparticles, PVC additives, and other organic
substances.31 The autocorrelation curve analysis demonstrated
that the size of the released nanoparticles was concentrated at
300−1000 and 50−200 nm (Supplementary Figure 5). After
air-drying, the morphology of nanoparticles in filtrate II was
observed via SEM. The results indicated that they were highly
polydisperse and had open structures (Figure 3a), which was
similar to the fractal nature of aggregates, and no single
parameter can be used to describe the particle population.32

Identification of the Released Nanoparticles and/or
their Aggregates. Figure 3 and Supplementary Figure 6
show the SEM images of nanoparticles and/or their aggregates
(S1−S5) from an air-dried droplet on a silicon wafer and their
Raman spectrum (532 nm laser) recorded with RISE. The
droplet was derived from filtrate II (Figure 2). These selected
nanoparticles and/or their aggregates were analyzed by a
Raman-in-SEM system. Prior to analyses, the standard
nanosized PVC particles with different sizes (300−1920 nm)
were targeted in SEM views (Supplementary Figure 7) and
then measured by confocal Raman microspectroscopy. Results
exhibited the typical Raman spectral information on 622 and
667 cm−1 corresponding to the C−Cl stretching vibration
(Figure 3b), which has Raman characteristic absorption peaks
similar to those of the S1 nanoparticle (Figure 3b). The
ultrasonic washing process can release PVC-based NPs. RISE
further discovered that S2 and S3 particles contain mixtures of
PVC and CaCO3, and the S4 particle was composed of PVC
and pigment. The nano-CaCO3-based S5 was observed
(Supplementary Figure 6). The relatively weak peaks of C−
Cl and C−H of S5 might be associated with the coating of the
dissolved organic matter (e.g., PVC macromolecule and
additives leached from RPP) on CaCO3.

31

Figure 2. Procedure of the experiment. The nanoparticles on the suface of recycled PVC powders (RPP) was directly observed and identified
via RISE technique. The RPP was first imaged with the SEM microscope function to obtain the nanoparticle morphology. Subsequently, the
sample was automatically transferred and repositioned for confocal Raman imaging to measure the Raman spectrum of the selected
nanoparticles. The released nanoparticles were obtained via the stirring−ultrasonic washing approaches and two filtration steps (10 μm, 1
μm). The filtrate II was drop-casted on silicon wafer and subsequently air-dried for the conduct of RISE analysis.
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Supplementary Figure 5 indicates that the size of nano-
particles in filtrate II was less than 1000 nm. However, the
nanoaggregates could be formed at a silicon substrate during
air-drying prossess (Figure 4a). RISE provided the automatic

mapping for discriminating the chemical composition of
nanoaggregates in a selected area in silicon wafer, as described
in Figure 4. This method made a precise description of the
chemical information and two-dimension morphology of
different components in aggregates according to the selected
characteristic peaks of PVC (622 and 667 cm−1), pigment
(1509 cm−1), and CaCO3 (1088 cm

−1). The selected area of 5
μm × 5 μm was indicated with color markers (Figure 4a,b):
The blue, red, and green colors represent the PVC, pigment,
and CaCO3, respectively (Figure 4c−e). Notably, the area of
PVC correlated well with that of pigment, suggesting that PVC
combined with the pigment. This phenomenon could be
associated with the even dispersion of the pigment and plastic
in the polymer blend by heating and melting during PVC
production.29 By contrast, the distribution of CaCO3 was
relatively centralized because CaCO3 particles were directly
added into the polymer matrix, making it difficult to achieve
stable dispersion.33

Technical Advantages and Challenges of RISE
Analysis. Direct chemical identification of individual nano-
particles is of technical challenge,34,35 but it is the most
convincing evidence for observing the release of nanomaterials.
Although the possible release sources of environmental NPs
have been widely studied, common analytical techniques
including ATR-FTIR, micro-Raman, XPS, and GC−MS could
not offer direct and visible evidence to identify the components
of monoparticulate NP.18,19 Recently, Gillibert et al.36

introduced the Raman Tweezers technique, combined with
Raman spectroscopy, to investigate individual NPs in an
aquatic environment. However, the limitation of optical
microscopy considerably restricted the quality of image of
nanoparticles. At a diameter of less than 500 nm, the optical
image only represents the laser spot size rather than the actual
nanoparticle size due to the effect of optical diffraction.36 RISE
has a lower resolution (360 nm) than Raman Tweezers.
Furthermore, RISE presented the identification of chemical
compositions of nanoaggregates and their physical shapes. In
this work, the released ingredients of commercial PVC,
including nano-PVC and nano-CaCO3 in complex with
pigment were visually differentiated (Figure 1b), which has
not been documented.10,13

The direct chemical identification of nanoparticles on the
RPP surface suggests that recycled commodity plastics are a
potential source of NPs. The RPP samples were derived from
the pulverization of daily plastic wastes and planned as
secondary raw materials partly instead of virgin polymers.37

The mechanical recycling rate for plastic waste is approx-
imately 30% in Europe.38 The increasingly growing recycled
plastics would significantly increase the release risk of NPs to
the environment.
To explore the potential release of NPs, we obtained the

leachate from RPP by stirring and ultrasonic washing (Figure
2). After washing with ultrapure water, the tiny particles on the
RPP surface nearly disappeared (Supplementary Figure 4) and
the TOC concentration in filtrate II was maintained at 9.69 ±
0.04 mg/L (Supplementary Table 1). Hence, environmental
nanoparticles would be released from bulk plastics by water
shear forces.39 Sequentially, RISE was successfully applied for
the identification of the observed nanoparticles. Both silicon
and aluminum substrates were used for the RISE analyses of
standard PVC nanoparticles with different sizes (Supplemen-
tary Figure 8). The disadvantage of a silicon substrate is that it
brings strong background peaks located at 850−1050 cm−1.

