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Abstract

The widespread presence of microplastics (MPs) in fresh surface water has raised concerns about potential human exposure
through drinking water sourced from these environments. While MP research is advancing to understand the occurrence
and fate of MPs in drinking water production systems, data based on mass concentration is scarce. This study assesses MP
concentrations in the drinking water supply system of Amsterdam (the Netherlands) from source to tap, analyzing raw
water from two freshwater sources (Lek Canal and Bethune Polder), treated water from two drinking water treatment plants
(DWTPs) (Leiduin and Weesperkarspel DWTPs), and household tap water samples from the Amsterdam distribution area.
MPs > 0.7 um were identified and quantified using pyrolysis gas chromatography-mass spectrometry (Py-GC-MS) targeting
6 high production volume polymers: polyethylene (PE), polyethylene terephthalate (PET), polymethyl methacrylate (PMMA)
polypropylene (PP), polystyrene (PS), and polyvinyl chloride (PVC). Average MP concentrations in raw water samples were
50.6+34.7 pg/L (n=14) and 47.5+33.7 pug/L (n=14), while treated water samples exhibited significantly lower levels of
0.80+0.44 pg/L (n=12) and 1.65+2.19 ug/L (n=14), demonstrating high removal efficiencies of 97-98%. PE, PVC, and
PET were the most abundant polymer types detected. Household tap water samples showed lower concentrations with an
average of 0.21+0.12 pg/L (n=20). These findings highlight the effective removal of MPs during drinking water treatment
processes while emphasizing the need for further research to understand the factors influencing MP transport and fate within
water distribution networks.
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Introduction

The contamination of freshwater sources with microplastics
(MPs) has been documented globally, raising concerns about
drinking water safety (Kurniawan et al. 2023; Sefiloglu et al.
2024). Drinking water has been increasingly studied in recent
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years as a possible route of MP intake, providing evidence that
both bottled (Kankanige and Babel 2020; Li et al. 2023) and
tap water (Kirstein et al. 2021; Shruti et al. 2022; Sun et al.
2024) can contain MPs. Research generally reveals higher con-
centrations in bottled water than in tap water, suggesting that
plastic packaging may contribute to increased MP levels found
in bottled liquids (WHO 2022). Reported MP concentrations
in tap water vary widely, from 0.0001 (Johnson et al. 2020) to
1247 MP/L (Tong et al. 2020), while the levels in single-use
plastic bottles water were reported to be up to 5.4 x 10’ MP/L
(Zuccarello et al. 2019). Notably, MP levels in European pota-
ble waters are relatively lower compared to those in America
and Asia, as reported by Belz et al. (2024). In 2020, the Euro-
pean Drinking Water Directive was updated to consider includ-
ing MPs on the Watch List of emerging substances of concern
(EU 2020). In 2024, the EU Commission advanced this effort
by publishing a harmonized methodology for monitoring MPs
in drinking water across the EU, with a view to their potential
inclusion in the recast Watch List (EU 2024).

The drinking water source and water treatment efficiency
affect MP levels in potable water. Studies analyzing raw
water for drinking water production revealed higher MP
concentrations in surface water than in groundwater sources
(Mintenig et al. 2019; WHO 2022). The removal of MPs
through drinking water treatment plants (DWTPs) has been
investigated by several studies from different countries, and
varying treatment efficiencies ranging from 80 to 99% have
been reported (Johnson et al. 2020; Pivokonsky et al. 2020;
Biuerlein et al. 2022; la Cecilia et al. 2024). Besides the
incomplete removal of MPs in the treatment processes, the
degradation of water tanks, plumbing fittings, and distribu-
tion pipes made from plastic material is considered another
possible source of MPs in drinking water (Mintenig et al.
2019; Zhou et al. 2023). Conversely, distribution tanks and
pipes were also identified as potential sinks for MPs due to
settling and adsorption processes (Chu et al. 2022).

The reported concentrations of MPs in drinking water are
also influenced by the methods used for sampling, sample
treatment, and final analysis. Studies investigating MPs in
drinking water show a general trend of increasing MP par-
ticle numbers with decreasing particle size, indicating the
importance of the methodological size cut-off or the detec-
tion size limit of the analytical instruments on the reported
MP levels (Koelmans et al. 2019; WHO 2022). Different
analysis tools have varying strengths and limitations in
terms of measured units (particle number or mass), detec-
tion size/mass limits, polymer identification capabilities,
and sensitivity. Most studies on tap water focus on particle
numbers within a certain size range (down to 1 um), primar-
ily using Fourier Transform Infrared (FTIR) spectroscopy
and Raman spectroscopy (Mintenig et al. 2019; Pivokonsky
et al. 2020; Pittroff et al. 2021; Shruti et al. 2022; Taghipour
et al. 2023). There is currently limited data on the mass
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concentrations of MPs in drinking water networks, particu-
larly for particles < 10 pm, which are especially relevant for
assessing human exposure (Belz et al. 2024).

Complementary to spectroscopic techniques, thermo-
analytical techniques, such as pyrolysis gas chromatogra-
phy-mass spectrometry (Py-GC-MS), offer rapid analysis
and high sensitivity for the simultaneous identification and
quantification of different plastic polymers. It provides
information on MP mass concentrations, a valuable met-
ric for mass balance calculations, assessing the treatment
efficiency of potable water plants, and evaluating human
exposure. Unlike spectroscopic techniques, analysis with
Py-GC-MS is unrestricted by the size of the particle but
by mass; hence, it has been utilized for the analysis of
particles in nanometer ranges in water samples (Okoffo
and Thomas 2024). So far, Py-GC-MS (or Py-GC-MS/
MS) has been applied for the analysis of bottled water
(Hermabessiere and Rochman 2021; Albignac et al. 2023;
Okoffo and Thomas 2024; Huang et al. 2024) and water
samples from drinking water supplies and distribution sys-
tems (Kirstein et al. 2021; Gomiero et al. 2021; Li et al.
2024; Xu et al. 2024; Dalmau-Soler et al. 2024), while the
analysis of household tap water remains scarce.

To fill these knowledge gaps, this study provides a
full-scale assessment of MPs in the drinking water pro-
duction system from source to tap, employing Py-GC-MS
for quantitative analysis for particles down to 0.7 um. