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ABSTRACT: Nanoplastics (NPs) are currently considered an
environmental pollutant of concern, but the actual extent of NP
pollution in environmental water bodies remains unclear and there
is not enough quantitative data to conduct proper risk assessments.
In this study, a pretreatment method combining ultrafiltration (UF,
100 kDa) with hydrogen peroxide digestion and subsequent
detection with pyrolysis gas chromatography−mass spectrometry
(Py-GC/MS) was developed and used to identify and quantify six
selected NPs in surface water (SW) and groundwater (GW),
including poly(vinylchloride) (PVC), poly(methyl methacrylate)
(PMMA), polypropylene (PP), polystyrene (PS), polyethylene
(PE), and poly(ethylene terephthalate) (PET). The results show
that the proposed method could detect NPs in environmental
water samples. Nearly all selected NPs could be detected in the surface water at all locations, while PVC, PMMA, PS, and PET NPs
were frequently below the detection limit in the groundwater. PP (32.9−69.9%) and PE (21.3−44.3%) NPs were the dominant
components in both surface water and groundwater, although there were significant differences in the pollution levels attributed to
the filtration efficiency of riverbank, with total mass concentrations of 0.283−0.793 μg/L (SW) and 0.021−0.203 μg/L (GW).
Overall, this study quantified the NPs in complex aquatic environments for the first time, filling in gaps in our knowledge about NP
pollution levels and providing a useful methodology and important reference data for future research.

KEYWORDS: nanoplastics, quantification, surface water, groundwater, Py-GC/MS

■ INTRODUCTION

As emerging pollutants, microplastics (MPs) and nanoplastics
(NPs) have attracted extensive attention and discussion.1−9

Defined by their sizes, MPs refer to plastics between 1 μm and
5 mm, while NPs refer to plastics smaller than 1 μm, both of
which may come from many consumer products and can be
additionally released as secondary products from plastic wastes
due to photochemical, mechanical, and/or biological degrada-
tion processes.1,10−14 Generally, NPs are distinguished from
MPs due to differences in size, transport characteristics,
interactions with environmental media, bioavailability, and
ecological risks.15 NPs are expected to exhibit more colloidal
properties than MPs, and the dominant effect of Brownian
motion rather than density makes them undergo distinct
transport processes in aquatic systems.15,16 NPs were reported
to exhibit higher toxicity to aquatic organisms than MPs
because biouptake, accumulation, and transfer across cell
membranes can be easily realized when the particle size
reaches nanometers.17−21 Recent studies have investigated the
environmental behavior and fate of NPs in aquatic environ-
ments1,22−29 as well as their toxicities to aquatic organ-
isms.8,17,30−33 However, almost all experiments were carried

out at designed concentrations of artificial NPs. Although the
concentrations and distributions of MPs have been well
studied, there are hardly any data on NPs in water bodies,
which can be attributed to the challenges in the identification
and quantification of NPs.
To date, a variety of analytical techniques have been used to

determine MPs in environmental samples, but these methods
are no longer applicable once the particle size reaches the
nanoscale. Fourier transform infrared (FTIR) and Raman
spectroscopies are the two most commonly used techniques
for identifying plastic particles and estimating the size and
shape of individual particles.34−37 However, the size detection
limits for FTIR microscopy and Raman microspectroscopy are
∼20 and 1 μm, respectively, which limit their application in the
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detection of NPs.35,38,39 A recent study reported that
combining Raman microspectroscopy with field-flow fractio-
nation (FFF) shows potential for analyzing NPs with particle
sizes down to 200 nm.40 However, in addition to its limitations
in determining NPs at smaller sizes (<200 nm), it remains
unclear whether this technique could detect NPs in real-world
samples. Thermal analytical methods, such as pyrolysis gas
chromatography−mass spectrometry (Py-GC/MS), that quan-
tify MPs and NPs by mass concentration are not limited by
particle sizes but often require larger particle masses than
spectroscopic methods.41,42 Py-GC/MS, which is commonly
used to determine the compositions and concentrations of
MPs in environmental samples,41,43−45 can be a promising
technique for identifying and quantifying NPs if combined
with proper pretreatment methods, such as hydrogen peroxide
digestion, to minimize the possible interference of organic
impurities.
Several studies have attempted to use Py-GC/MS to

determine NPs in environmental and biological samples. Ter
Halle et al. concentrated the colloidal fraction of 1 L seawater
with a 10 kDa ultrafiltration device and identified several
polymer components. However, this did not include
quantification.46 Ultrafiltration with a molecular weight cutoff
of 10 kDa can remove some natural organic matter (NOM),
while residual NOM may interfere with the identification and
quantification of NPs.46 Another study reported that
polypropylene (PP) NPs can be directly identified, while
polystyrene (PS) NPs can be determined after removing the
NOM by H2O2/UV, but no further quantification of PP and
PS NPs was conducted.47 Zhou et al. proposed a cloud-point
extraction (CPE) method for the preconcentration of trace
NPs in environmental water samples.48 The authors found that
the recovery rate of standard PS and poly(methyl meth-
acrylate) (PMMA) NPs was high, but their concentrations
were far below the method’s detection limits. Recently, alkaline
digestion and protein precipitation were proposed for
extracting NPs from aquatic animal tissues, which were then
successfully quantified by Py-GC/MS.49

The above-mentioned efforts have made significant progress
in NP research, yet the levels of NPs in environmental water
bodies are still unknown due to the low concentration of NPs
and the interference of NOM. As a result, proper pretreatment
to concentrate NPs and eliminate interference prior to being
combined with Py-GC/MS is greatly needed. Crossflow

ultrafiltration could be a feasible pretreatment step because
of its capacity for removing small molecular NOM and high
efficiency for concentrating large volumes of water.50 To
further reduce the potential interference of other organic
substances, an additional digestion method, such as H2O2
digestion, which is a mild and effective pretreatment method
used for the extraction of MPs from organic-rich environ-
mental matrices is necessary.51−53

The present study aimed to identify and quantify NPs in
aquatic environments by the Py-GC/MS technique after
pretreatment by ultrafiltration (100 kDa, approximately 10
nm) followed by H2O2 digestion. First, six selected plastic
standards were investigated to determine their characteristic
indicator products and respective ions to facilitate the
identification and quantification. Then, the preconcentration
of a large volume of water by crossflow ultrafiltration and
further digestion were conducted to extract trace NPs in
complex field water samples. Finally, the mass concentrations
of the six selected types of NPs were successfully determined
for surface water samples from six locations along a river and
from the connected groundwater.

■ MATERIALS AND METHODS
Materials. A total of six different plastics poly-

(vinylchloride) (PVC), PMMA, polypropylene (PP), PS,
polyethylene (PE), and poly(ethylene terephthalate) (PET)
were selected, as these polymers are widely found in aquatic
environments. A dispersion of PS nanoparticles (nominal size
200 nm) was purchased from Beijing Zhongkeleiming
Technology Co. Ltd. PVC (CAS 9002-86-2), PMMA (CAS
9011-14-7), PP (CAS 9003-07-0), PS (CAS 9003-53-6), PE
(CAS 9002-88-4), and PET (CAS 25038-59-9) were
purchased from Macklin Biochemical Co., Ltd (Shanghai,
China). The polymer granules or powders were frozen with
liquid nitrogen, milled with a grinder for 30 min, and separated
with a 500 mesh stainless steel sieve to harvest fine polymer
powders. Direct weighting of small quantities of polymer
powders when preparing the low calibration concentrations
was difficult. To address this, the polymer powders were
dispersed in a mixture of dichloromethane and methyl alcohol
to facilitate the weighing of small quantities of polymers. As
described in Text S1, the stock solutions (10 g/L) were
continuously diluted to obtain 2−1000 mg/L plastic
dispersions.

Figure 1. Pretreatment processes of water samples for NP detection by Py-GC/MS.
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Sampling. The Fuhe River is the second largest river in
Jiangxi Province (Jiangxi, China). It has a total length of 349
km and a total watershed area of 171.86 million square
kilometers. In this study, six locations from upstream to
downstream of the Fuhe River were chosen as sampling sites.
At each sampling site, surface water and riverside groundwater
were collected. A hydrogeological survey of the study area
confirmed that there is a connection between the groundwater
and the river water. Details about the location, distance, water
level, and water quality parameters of the sampling sites can be
found in the Supporting Information (Figure S1 and Table
S1). Prior to sampling, the airtight PE plastic buckets (25 L)
were washed several times with ultrapure water to avoid
possible plastic contamination. At each sampling site, 200 L of
surface water was extracted with a pump 2 m from the shore
and 0−30 cm deep and collected in plastic buckets. Riverside
groundwater (200 L) was drawn from local pumping wells with
a stainless steel submersible pump and fed into plastic buckets.
All samples were delivered to the laboratory within 1 day.
Sample Pretreatment. As shown in Figure 1, double

ultrafiltration with crossflow ultrafiltration and centrifugal
ultrafiltration tubes followed by hydrogen peroxide digestion
was used to extract NPs. Each of the collected water samples
was first passed through a 1 μm membrane filter and then
concentrated by a crossflow ultrafiltration system. The detailed
steps can be found in the Supporting Information (Text S2).
The possible agglomerated NPs filtered out by the first step of
membrane filtration (>1 μm) were generally considered MPs
and excluded from the downstream analysis. Each of the
concentrated water samples contains NPs and other organic
matter, which may interfere with the determination of NPs by
Py-GC/MS. To further minimize the possible interference
from organic substances, hydrogen peroxide digestion followed
by tube-type centrifugal ultrafiltration (molecular weight cutoff
of 100 kDa) was used to remove organic impurities. Briefly, 5
mL of hydrogen peroxide was added to a 50 mL concentrated
water sample and held for 48 h in a 60 °C water bath. After
cooling, the water sample was put into a centrifugal
ultrafiltration tube and centrifuged at 4000 rpm for 2 min,
and the retentate was placed in a 10 mL centrifuge tube. To
minimize sample loss, 2 mL of ultrapure water was injected
into the centrifugal ultrafiltration tube, and then the membrane
surface was gently blown with air through a pipette tip. This
step was repeated three times, and the washing liquid was
mixed with the previous retentate. The treated sample was
freeze-dried to obtain a powder containing the NPs. This
sample was added to 2 mL of methanol and vortex-mixed for
20 s to resuspend. The final suspension was repeatedly
transferred into a pyrolysis target cup of 80 μL and dried in an
oven at 60 °C to ensure that all of the NPs were loaded for
subsequent Py-GC/MS measurement.
Dynamic Light Scattering (DLS) Measurement. The

particle size distributions of NPs in surface water and
groundwater samples were characterized by DLS using a
Malvern Zetasizer instrument (Nano ZS, Malvern, U.K.) with
a He−Ne laser at a wavelength of 633 nm and a fixed
scattering angle of 90°.29 All water samples after cross-flow
ultrafiltration and after centrifugal ultrafiltration were analyzed.
Prior to measurement, the concentrated water samples were
sonicated in a water bath for 15 min to minimize errors caused
by sample concentration. The suspension (3 mL) was added to
the polystyrene DLS cuvette. The measurements were

conducted in triplicate for each water sample owing to the
high heterogeneity of the environmental samples.

Pyrolysis Gas Chromatography−Mass Spectrometry.
Measurements were performed with a Multi-Shot Pyrolyzer
EGA/PY-3030D (Frontier Laboratories, Saikon, Japan)
attached to an Agilent 7890A Gas Chromatograph (Santa
Clara, CA) equipped with an HP-5MS column linked to an
Agilent 5975C mass spectrometer detector. The operating
parameters chosen for the Py-GC/MS analysis were based on
the parameters used in previous studies.44,49 Briefly, the
samples were pyrolyzed in the single-shot mode at 650 °C for
0.2 min. Pyrolysis products were injected with a split ratio of
50:1, and the pyrolyzer interface temperature was set at 320
°C. Additional details on the single-shot Py-GC/MS
conditions are presented in the Supporting Information
(Table S2).
The six selected polymers were analyzed by Py-GC/MS to

determine their characteristic components and ions (Table
S3). For PVC, only benzene (m/z 78) had a high peak
intensity and sensitivity while the sensitivity of other
components was not enough, so benzene was selected as the
indicator for PVC.43,44 Methyl methacrylate (m/z 100) was
considered as the indicator compound for PMMA, as it is a
specific and high-sensitivity pyrolysis component.43,44,49 2,4-
Dimethyl-1-heptene (m/z 126) was selected as the indicator
ion for PP, and the molecular ion m/z 43 was chosen as the
quantification ion due to its high response value. PS has three
favored indicator compounds: styrene, its dimer (3-butene-1,3-
diyldibenzene, m/z 208) and its trimer (5-hexene1,3,5-
triyltribenzene, m/z 312). With the highest abundance, styrene
is the ideal indicator for PS quantification in nonmatrix
samples.54 Since the pyrolysis of environmental constituents
such as chitin and albumin can also generate styrene
monomers,49 it is unsuitable for use as the indicator
component for PS. The less intensive styrene trimer is a
specific indicator compound for PS, and the highly responsive
molecular ion m/z 91 was selected as the quantification ion.43

1-Decene was chosen as the indicator ion for PE, as it was the
most representative pyrolysis product having a high
abundance, although several natural materials could interfere
with its analysis.44,55 For PET, benzoic acid (m/z 105) was
selected as an indicator component due to its high peak
intensity and sensitivity.43,55,56

External calibration curves were obtained by analyzing
different amounts of the standard plastics (0.1−10 μg for PVC,
PMMA, and PS, and 0.1−50 μg for PP, PE, and PET). The
identification of the characteristic peaks of each sample was
achieved by comparison of their full-scan mass spectra with the
analytical pyrolysis library. The instrument limits of detection
and quantification (limit of detection (LOD) and limit of
quantification (LOQ)) were defined as 3 and 10 times the
baseline noise (S/N = 3 and S/N = 10). The LOD and LOQ
values were then converted into procedural limits based on the
volume of the original tested water samples (Table S4). When
a value was lower than the LOQ, half of the LOD value was
used.

Possible Matrix Interference. The quantification of the
NPs by Py-GC/MS was based on indirect determination by
analyzing their pyrolysis products. However, these products
can also be produced from natural matters present in water
samples. The selectivity of the indicator compounds was tested
by analyzing several selected organic materials including wood,
leaf, fish, humic acid, biochar, and bacteria (Table S5).43,55
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The indicator compounds for PMMA, PP and PS, and PET
were not affected by these natural materials.43,55 Wood, fish,
biochar, and bacteria interfered with the analysis of PE,
although these interferences were significantly decreased
following the digestion procedure (Table S5). Learned from
Okoffo et al.’s studies,44,55 the occurrence of PE in samples was
further confirmed based on three validation criteria: (1) the
presence of a homologous series of the characteristic PE
triplets (alkadiene, n-alkene, and n-alkane); (2) the presence of
a homologous series of more than five triplets within C7−C41
of the PE standard; and (3) the standard deviation of the peak
areas of the individual C10 triplets is within 2 times the
standard deviation of the PE standard. For the analysis of PVC,
leaf and biochar caused background interference (Table S5). It
was difficult to completely remove the interference for PVC
because benzene is abundant in most natural matter.43,44,55

Thus, the quantification of PVC in the water samples was
potentially subject to minor bias from natural materials.
Quality Assurance/Quality Control. During sample

collection, pretreatment, and measurement, special care was
taken in this study to minimize possible contamination from
the surrounding environment.57 The concentration, digestion,
and ultrafiltration of water samples were conducted in an
ordinary laboratory, while the procedures including sample
uploading and drying were carried out in a fume hood. Some
plastic materials were inevitably used in sampling and sample
handling, and detailed information about the compositions of
these plastic materials can be found in Table S6. The plastic
buckets used for sampling were carefully washed prior to
sample collection. To avoid contamination that could come
from the plastic items used in the experiments, polymer-free
nitrile gloves (carefully washed before use) and 100% cotton
lab coats were used during all steps of the analytical
procedure.35,36,58 To avoid plastic contamination from the
ultrafiltration membrane, the cross-flow ultrafiltration device
was run for 10 min with ultrapure water and the centrifugal
ultrafiltration tubes were cleaned carefully with ultrapure water.
In addition, all sample containers, such as beakers, centrifuge

tubes, and pipette tips, were rinsed thoroughly three times with
ultrapure water prior to use. Samples were covered with
aluminum foil to avoid potential airborne contamination. All of
the pyrolysis cups used for Py-GC/MS were cycled on the
instrument before the addition of any sample to avoid potential
contamination. Conducted with ultrapure water, three blank
samples that had the same steps as the sample processing
including membrane filtration, cross-flow ultrafiltration,
digestion, centrifugal ultrafiltration, freeze drying, and loading
were prepared and measured with Py-GC/MS. The indicator
ions related to the selected polymers were not detected in
blank samples or were below the limit of detection (Figure S3),
suggesting that these pretreatment processes did not cause
plastic contamination after careful cleaning.

■ RESULTS AND DISCUSSION
Py-GC/MS Analysis of Plastic Standards. The character-

istic chromatograms and the mass spectra of the selected
indicator compounds used for the determination of the six
different plastic standards (PVC, PMMA, PP, PS, PE, and
PET) are shown in Figure S4. The calibration curves of the six
plastic standard polymers were positive and linear in the range
of 0.1−10 μg for PVC, PMMA, and PS, and 0.1−50 μg for PP,
PE, and PET with acceptable determination coefficient values
(R2 ≥ 0.98) (Table S3). The relative standard deviations
(RSDs) of the quantitative ion peak areas with five replicates
for each standard sample were used to evaluate the precision of
Py-GC/MS measurements. The RSDs of the six plastic
polymers were determined to be 5.8−18.4% for PVC, 6.9−
15.2% for PMMA, 11.3−19.0% for PP, 9.2−13.2% for PS, 6.5−
16.1% for PE, and 10.1−19.6% for PET. Since most types of
NPs are not yet commercially available, it is difficult to assess
the recoveries of every type of NP. Commercial PS
nanospheres with a particle size of 200 nm were used to
represent all types of NPs for evaluating their recoveries.59 It
was found that the recovery of spiked PS NPs was 61.4 ±
13.5% (Text S3 and Table S7), indicating that the method is
acceptable for detecting trace NPs in aquatic environments,

Figure 2. Chromatograms from a standard mixture and representative water samples without digestion and with digestion.
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especially when there are no other mature quantitative
methods,48,50 although the concentration efficiency of cross-
flow ultrafiltration might not be very high.50

Particle Size Distributions of NPs in Environmental
Water Samples. As detected by DLS, the NPs were not
evenly distributed in the surface water and groundwater
samples after preconcentration by cross-flow ultrafiltration
(Figure S5). It was observed that several samples contained
particles larger than 1 μm (Figure S5a,b), which may be due to
particle agglomeration. After pretreatment with hydrogen
peroxide and centrifugal ultrafiltration (100 kDa), the particle
size distributions of all samples were relatively uniform and
homogeneous, and there were no particles larger than 1 μm
(Figure S5c,d). In addition, the peaks were mostly between
200 and 800 nm, indicating that the NPs in both surface water
and groundwater were dominated by particles in this size
range. Previously, it was reported that DLS could not detect
colloidal substances in raw water samples due to their low
concentrations in environmental samples.46 Ter Halle et al.
tried to characterize the particle size distribution of NPs in
concentrated seawater samples but failed to obtain accurate
size distributions, although several highly dispersed popula-
tions of nanoparticles appeared.46 The results of the present
study reveal that pretreatment by H2O2 combined with UF
preconcentration is a critical step for the successful character-
ization of the particle size distributions of NPs. It should be
mentioned that the membrane filtration step prior to
ultrafiltration and hydrogen peroxide digestion may filter out
the portion of agglomerated NPs larger than 1 μm (falls into
the category of MPs). The exclusion of those NPs may slightly
underestimate the amount of NPs in water samples either by
mass concentration or number concentration.

Mass Concentration of NPs in Surface Water and
Groundwater. The direct identification and quantification of
NPs were achieved by combining H2O2 digestion of large
volume crossflow UF concentrated retentate, followed by Py-
GC/MS analysis based on pyrolysis products, characteristic
ions, and their corresponding intensities. The chromatograms
of the standard mixture and water samples without and with
digestion are shown in Figure 2. Figure 2a shows that the six
selected plastic polymers can be clearly distinguished in a
mixed standard sample according to the components’ presence
at different retention times. For the cross-flow UF concen-
trated samples, although some components could be identified,
the chromatogram was complicated, which could be attributed
to the presence of residual NOM interfering with NP
identification. After H2O2 digestion and further ultrafiltration,
the chromatogram contained fewer noise peaks, and similar
pyrolysis products at the same retention times were observed
(Figure 2).
Based on the similarity analysis of these peaks, all selected

NPs (PVC, PMMA, PP, PS, PE, and PET) were successfully
identified in surface water and groundwater samples from the
six sampling locations (Figure S6). The mass concentrations of
NPs in all surface waters and groundwaters were quantified
according to the corresponding peak areas (Figure 3). The
results illustrate the fact that the levels of all NPs in the surface
water at all six locations were significantly different from those
in the groundwater (Figure 3a,b). All NPs except PMMA were
detected in the surface waters of all locations, among which the
concentrations of PE and PP were relatively high (Figure 3a).
Figure 3c shows the concentrations of the various NPs in the
surface waters and groundwaters across all locations in a
boxplot. In the surface water, the NPs were dominated by PP

Figure 3. Heatmaps of NP average concentrations of six locations in the surface waters (a) and groundwaters (b). The boxplot of the mass
concentration distributions of the selected NPs in the surface waters and groundwaters (c). Heatmap of the average concentrations of total NPs of
six locations in the surface waters and groundwaters and the concentration distributions of the total NPs in the surface waters and groundwaters
(d). L1, L2, ..., L6 indicate locations 1, 2, ..., 6, respectively.
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and PE, which accounted for 37.3−50.3 and 27.2−0.8% with
concentrations ranging from 0.117 to 0.389 μg/L and 0.088−
0.242 μg/L, respectively, followed by PET (4.5−15.6%,
0.011−0.079 μg/L), PS (2.2−12.1%, 0.007−0.058 μg/L),
PVC (2.1−7.4%, 0.006−0.057 μg/L), and PMMA (0−8.1%,
0−0.046 μg/L) (Figure 3c). In general, the NP concentrations
in the groundwaters were lower than those in the surface
waters, and several NPs were below the detection limit in the
groundwater of certain locations (Figure 3b; 4/6 PMMA, 2/6
PET, 1/6 PVC, 1/6 PE, and 1/6 PS). Similarly, PP (0.014−
0.108 μg/L) and PE (0−0.070 μg/L) remained the dominant
NPs in the groundwaters, accounting for 34.3−82.9 and 0−
44.0%, respectively. The concentrations of PVC (0−0.010 μg/
L, 0−17.1%), PMMA (0−0.003 μg/L, 0−2.1%), PS (0−0.017
μg/L, 0−19.3%), and PET (0−0.024 μg/L, 0−11.6%) were
low and showed no significant differences (Figure 3c).
To the best of our knowledge, there are no available data on

the levels of NPs in freshwater, although several studies have
attempted to detect them.46−48 Although not truly comparable,
a previous study of snow pit and surface snow samples using
thermal desorption−proton transfer reaction−mass spectrom-
etry (TD-PTR-MS) identified and (semi)quantified plastic
polymers at the nanoscale.60 In the study, only PET was
detected at 5.4−27.4 μg/L, which was much higher than PET
and even the total mass of selected NPs found in the water
samples of the present study. The low mass concentration of
NPs in the present study might be related to the differences in
the NP sources of the different environmental samples. Similar
to MPs, NPs may enter surface water by pathways such as
industrial and wastewater effluents, surface run-off, and
atmospheric deposition.61 Studies have suggested that fresh-
water MPs mainly consist of PP, PE, PET, PS, and PVC.62,63

Among these major MPs, PP and PE with large global plastic
demand and low density were dominant,64 which agrees with
the results of the NPs found in both surface water and
groundwater in the present study.
Figure 3d shows the average concentrations and the

concentration distributions of the total NPs in the surface
waters and groundwaters at the six locations from upstream to
downstream along the Fuhe River. Generally, at the same
locations, the levels of NPs in the groundwaters were
significantly lower than those in the surface waters (0.021−
0.203 vs 0.283−0.793 μg/L, p < 0.001). This can be attributed
to the robust filtration efficiency of the riverbank between the
Fuhe River and the abstraction wells at each location.65,66 For
the surface waters, the average concentration of NPs at L1,
which is the most upstream sampling site located in a rural

area, was relatively low (0.364 μg/L), while at L2 and L6, the
average mass concentrations of the sums of the tested NPs
were higher than that at L1 (0.540 and 0.683 μg/L), which
might be related to the high pollution input from these two
urban regions. This hypothesis agrees with previous findings
regarding MPs, which reveal that the abundance of MPs was
positively correlated with economic development.34,67 More-
over, biofouling and interaction with other environmental
substances, such as metals and inorganic colloids, may facilitate
the settling of NPs, while hydraulic disturbance would
resuspend and release the settled NPs to the surface of the
water column.24,34,67−70 However, the cases were different for
the groundwaters: the mass concentrations of the sums of the
tested NPs at L1 (0.175 μg/L) were the highest, while those of
L2 (0.067 μg/L) and L6 (0.040 μg/L) were the lowest (Figure
3d). The reason for such differences might be the different
hydrogeological conditions and water abstraction habits within
each riverbank village, which could contribute to the variable
penetration and removal behavior of NPs through the
riverbank.65,71

Understanding the Number Concentrations of the
NPs. In addition to the mass concentrations, the number
concentrations (number of particles per liter, items/L) is also
critical to evaluate the pollution level of NPs in aquatic
environments. However, it is impossible to identify and count
NPs in complex environmental samples by microscopy
techniques. An estimation of the number concentrations of
the NPs was performed based on particle sizes, polymer
densities, and the mass concentrations determined by Py-GC/
MS. However, it was impossible to determine the shapes and
sizes of the different NPs in the different samples. To simplify
this and facilitate visualization of the number concentrations, it
was assumed that all NPs were spherical. The particle sizes of
each sample were determined based on the respective peak size
of the DLS result for each sample. According to previous
studies, the polymer densities of PVC, PMMA, PP, PS, PE, and
PET were estimated to be 1.39, 1.18, 0.91, 1.05, 0.95, 1.40, and
1.15 g/cm3, respectively.64,72 Calculated by eq S1 (Text S4),
the number concentrations (items/L) of the different NPs in
surface waters and groundwaters are shown in Figure 4.
It was estimated that there were (0.2−4.7) × 107 NP items/

L in the surface waters, which were composed of (0.99−1.7) ×
106 PVC NP items/L, (0−2.3) × 106 PMMA NP items/L,
(0.07−2.2) × 107 PP NP items/L, (0.04−4.0) × 106 PS NP
items/L, (0.06−1.7) × 107 PE NP items/L, and (0.09−5.4) ×
106 PET NP items/L (Figure 4a,b). For the groundwaters, the
number concentrations were approximately an order of

Figure 4. Number concentrations of the different NPs in the surface waters and groundwaters (a) and the total number concentrations of all of the
NPs in the surface waters and groundwaters (b).
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magnitude lower than those of the surface waters. There were
(0.01−2.2) × 107 NP items/L, which were composed of (0−
1.0) × 106 PVC NP items/L, (0−3.3) × 105 PMMA NP
items/L, (0.06−8.9) × 106 PP NP items/L, (0−1.9) × 106 PS
NP items/L, (0−7.7) × 106 PE NP items/L, and (0−2.6) ×
106 PET NP items/L (Figure 4a,b). Admittedly, these figures
can give us only a rough understanding of the number
concentration of NPs but fail to fully represent reality because
the shapes and sizes of NPs can be variable. As observed,
although the mass concentrations of the NPs were rather low,
the number concentrations may be much higher than those of
the MPs.62,63,73−75 Several studies also suggested that the
proportion of MPs increases with decreasing particle size.58,76

Pivokonsky et al. found that MPs of 1−5 and 5−10 μm were
estimated to be (0.8−1.7) × 103 and (0.5−1.2) × 103 items/L
in surface water, which accounted for approximately 40−60
and 30−40% of the total MP counts, respectively.76 Thus,
there can be thousands of MPs, while millions of NPs per liter
in aquatic environments.
Environmental Implications. Recently, the fate, trans-

formation, and ecological risks of NPs in aquatic environments
have been extensively investigated, but information about the
pollution level and distribution of NPs remains unknown due
to the lack of feasible qualitative and quantitative method-
ologies. Several studies have attempted to quantify NPs in
environmental samples using various methods,40,46,48,49,60,77

but few were able to truly quantify the concentrations of NPs
in actual samples, especially in water bodies. This study
developed a feasible method to determine trace NPs in
complex waters, and the contamination levels of NPs in field
surface waters and groundwaters were further investigated. The
six selected NPs (PVC, PMMA, PP, PS, PE, and PET) were
successfully identified and quantified, of which PP and PE were
dominant in all samples. The mass concentrations of the NPs
in the surface waters and groundwaters were 0.283−0.793 and
0.021−0.203 μg/L, while the number concentrations were
estimated to be (0.2−4.7) × 107 and (0.01−2.2) × 107 items/
L, respectively. This study assessed the actual pollution levels
of the NPs in the water bodies, which provide important
reference data for other studies. For any assessment of the
relevant issues, it is critical that the selected number and type
of NPs reflect the actual situation. For example, most studies
investigated the transport and fate of NPs in aquatic media at
concentrations (e.g., 10 mg/L) much higher than the
concentration of NPs detected here.22,23,25,78−80 Moreover,
commercial PS is commonly used to represent NPs for
studying their environmental behaviors and biological
effects,19−21,81 but this study found that PP and PE were the
dominant NPs, while PS only accounted for a small
proportion.
It needs to be mentioned that the current study leaves some

room for improvement although it has successfully identified
and quantified trace NPs in the surface waters and ground-
waters. For instance, pretreatment by H2O2 combined with UF
preconcentration can inevitably cause some sample loss, which
can underestimate the real concentration of NPs. Given its
high concentration ratio, it is acceptable to quantify trace NPs
in water bodies, especially when there are no other mature
quantitative methods. Thus further improvements are required
to better optimize extraction and treatment efficiency.
Moreover, the NP recovery rates of the proposed method
were only evaluated by commercial PS NPs but may vary for
different NP types. Additionally, this study proposed a feasible

method to detect trace NPs in water bodies, and future efforts
need to be made to bridge the knowledge gap in NP
contamination levels in other complex systems, such as
sediment and soil environments.
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