Figure 3. Scanning electron microscopy (SEM) images and
corresponding Raman spectroscopy of nanoparticles released
from the recycled PVC powders (RPP). (a) SEM images of
nanoparticles and/or their aggregates (S1, S2, S3, and S4) from an
air-dried droplet on a silicon wafer. (b) Raman spectrum (532 nm
laser) recorded with confocal Raman-in-SEM system.

Figure 4. Raman spectral mapping of nanoparticles released from
RPP. (a) Confocal Raman-scanning electron microscopy (SEM)
image of a nanosized PVC/Pigment/CaCO3 composite. (b) Color-
coded Raman image overlaid on the SEM. (c) Corresponding blue
area: PVC. (d) Corresponding red area: pigments. (e) Corre-
sponding green area: CaCO3.
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Nonetheless, these strong peaks do not overlap the character-
istic peaks of PVC, CaCO3, and pigment (Supplementary
Figure 8a). Furthermore, the intensity of the Raman signal of
these nanometer substances on a silicon wafer is much stronger
than that on aluminum foil. Hence, the silicon wafer is
preferred for the Raman analysis of standard PVC nano-
particles. Notably, a Raman redshift was observed, and the
PVC characteristic peak intensity decreased with the decrease
in particle size (Supplementary Figure 8a,b). As the PVC size
decreased from 1450 to 300 nm, the position of C−Cl
stretching vibration decreased from 635 to 621 cm−1 on the
silicon substrate (Supplementary Figure 8a). When the size is
less than 200 nm, the distinguishable Raman response signal
can hardly be obtained.36 The smaller the particle (especially
less than 1 μm) the more significant the redshift (Supple-
mentary Figure 8c). A similar phenomenon was observed in
low-dimensional semiconductor nanocrystals, such as CdSe
ZnO, CeO2, and SnO2.

40 The underlying mechanism behind
the redshift of Raman peak for nanoparticles is presumably
involved in the phonon confinement effect, surface stress, and
structural defects.40−42

Due to the presence of size-dependent Raman effect, the
Raman spectrum of 820 nm standard PVC nanosphere was
selected as the reference in this study for the identification of
the unknown nanoparticles because of its similar size to the
size of the most observed nanoparticles. To eliminate the
interference of Si signal, we cut off the Raman spectral range
from 850 to 1050 cm−1 (Figure 3a,b). The good matching of
characteristic peaks (622 and 667 cm−1 of the C−Cl stretching
vibration) between standard PVC and the real PVC-contained
nanoparticles in Figure 3b suggests that RISE could achieve the
fixed-point analysis of monogranular NP. The measurement of
Raman Tweezers requires NP concentration of 0.2% (w/w) for
easy trapping and analysis, which was far higher than that in
the nature aquatic environment.36 Additionally, the TOC of
leachate contributed by nanoparticle-contained dissolved
organic matter in this work was only 9.69 ± 0.04 mg/L
(Supplementary Table 1), which might be close to the real
concentration of NPs in the environment. By contrast, RISE is
the most effective technique for the identification of nanosized
plastics on solid surfaces and in solutions.
In a natural aquatic environment, NPs tend to form

heteroaggregates with numerous inorganic and organic
particles.2,43 The identification of NPs from environmental
aggregates or matrices is challenging because of their tiny sizes
and intricate interactions.35 Currently techniques including
size-based approaches, density-based approaches, and chemical
separation for isolating microplastics from the environmental
samples are not suitable to separate NPs.35 Without
complicated colloid separation, the Raman mapping could
systematically offer 2D chemical information on a selected area
to identify the components of nanoaggregates (Figure 4).
Therefore, RISE is an efficient tool to obtain and chemically
identify NP components in environmental matrices without a
series of complicated separation operations.

CONCLUSIONS
In summary, RISE was successfully applied for the chemical
analysis of NPs at the nanoscale. RISE demonstrated that RPP,
a kind of commercially recycled plastic, is the potential release
source of NPs. The morphological and chemical information
on NPs could be concurrently obtained by analyzing a
monogranular nanosubstance. The automatic mapping of

RISE efficiently offered 2D chemical composition of the
selected area to discriminate PVC from the other components
in nanoaggregates without colloid separation. Our work
achieved the direct observation and identification of individual
NPs released from the surface of recycled commodity plastics,
thus further elucidating the potential source of NPs in the
environment.

MATERIALS AND METHODS
Materials. Recycled commodity plastics (PVC powder) were

purchased from Yaxing Plastic Products Co. Ltd. (Dingzhou, Hebei
Province, China); they were mechanically prepared from disused PVC
tubes widely applied in daily life.23,24 The PVC composition was
confirmed by FTIR by using a Nicolet 5700 FTIR spectrometer. The
average particle size of PVC powder (d50) was 199 ± 20 μm
(Supplementary Table 1), as determined by laser scattering particle
size distribution analysis (LA-960, HORIBA, Ltd., Kyoto, Japan)
(Supplementary Figure 9). The surface area of PVC powder was
88.26 m2/kg (Supplementary Table 1) as determined via a multipoint
BET (Brunauer, Emmett, and Teller) method by using N2 adsorption
at 77 K via a surface area analyzer (ASAP 2020, Micromeritics,
Norcross, GA). The morphology of PVC was visualized via SEM
(MAIA3 GMU, TESCAN, Brno, Czech Republic).

The standard microsized PVC with most of particle size in 60−200
μm (Supplementary Figure 10a) was obtained from Shanghai Aladdin
Bio-Chem Technology Co., Ltd. (Shanghai, China). The standard
nanosized PVC with most of particle size in 400−1000 nm
(Supplementary Figure 10b) was purchased from Shanghai GuanBu
Electromechanical Technology Co., Ltd. (Shanghai, China).

Direct Observation and Identification of Nanoparticles on
RPP Surface. To observe and identify the possible nanoparticles on
PVC powder, we used a novel correlative RISE technique, which
combines SEM and confocal Raman microscopy within the Raman-in-
SEM system with a high spatial resolution down to 360 nm (MAIA3
GMU, TESCAN, Brno, Czech Republic). The electron acceleration
voltage in SEM was set to 2 kV. The Raman spectroscopy operated at
a 532 nm laser excitation wavelength with 5 mV laser energy, which is
the optimized power and does not damage the PVC structure. The
PVC powder was first imaged with the SEM microscope function to
obtain the nanoparticle morphology. Subsequently, the sample was
automatically transferred and repositioned for confocal Raman
imaging within the vacuum chamber of the electron microscope to
measure the Raman spectrum of nanoparticles. As an example of
standard microsized PVC, RISE analysis can also achieve good image
location and matching accuracy between SEM and Raman
(Supplementary Figure 11).

Release of Nanoparticles from RPP by Washing. Simple
physical approaches, including stirring and ultrasonic washing, were
applied for the removal of NPs from the surface of PVC powders
(Figure 2). In brief, 10 g of PVC powder was placed in a 250 mL
Erlenmeyer flask with 150 mL of Milli-Q ultrapure water. After sealing
to avoid water evaporation, the flask was stirred at 600 rpm for 1 h
under vigorous magnetic stirring and then sonicated in an ultrasonic
cleaner (SK3200HP, KUDOS, China) for 30 min. The stirring and
ultrasonic processes were repeated five times to adequately isolate the
NPs from the RPP surface. The pre-experiment demonstrated that
TOC could reach the maximum release after washing five times
(Supplementary Figure 12). This solution was subjected to two
filtration steps with PES filters to obtain the NP suspension.7 The PES
filters were washed with Milli-Q water three times before filtration
experiments. Exactly 10 μm of PES was used in step 1 to remove the
large particles in solution. Then the obtained filtrate I solution was
subsequently filtered through 1 μm of PES twice to ensure that the
filtered particles in filtrate II are on the nanometer scale (Figure 2).
All experiments were performed in triplicate. In blank experiment,
Milli-Q ultrapure water was filtered through the above-mentioned
filtration steps. Results showed the TOC in blank filtrate II was only
0.23 mg/L (Supplementary Table 1), suggesting that the released
substances from PES filters were negligible during filtration.
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Characterization of the Released Nanoparticles and their
Aggregates. The total organic carbon (TOC) of filtrate II was
measured using a TOC analyzer (muti N/C 3100, Analytikjena,
Germany). Dynamic light scattering (Marlvern Instruments, Ltd.,
Worcestershire, UK) was used as a preliminary technique for
confirming the presence of organic matter in filtrate II.7 The zeta
potential of the released colloids was measured using the Zetasizer
Nano with electrophoretic mobility analyses.
For the identification of the released nanoparticles, filtrate II was

drop-casted on silicon wafer and subsequently air-dried for the
conduct of RISE analysis on individual nanoparticles (Figure 2). In
the preliminary experiment of standard nanosized PVC particles, a
good image location and matching accuracy between SEM and
Raman can be achieved through RISE analysis (Supplementary Figure
7). Interestingly, Raman spectral mapping (2 dimensions X, Y (2D))
in RISE can be used in screening nanoaggregates and describing the
chemical distribution in a particle surface. Raman data were collected
point by point in a 2D array consisting of an abundant of complete
spectra. The point-by-point mapping consumed ∼20 min for the
scanning of 5 μm × 5 μm and 400 points (20 × 20) of the sample
with an integration time of 2 s per point.
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