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ABSTRACT: The occurrence and removal of microplastics
(MPs) in drinking water treatment plants (DWTPs) have been
evaluated based on particle number, while the mass concentration
and removal characteristics based on the mass of MPs, and
especially nanoplastics (NPs), remain unknown. This study
employed pyrolysis gas chromatography—mass spectrometry (Py-
GC/MS) to determine the mass concentration of MPs and NPs
with different size ranges (0.01—1, 1—50, and S0—1000 ym) across
the entire treatment process in a DWTP. The total polymers were
measured at 9.63 + 1.52 pg/L in raw water and 0.77 + 0.05 pg/L
in treated water, with the dominant polymers being polypropylene
and polyethylene terephthalate. NPs (0.01—1 ym) accounted for
only 3.2—5.3% of the total polymers, with an average concentration
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of 0.38 pg/L in raw water and 0.04 ug/L in treated water. Notably, NPs and sub-MPs (1—50 pm) demonstrated relatively low
efficiency in the DWTP at 88.9 & 3.2 and 88.0 + 2.5%, respectively, compared with that of the large MPs (50—1000 pm) at 92.9 +
0.3%. Overall, this study examined the occurrence of MPs and NPs, in a DWTP, emphasizing the significance of considering the
mass concentration of MPs and NPs when assessing their pollution levels and removal characteristics.

KEYWORDS: microplastics, nanoplastics, mass concentration, drinking water, drinking water treatment, Py-GC/MS

Bl INTRODUCTION

Currently, as emerging pollutants, microplastics (MPs) and
nanoplastics (NPs) have received considerable attention, both
from research communities and the public audience.' ™ MPs
are defined as plastic particles not exceeding a 1 mm size
limit,"~® while the smallest size category of plastic particles (<1
um) are known as NPs.”~” Global plastic production reached
400 million tons of plastic in 2020, and projections suggest a
surge to 33 billion tons by 2050."° Improper disposal
exacerbates the issue, leading to the widespread accumulation
of MPs and NPs in a wide range of water bodies, including
surface water, groundwater, and drinking water.'™** The
exposure to MPs, especially NPs were reported to cause
adverse effects on aquatic organisms,'*'® and ecosystems.'®"”
Particularly, the occurrence of MPs and NPs in drinking water
has also raised wide concern because of their potential impacts
on human health.”'® Drinking water treatment plants
(DWTPs) provide a necessary safeguard for drinking water
supply, and information about the contamination level and
removal characteristics of MPs and NPs in drinking water
treatment processes is critical to assess their risks in drinking
water.

The concentration and removal of MPs
investigated by several studies using spectroscopic techniques,
including Fourier transform infrared (FTIR) and focal plane

have been
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array (FPA)-based FTIR," laser direct infrared,”® optical-
photothermal infrared microspectroscopy,”' and Raman micro-
spectroscopy,22 to measure particle number concentration.
The reported levels of MPs (>1 ym) were 0—6614 + 1132
items/L in raw water and 0—930 =+ 72 items/L in treated
water."®*>** The conventional drinking water treatment
including coagulation/sedimentation, sand filtration, and
disinfection, and advanced treatment processes such as
granular activated carbon (GAC) filtration and membrane
filtration can remove most MPs (39.1—89.6%).'%**** For
instance, approximately 70—80% of MPs were found to be
removed in three DWTPs of the Czech Republic and their
average abundance ranged from 1473 + 34 to 3605 + 497
particles/L in raw water and from 338 + 76 to 628 + 28
particles/L in treated water.'® The removal efficiency of MPs
can be highly dependent on the size, shape, and composition of
the particles as well as the specific treatment process used.
Studies reported that coagulation combined with sedimenta-
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tion had a removal efficiency of 40.5—54.5%, mainly for fibers’
removal, and the presence of GAC filtration reduced the MP
abundance by 56.8—60.9%, mainly for small-sized MPs (1—S5
um).”* A simulated experiment conducted with polystyrene
(PS) MPs suggested that combined coagulation/sedimentation
and sand filtration could completely remove MPs larger than
20 pm, while approximately 16% of 10 ym MPs injected
passed through the sand filter.”® Notably, the pollution level
and removal characteristics of MPs in DWTPs were mostly
evaluated by the particle number instead of the mass.'®**** As
MPs exhibit a wide size distribution spanning 3 orders of
magnitude, ranging from micrometers to millimeters, the
variation in particle size greatly influences the overall pollution
assessment when considering particle number as a metric.”’
During water treatment processes, such as coagulation/
sedimentation and disinfection, MPs may undergo fragmenta-
tion into smaller particles.”*° This fragmentation leading to a
higher particle count of smaller MPs might suggest a more
significant pollution extent, but their overall mass might be
relatively low compared to larger MPs.””** In such cases, it is
essential to consider the mass concentration of MPs and
provide a reliable and comprehensive evaluation of the level
and removal efficiency of MPs in water treatment processes.

Studies have explored the removal of model NPs in
simulated drinking water treatments,” and pilot-scale
DWTPs.>® However, field investigation addressing the
occurrence and removal of NPs in full-scale treatment plants
is still lacking. Common spectral analysis methods, such as
FTIR and Raman microspectroscopy, fail to detect NPs in
actual samples due to the limited spatial resolution and matrix
interference.”””">* Thermal analytical methods, such as
pyrolysis gas chromatography—mass spectrometry (Py-GC/
MS), are another type of technique to identify and quantify
MPs in environmental samples by determining the specific
pyrolysis products of MPs.”*™*° By quantifying the mass
concentration of MPs, Py-GC/MS is not limited by particle
size and, thus, it can be feasible to detect NPs in actual
environmental samples. However, a substantial quantity of NPs
is necessary to achieve the limit of detection (LOD)/
quantification (LOQ). Using a combination of ultrafiltration
and hydrogen peroxide digestion, followed by Py-GC/MS
analysis, the levels of NPs in surface water (0.283—0.793 ug/
L) and groundwater (0.021—0.203 pg/L) were quantified,”’
but the cross-flow ultrafiltration led to the large loss of NPs
from the sample.”®*” Using Anopore filtration and Py-GC/MS,
Li et al. found that NPs with sizes ranging from 58 to 255 nm
had the highest abundance in tap water, with mass
concentrations ranging from 1.67 to 2.08 ug/L.40 These
studies highlight the potential of using Py-GC/MS as a reliable
method to quantitatively determine NPs in real waters.
However, despite the growing concern about the potential
risk of NPs in drinking water sources, information on their
occurrence and removal in DWTPs remains limited. The small
size of NPs may make them more difficult to remove through
conventional water treatment processes, thereby posing a
potential risk to human health. Therefore, further investigation
is necessary to understand the extent of NP pollution in
drinking water sources and their removal characteristics during
the water treatment processes.

The main objective of this study is to assess the mass
concentration and removal characteristics of MPs and NPs in a
DWTP using Py-GC/MS. To achieve this objective, samples of
raw water and treated water from various treatment processes,

including coagulation/sedimentation, filtration, and disinfec-
tion, were collected from a DWTP in China. Microfiltration
with pore sizes of 50 and 1000 ym and ultrafiltration with a
molecular weight cutoff of 100 kDa (approximately 0.01 ym
according to the manufacturer)*"** were used to collect NPs
(0.01—1 ym), sub-MPs (1—50 pm) and large MPs (50—1000
pum). Hydrogen peroxide digestion was employed to eliminate
the interference from the organic matrix. Py-GC/MS was used
to detect the extracted MPs and NPs, including poly(methyl
methacrylate) (PMMA), polypropylene (PP), PS, polyethylene
(PE), polyethylene terephthalate (PET), and polyamide 6
(PAG6), to evaluate their pollution levels and removal efficiency
in the DWTP.

B MATERIALS AND METHODS

Materials. PS NPs with a nominal size of 200 nm were
purchased from Beijing Zhongkeleiming Technology Co. Ltd.
(Beijing, China). PMMA (CAS 9011-14-7), PP (CAS 9003-
07-0), PS (CAS 9003-53-6), PE (CAS 9002-88-4), PET (CAS
25038-59-9), and PA6 (CAS 63428-83-1) were obtained from
Macklin Biochemical Co., Ltd. (Shanghai, China). The
polymer granules were ground and separated using stainless
steel sieves with mesh sizes of 50, 100, and 500
(approximately, 400, 100, and 30 ym pore size according to
the manufacturer) to obtain fine polymer powders with sizes of
50—100 mesh and less than 500 mesh. Stainless steel
membranes with pore sizes of 1000, 50, and 1 pum were
purchased from Shuangte Filter Equipment Co. (Hebei,
China). The polymer powders were cleaned with methanol,
filtered using stainless steel membranes, and then dried in an
oven at 65 °C. The purpose of cleaning with methanol is to
remove any possible dissolved organic matter, and this cleaning
process did not significantly affect the surface morphology or
size of the powders, as described in Figure S1.** These
polymer powders were used to generate calibration curves and
determine the recovery. Sodium iodide (CAS 7681-82-5),
dichloromethane (CAS 75-09-2), and methanol (CAS 67-56-
1) were also obtained from Macklin Biochemical Co., Ltd.
(Shanghai, China). To address the challenge of weighing small
amounts of polymers when powders with low calibration
concentrations were prepared, a dispersion of the polymer
powder was prepared in a mixture of methylene chloride and
methanol. This allowed for the accurate measurement of small
amounts of polymers. A stock solution with a concentration of
10 g/L was prepared and continuously diluted to obtain plastic
dispersions with concentrations ranging from 2 to 1000 mg/L.
Detailed information about the preparation of standard
calibration is described in Text SI.

Sampling. The DWTP selected for this study is located in
Harbin, China, with a capacity of 25 million m?/day. The
facility sources raw water from the Songhua River and applies
coagulation/sedimentation (coagulant: ferric aluminum poly-
chloride), filtration (including rapid sand filtration, GAC
filtration, and final sand filtration), and disinfection (dis-
infectant: sodium hypochlorite) to treat the water, as shown in
Figure S2. Water samples were collected using a water pump
(PE) from both the raw water and the effluent of each
treatment unit and stored in plastic storage tanks (100 L; PE).
To avoid any possible plastic contamination, the tanks were
washed several times with ultrapure water (the resistivity of
ultrapure water is approximately 18.25 MQ-cm at 22 °C)
before sampling. The tank port was covered with aluminum
foil when water was extracted and then closed after sampling. A
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total of 200 L of raw water (2 tanks) and 600 L (6 tanks) of
treated water after coagulation/sedimentation were sampled in
the morning and afternoon of the same day, respectively, and
transported to the laboratory for partial pretreatment (micro-
filtration and ultrafiltration, as shown in the next section). 600
L of treated water after sand filtration and 600 L of treated
water after disinfection were collected and pretreated,
respectively.

Sample Extraction and Pretreatment. The extraction of
MPs and NPs from the water was achieved through the use of
microfiltration, ultrafiltration, and hydrogen geroxide diges-
tion, as described in our previous work.” Initially, the
collected water (100 L of raw water and 300 L of treated
water post-coagulation/sedimentation, sand filtration, and
disinfection) was filtered by 1000, 50, and 1 um stainless
stee] membranes to harvest MPs. MPs on membranes with
sizes of 50—1000 and 1—50 ym were subjected to a S min
sonication process in a clean 50 mL glass bottle filled with 10
mL ultrapure water. To prevent potential loss of MPs due to
attachment on the membranes, the membranes were
subsequently thoroughly rinsed with 10 mL of ultrapure
water in the glass bottle using a wash bottle. This rinsing step
was repeated at least three times to collect any remaining MPs.
To collect NPs from water, the 1 um filtered water was further
concentrated by using a cross-flow ultrafiltration system with a
100 kDa membrane, which can separate particles of
approximately 10 nm size. The detailed procedure for cross-
flow ultrafiltration can be found in Text S2. Notably, the first
step of membrane filtration may have filtered out some NPs
that were aggregated or adsorbed on larger particles such as
MPs in the water sample, and these NPs were excluded from
the downstream analysis.

Next, the samples of MPs and concentrated filtered water
containing NPs (0.01—1 ym) were dried at 90 °C in an oven.
This step aimed to shorten the pretreatment time.*”** The
method for extraction of MPs involved hydrogen peroxide
digestion and density separation, and hydrogen peroxide
digestion combined with centrifugal ultrafiltration was used
for the extraction of NPs, as described in Text S3. The
suspensions of MPs and NPs obtained were then dispersed in
methanol and transferred into a 10 mL glass bottle. The
suspension was evaporated at 65 °C until the final volume was
adjusted to 1—2 mL. The resulting suspension was then
transferred to an 80 yL pyrolysis cup using a pipet and dried at
60 °C in an oven. This step was repeated multiple times until
all MPs and NPs were loaded, ensuring comprehensive
detection by Py-GC/MS. For the pretreatment of each MP
and NP sample, 100 L of raw water and 300 L of treated water
after coagulation-sedimentation, sand filtration, and disinfec-
tion were employed. Two replicates were performed for
subsequent detection.

Detection by Pyrolysis Gas Chromatography—Mass
Spectrometry. Pyrolysis GC/MS measurements were con-
ducted using a Multi-Shot Pyrolyzer EGA/PY-3030D
(Frontier Laboratories, Saikon, Japan) attached to an Agilent
7890A Gas Chromatograph (Santa Clara, CA, USA) coupled
with an HP-SMS column (30 m) and an Agilent 5975C mass-
spectrometer detector. Pyrolysis was carried out under the
parameters described in previous studies,”**" utilizing a
pyrolysis temperature of 650 °C for 0.2 min and an interface
temperature of 320 °C in single-shot mode. Helium was
employed as the carrier gas, and an inlet liner was incorporated
into the sample injection system. The pyrolysis product was

injected with a split ratio of 50:1. Further information about
the single-shot Py-GC/MS conditions is available in Table S3.

Six common plastic polymers, including PMMA, PP, PS, PE,
PET, and PAG6, were analyzed to determine their characteristic
indicator ions based on previous studies.”***>* Detailed
information about the selection of indicators and quantification
ions is available in Text S4. To test the selectivity of the
indicator ions, the study also analyzed several organic
substances such as wood, leaf, fish, humic acid, and black
carbon (Table S4) based on previous studies.””* The
indicator ions selected for each polymer were methyl
methacrylate (m/z 100), 2,4-dimethyl-1-heptene (m/z 126),
S-hexenel, 3, S-triyltribenzene (m/z 312), e-caprolactam (m/z
113), 1,12-tridecadiene (m/z 180), and vinyl benzoate (m/z
148) for PMMA,>>>#47 PP # pg 33474 pag 5051 pE 5253 gng
PET,**” respectively. Some natural organic materials,
including wood, leaves, fish, humic acid, and black carbon,
were selected to test the sensitivity of indicator ions. As shown
in Table S4, these indicator ions for the six polymers were not
affected by the tested natural materials.’>*

The calibration curves shown in Table S5 were established
by analyzing varying amounts of the standard plastics, and the
identification of a particular polymer in the sample was done
by comparing the mass spectra of specific peaks with an
analytical pyrolysis library (Figure $3).*° The LOD is the
lowest concentration that can be reliably detected, and the
LOQ is the lowest concentration that can be reliably measured
and quantified. LOD and LOQ (Table S6) were determined as
3 and 10 times the baseline noise, respectively (see Text SS for
details on the calculation of LOD/LOQ),”® and then
converted into method limits based on the volume of the
original water samples that were tested (see Table S7 for the
LOD/LOQ). The LODs of various polymers at different
sampling sites ranged from 0.0003 to 0.0074 ug.

Quality Assurance and Quality Control. The precau-
tions are important to minimize the risk of contamination that
could potentially affect the results of the analysis.”
Throughout the entire sampling and laboratory processes,
cotton laboratory coats and polymer-free nitrile gloves were
used to avoid contamination from synthetic fibers, and sample
containers were covered with aluminum foil to prevent
airborne contamination.’”>>°® Before use, all stainless steel
membranes, glass bottles, separation funnels, and the vacuum
filtration device underwent three rounds of rinsing with
ultrapure water to minimize possible contamination. During
sampling and handling, several plastic materials, such as
ultrafiltration membranes, centrifugal tubes, and pipet tips,
were rinsed three times with ultrapure water, and the cross-
flow ultrafiltration device was operated using ultrapure water
for 10 min to minimize potential contamination. Table S7
shows possible plastic contamination during sample prepara-
tion. To ensure the absence of plastic contamination, three
blank samples were prepared by treating 100 L of ultrapure
water following the same steps as the sample treatment,
including microfiltration, ultrafiltration, digestion, drying, and
sample loading. The three blank samples were then analyzed
using Py-GC/MS, and the results revealed significant peaks of
benzene and styrene in the blank samples, as detailed in our
previous work.”® These peaks observed could potentially
correspond to the pyrolysis products of oligomers or additives
originating from the leaching of certain plastic materials.””
However, no specific compounds of the selected six polymers
were identified in the blank samples or the intensities were
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below detection limits, indicating that the treatment processes
did not cause plastic contamination after careful cleaning. To
evaluate the efficiency of the sample processing, a recovery
experiment was conducted using PET, PS, and PP polymers
with high, medium, and low density (Text S6). Three types of
MPs with sizes ranging from 100—400 ym to 1—50 yum, as well
as representative PS NPs with a size of 200 nm, were added to
a river water sample and detected using the same procedure as
the pretreatment.

B RESULTS AND DISCUSSION

Method Validation. To evaluate the effectiveness of the
analytical method, its linearity and accuracy were examined.
The instrument’s linearity and ranges were calculated using
linear regressions, which yielded favorable results (R* > 0.98)
(Table SS). The precision of Py-GC/MS detection was
evaluated by repeating the analysis of each standard sample
S times and calculating the relative standard deviations (RSDs)
of the quantitative ion peak areas. The RSDs for the selected
plastic polymers were found to be within acceptable limits,
with values ranging from 6.9 to 19.0% for PMMA, PP, PS, PE,
PET, and PA6 (Table SS). Vega-Herrera et al. employed
ultrasonic-assisted extraction with toluene, reporting RSDs of
11 to 17% for selected MPs.*® Ribeiro et al. utilized the
accelerated solvent extraction method for MP calibration and
RSDs ranged from 7.6 to 23.7%.”" The relatively high RSDs
observed for certain polymers can be attributed to
uncertainties in weighing small quantities during the
preparation of lower calibration levels, as well as the inherent
limitations of indirect quantification using Py-GC/MS. The
method was deemed valid as the RSDs were below 20%.>" To
evaluate the efficiency of the sample processing, a recovery
experiment was conducted using PET, PS, and PP polymers
(see Text S4 for details on the recovery of polymers). As
shown in Table S9, the recovery percentages of the selected
MPs were within the range of 60.7—79.1% for PP, PS, and
PET, and 50.1-55.9% for PS NPs. Similar recovery
percentages of MPs were also reported in previous studies
(55—82%),>**? while Simon et al. achieved a recovery of 77.7
+ 11.6% for PS and 57.6 + 25.1% for PE.”” The average
recovery of MPs did not exceed 90% due to sample loss
resulting from physical adherence to container surfaces and
potential errors in Py-GC/MS measurements. The recovery of
NPs in this study was relatively low compared to other studies,
ranging from 78 to 90.7%."”°° In addition to possible
adherence to containers during the sampling and processing
steps, the relatively large loss of NPs might further be
attributed to the concentration step by cross-flow ultra-
filtration.®’ However, given the low levels of NPs in drinking
water, this step is a necessary and crucial pretreatment method
for effectively treating large volumes of water and successfully
detecting trace NPs within drinking water systems. It is
important to note that the features of the MPs and NPs used
for spiking did not encompass the full diversity of polymers
present in the samples, considering variations in the
concentration, size, type, and shape. To prevent introducing
any unknown biases, the data were not corrected for recovery.

Polymer Abundance and Removal Efficiency in Water
Treatment Processes. Figure la shows the chromatograms
of representative MP and NP samples in raw water with sieving
sizes of 50—1000, 1-50, and 0.01—1 um, respectively. The
identification of selected polymers in water samples was
determined by analyzing the similarity of peaks at correspond-
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Figure 1. (a). Chromatograms from representative samples of MPs
with the size ranges of 50—1000, 1-50, and 0.01—1 gm. (b). The
average concentration and cumulative removal efficiency after
different water treatments and heat map represent the average
concentration of different types of polymers with different size ranges
during the whole treatment process. The data correspond to original
polymers in samples, not spiked ones.

ing retention times to the standard characteristic peaks. The
heatmap shows the average mass concentrations of six types of
polymers with different size ranges during the whole treatment
process in DWTP (Figure 1b). PP, PET, and PE were
determined at all locations, while PS, PMMA, and PA6 were
either not detected or below the limit of detection at certain
locations. Large MPs (50—1000 ym) included all types of
polymers, whereas for sub-MPs and NPs, the presence of
several types of polymers, such as PS, PMMA, and PA6, was
limited or undetectable at certain locations within the plant.
The mass concentration of total polymers (0.01—1000 ym)
ranged from 9.63 + 1.52 ug/L in raw water to 0.77 + 0.05 ug/
L in treated water. Although several studies have quantified
MPs in DWTP,'***** very few studies have analyzed the mass
concentration of MPs as detected in the present study (see
Table S10 summarizing studies on MP quantification in
DWTPs). Using Py-GC/MS, the total amount of polymers (>1
um) per site ranged from 0.006 to 0.093 ug/L and were
detected in a drinking water supply system that collected water
from two mountain lakes of Norway.*® Similarly, In a Sweden
DWTP, where the production of drinking water relies on
artificial groundwater infiltration, the concentration of MPs
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Figure 2. Polymer composition and proportion in raw water (a) and treated water after coagulation/sedimentation (b), filtration (c), and

disinfection (d). Error bars indicate standard deviation (n = 2). The mean proportion was displayed in a pie chart.

(>6.6 um) ranged from 0.0001 to 0.005 ug/L."” Compara-
tively, previous studies have reported significantly lower levels
of MPs in DWTPs than the findings of this study, indicating
that the source of drinking water may play an important role in
the contamination levels of MPs in DWTPs. In tap water of the
Barcelona Metropolitan Area, relatively high concentrations
(0-9.654 ug/L) of MPs and NPs (0.7—20 um) were
identified, with median and mean values ranging from 0.514
to 1.583 ug/L.>® Although various factors, including water
sources and treatment processes, may contribute to the
disparities observed in MP and NP contamination levels
between tested DWTPs and tap water, it is important to note
that tap water samples can be susceptible to potential
contamination from various sources within the household
plumbing system, such as fragments from taps, damaged faucet
O-rings, or hoses connected to the tap.*®

The overall removal efficiency of total polymers (0.01—1000
um) was 91.9 + 0.7% in the DWTP, which was relatively high
compared to the reported MP removal efficiencies (39.1—
89.6%) in previous studies (Table S10). Generally, DWTPs
that use simple treatment processes like coagulation/
flocculation and sand filtration have shown lower MP removal
efficiencies, with 70% removal from a large reservoir in the
Czech Republic,'® and only 39.1% MP removal from Uhlava
River at Milence, the Czech Republic.”’ More than 80% MP
removal efficiencies were observed in some DWTPs with
advanced treatment processes such as GAC filtration,"*** and
pulse clarification.”® The coagulation/sedimentation showed
good performance (49.3 + 6.0%) in the removal of total
polymers, that was close to the removal efficiencies (40.5—
62%) reported in previous studies.'”* There was an additional
274 + 5.6% reduction of MP mass concentration after sand
filtration (p > 0.05). The efficiency of sand filtration in

removing MPs was previously studied to be 23.7—44.4%.”**
Notably, the disinfection with sodium hypochlorite further led
to a 152 + 0.4% reduction of polymers (p > 0.05), which
might be due to the degradation of polymers. In another study,
it was found that disinfection with chlorination had negligible
influence on the removal of MPs.”* Although it was not
emphasized in the study, it appeared that UV and chlorination
treatment had a slightly negative impact on MP removal (not
statistically significant).”> A simulated experiment indicated
that UV-based oxidation treatment in drinking water resulted
in the fragmentation of PS MPs (the total particle number
concentration increased by 4.1 and 13.2% after UV and UV/
H,0, treatment) and chemical leaching.26 Therefore, the
differences in the removal efficiency of polymers after
disinfection may be related to the quantification method
used. Disinfection treatment may degrade polymers to some
extent, leading to a decrease in mass concentration and a
possible increase in particle number concentration. In previous
studies, the concentration of MPs was mostly evaluated by
particle number instead of particle mass, which might lead to a
perception of disinfection negatively affecting MP removal
efficiency.”>*°

Polymer Composition and Proportion. Figure 2 shows
the mass concentration and proportion of six types of polymers
(0.01—1000 um) after a series of treatment processes in the
DWTP. PP and PET were dominant material types in the
DWTP, accounting for 43.1—65.6 and 28.1—51.9%, with mass
concentrations of 0.33—5.01 and 0.39—2.30 ug/L, respectively,
followed by PE (0.02—0.96 ug/L, 1.8—9.5%), PS (0.002—0.59
yg/L, 0.1—6.4%), PMMA (0.01—0.06 ug/L, 0.3—3.8%), and
PA6 (0.001—0.01 ug/L, 0.07—0.1%). In a separate study, PET
(26—68%) and PP MPs (16—33%) were also the most
common MPs in all drinking water samples,18 whereas the
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results of Sarkar et al. showed that PET (43—56%) and PE
(31—-46%) were found to be the most prevalent MPs in
DWTP.> Although the proportion of plastic polymers in this
study was evaluated by mass concentration instead of particle
number, PP, PE, and PET appeared to be very prevalent in
DWTPs.'”***° Notably, the proportion of plastic polymers
changed after the polymers underwent a series of treatment
processes. For instance, the proportion of PP initially increased
from 52.6 + 3.2 to 65.6 + 4.8% (p > 0.05) after coagulation/
sedimentation but decreased to 52.9 + 4.6 and 43.1 & 2.2% (p
> 0.05) after final sand filtration and disinfection, respectively.
On the contrary, the proportion of PET initially decreased (p >
0.05) after coagulation/sedimentation but increased (p > 0.05)
after filtration and disinfection. It was related to their distinct
removal efficiencies in different treatment processes. Thus, PP
and PET emerged as the most prevalent materials in the
DWTP, with PP being the most abundant material in raw
water and PET being predominantly present in treated water.

The removal efficiencies of PET, PP, and PE in the DWTP
were further evaluated and compared (Figure 3a). As
calculated, PET showed a relatively low removal efficiency
(86.4 + 1.8%) compared to PP (93.3 & 0.5%) and PE (98.5 +
0.2%) (p > 0.05). Similarly, Gomiero et al. reported complete
and 92% reductions for PP and PE, respectively, while PET
showed an 80% reduction.’® However, Wang et al. reported no
significant differences in the removal efliciencies of PET, PP,
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Figure 3. (a). Removal efficiency (bar) of main types of polymers
(PP, PET, and PE) during coagulation/sedimentation, filtration, and
disinfection and cumulative removal efficiency (point) of each
polymer. (b). Removal efficiency (bar) of NPs and MPs with
different size ranges during coagulation/sedimentation, filtration, and
disinfection and cumulative removal efficiency (point) of NPs and
MPs. Error bars indicate standard deviation (n = 2).

and PE.** After the coagulation/sedimentation treatment, the
removal efficiency of PP was relatively lower at 37.2 + 1.5%
compared to PET at 54.8 + 2.5% (p > 0.05), which might be
attributed to the difference in polymer density and shape. PP
with a relatively low density (0.89—0.91 g/cm?) tends to float
rather than settle down, making it more difficult to remove by
sedimentation.” In contrast, PET usually has a higher density
(1.38 g/cm?) and a fibrous shape,®® which may make it more
susceptible to entangling and aggregating with the coagulant,
resulting in easier removal by sedimentation.’* A jar test
experiment indicated that greater removal of the PET fibers
(97% removal) was achieved compared to the PE and PS
microsg)heres (82 and 84%) during coagulation and floccu-
lation.”* However, the highest removal of PE (73.7 = 0.6%)
was observed here, and this might be due to the limited PE
amounts present in the raw water samples before treatment.*®
During sand filtration, PP showed a higher removal efficiency
at 62.5 = 4.4% than PET at 24.9 + 10.1% (p > 0.0S), primarily
for larger MPs (>S50 um), possibly attributed to differences in
polymer density. PP with relatively low density might be more
prone to surface layer retention while PET shows greater
ability to penetrate the deeper layers.”> Koutnik et al. reported
that density becomes crucial when MPs surpass 50 ym in size,
and PET with relatively high density demonstrated greater
depth penetration into the sand layer than PP and PS.*
Furthermore, the fibrous nature of PET that is commonly
observed,’® may also account for its higher penetration in sand
filtration.”® A study indicated that rapid sand filtration showed
better performance in removing MP particulates (95.53%)
than MP fibers (53.83%).°° Negrete Velasco et al. also
reported that average 89% of MP particulates and 81% of MP
fibers (>63 pm) were retained in filtration system in absence
of coagulant.”” Generally, while polymer density and shape are
potentially influential factors in explaining the varying removal
efficiency of different MPs in coagulation/sedimentation and
sand filtration, the lack of real density and shape information
makes it premature to conclusively determine whether density
and shape truly play a significant role.

NPs in the DWTP. Figure 4 shows the mass concentration
and proportion of NPs and MPs with different size ranges in
DWTP. The levels of NPs (0.01—1 ym) in DWTP were found
to range from 0.38 pg/L to 0.04 ug/L in raw and treated water,
respectively. To date, there have been no studies examining
NP contamination in DWTP (Table 1), making it difficult to
compare the results of this study with others. The mass
concentration of NPs in raw water was comparable to those
reported in surface water, which ranged from 0.28 to 0.79 ug/
L.” 1t is worth mentioning that a recent study reported much
higher levels of NPs in tap water, with an abundance of NPs
ran§ing in size from 58 to 255 nm found to be 1.67—2.08 ug/
L.*" Despite only focusing on a limited size range of NPs, the
pollution levels reported were still higher than those found in
the treated water of this study. Direct comparison between the
two studies is difficult due to various factors such as differences
in sampling methods and water sources. However, the high
level of NPs reported by Li et al. in tap water’’ may be due to
leaching from the drinking water distribution pipes.*>®®
Notably, only PP (54.3—87.6%), PET (7.6—19.3%), and PE
(2.5—25.5%) NPs were detected in water samples of the tested
DWTP in this study, with the exception of raw water where a
few PS and PMMA NPs were identified (Figure 1b). In a
separate study, PP, PET, and PE were also identified as the
main types of NPs found in wastewater effluents.”® Similarly,
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Table 1. Comparison of the Concentrations and Types of NPs in Different Water Bodies

water sample size (um) concentration (ug/L)
wastewater treatment plant 0.01-1 0.71-26.23
surface water 0.01-1 0.283-0.793
groundwater 0.01-1 0.021-0.203
tap water 0.70—20 0.001-9
tap water 0.058—0.255 1.67-2.08
snow water <0.22 5.4-27.4
river water 0.3—1 0.24-0.73
seawater 0.3—1 0-0.40
river water <1 1.92
wastewater influent <1 2.82
DWTP 0.01-1 0.04—0.38

polymer type references
PP, PE, PET, PMMA, DS, and PA 28
PP, PE, PET, PVC, PMMA, and PS$ 37
PP, PE, PET, PVC, PMMA, and PS 37
IR, PB, PP, PE, PS, PA, and polydimethylsiloxanes S8
PO, PS, PVC, and PA 40
PET 69
PS 70
PS 70
PS 60
PS 60
PP, PE, PET, PMMA, PS, and PA6 this study

PP and PE NPs were the most abundant components in both
surface water and groundwater.”” While limited studies have
quantified NPs in DWTPs, Li et al. reported the presence of
polyolefins (PO), PS, PVC, and PA6 NPs ranging in size from
20 to 450 nm in tap water.”” In another study that quantified
MPs and NPs (0.7—20 pm) in tap water, PE, PP, and PA6
were identified as frequently tested polymers, and the highest
concentrations were observed for isoprene rubber (IR) and
polybutadiene (PB) at 9.14 and 1.90 ug/L, respectively.”® In
general, NPs were found to have a similar composition and
proportion to MPs,*® suggesting that the presence and
composition of NPs in polluted water may be related to
global plastic demand.”

In DWTP sampled in this study, NPs only accounted for
3.2—5.3%, which was lower than that of sub-MPs (13.1—
24.5%) and MPs (70.2—83.7%). Generally, the proportion of

MPs and NPs decreased with decreasing particle size.
Quantified by the particle number, Pivokonsky et al. found
that the prevailing size category was 1—5 pm, comprising
approximately 25—60% of the MPs, and MPs with the size of
5—10 um were the second most abundant size group (30—
50%)."* Schymanski et al. also suggested MPs were the most
abundant in the smallest detectable size class (5—10 um),
accounting for 39—56% of the total numbers.*” In this study,
the levels of MPs and NPs were quantified by mass rather than
particle number, which is particularly important, as small-sized
particles may exhibit high particle numbers but low mass
concentrations. Therefore, it emphasizes the significance of
evaluating the mass concentrations of MPs and NPs when
assessing their level in drinking water.

The proportion of NPs initially decreased from 4.0 + 0.7%
in raw water to 3.2 + 0.3% (p > 0.05) after coagulation/
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sedimentation and then increased to 5.3 + 0.6% after sand
filtration and disinfection (p > 0.05), which was related to
different removal efficiencies of NPs and MPs in these
treatment processes. The coagulation/sedimentation treatment
was found to remove 59.2 + 5.2% of NPs from raw water,
which was close to the removal efficiency of sub-MPs (60.2 +
4.3%) and higher than that of large MPs (45.7 + 10.2%) (p >
0.05) (Figure 3b). There have been some debates about the
influence of particle size on the removal of MPs through
coagulation/sedimentation. Na et al. found that coagulation/
sedimentation removed 77.4—95.3% of 20, 45, and 90 um PS
MPs, but relatively low removal efficiency was observed for 10
um MPs (33.0—41.1%), which was explained by the increased
attachment probability of larger MPs to flocs.”® In contrast,
other studies have shown that smaller MPs are more efficiently
removed than larger MPs during coagulation/sedimenta-
tion.”"”" The removal of large MPs is not solely determined
by their affinity with the coagulant, but also by the
incorporation of MPs into the floc; for a given floc size, larger
particles are more easily rejected from the floc structure due to
hydrodynamic forces that create a shear plane at the MP-floc
interface during flocculation.”””* As reported, the coagulation
and sedimentation process efficiently removed more than 90%
of PS-COOH NPs in real surface water, likely due to the
electrostatic and intermolecular interactions with the coagu-
lant, despite the water being rich in inorganic ions and total
organic carbon.” After sand filtration, NPs had a removal
efficiency of 45.6 + 11.7%, lower than that of large MPs (56.8
+ 6.3%) (p > 0.05) but higher than that of sub-MPs (34.0 +
3.5%) (p > 0.0S), which was somewhat different from previous
findings that smaller MPs were more easily removed by sand
filtration.'®*>**?% For instance, Wang et al. observed the sand
filtration removed MPs in the size range of 1—5, 5—10 and
10—-50 pm by 23.6—34.3, 33.7—67.1 and 60.0—90.6%,
respectively.24 However, the findings of Zhang et al. revealed
an interesting trend where the lowest removal efliciency was
observed for MPs in the middle size range (10—20 ym) at 86.9
+ 4.9% during granular filtration, followed by 1 ym MPs (94.9
+ 0.4%), 45—54 ym MPs (97.0 + 3.0%), 180 nm NPs (98.9 +
0.7%), and 106—125 um MPs (99.9 + 0.1%).”” This
observation was attributed to the combined effect of various
filtration mechanisms: when the MP size was smaller than 1
pum, MPs tended to deposit or attach onto filtration grains,
leading to higher removal efficiency; when the size of MPs
exceeded 10—20 um that may be beyond the space between
filtration grains, making it more difficult for them to pass
through.”” Therefore, multiple mechanisms including physical
straining, sedimentation, diffusion, and particle attachment,
determines the removal of NPs and MPs during sand filtration,
which can be influenced by factors such as particle size, shape,
surface charge, and the characteristics of the filtration
media.’®”*”> In terms of the effect of disinfection, NPs
showed a lowest removal efficiency (50.5 + 2.3%), followed by
sub-MPs (54.3 + 6.8%) (p > 0.05) and large MPs (69.1 +
0.1%) (p > 0.05). Despite being quantified by particle number,
Wang et al. found that chlorination removed 1—-5 and 5—-10
um MPs at efficiencies of —2.7—9.9 and —15.3—9.4%,
respectively, both lower than the removal efficiency for 10—
50 um MPs (50—100%).”* Notably, ozonation had a negative
impact on the removal of MPs with the smallest size (1—S
um), increasing the particle number concentration by 2.8—
16%.”" Na et al. also observed a decrease in the concentration
of larger particles (9—10 ym) and a gradual increase in the

number concentration of particles in the 1—2.5 ym size range
over time during UV and UV/H,0, treatment.”® Therefore,
the possible fragmentation from the disinfection of large MPs
may contribute to the formation of NPs and MPs with smaller
sizes, which in turn may result in lower removal efficiency of
MPs with smaller sizes during disinfection. In summary, during
coagulation/sedimentation, sand filtration, and disinfection
processes, distinct mechanisms govern the removal efficiency
of NPs in comparison to larger MPs and sub-MPs, leading to
varying levels of effectiveness.

B IMPLICATIONS AND LIMITATIONS

This study assessed the mass concentrations and removal
properties of polymers of MPs and NPs in a DWTP, including
coagulation/sedimentation, sand filtration, and disinfection. A
total of six polymer types, including PP, PET, PE, PS, PMMA,
and PA, were identified and quantified in the study, with PP
and PET being the most prevalent. The levels of total polymers
(ranging from 0.01 to 1000 ym) in the DWTP decreased from
9.63 pug/L in the raw water to 0.77 ug/L in the final treated
water. The removal of polymers in coagulation/sedimentation,
filtration, and disinfection treatments was related to the type
and size of polymers, and different mechanisms were involved
in the removal process. This study is the first to assess the
pollution level and removal of NPs in DWTPs, contributing
important data to the field of NP research. Additionally, the
study underscores that exclusive reliance on particle number-
based measurements may introduce bias, especially for smaller
particles, and it emphasizes the critical importance of using
mass-based measurements to achieve a comprehensive assess-
ment of the levels and removal efficiency of MPs and NPs
during water treatment processes. Furthermore, the findings of
this study can help us to improve our understanding of the fate
and removal mechanisms of MPs and NPs in DWTPs and
support the development of effective strategies for their
removal.

It is important to acknowledge that this study has certain
limitations, concerning the analytical method. The inves-
tigation focused on a limited number of individual plastic
polymers with a relatively high abundance of DWTPs.
Detecting unusual plastic polymers or plastic composites by
using Py-GC/MS may be challenging. This method’s limitation
may result in interference from plastic composites (e.g., PE—
PP) and polymers with similar structures (e.g, different kinds
of polyester). The observed relatively high RSDs for specific
polymers may stem from uncertainties related to weighing
small quantities during the preparation of lower calibration
levels and the inherent challenges associated with the indirect
quantification method using Py-GC/MS. Additionally, it is
essential to note that relatively high RSDs, the small sample
size, and uncertainties associated with the sampling process
may introduce some bias in assessing the removal efficiency of

polymers.
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recovery calculation (Figure SS); Effect of 90 °C heating
for 12 h on the mass of selected plastics (Table S1);
Polymer density and ratio of methanol/dichloromethane
(Table S2); Conditions for single shot Py-GC/MS
measurements (Table S3). Potential interferences of
selected natural polymers with polymer indicator ions
(Table S4); Characteristic components and calibration
functions of six plastics (Table SS); Method LOD and
LOQ (Table S6); LOD and LOQ of different plastics at
different sampling sites (Table S7); The composition of
plastic materials used in sampling and sample prepara-
tion (Table S8); Recovery of selected MPs and NPs
(Table S9); The concentration and composition of MPs
in raw and treated water of different DWTPs (Table
$10) (PDF)
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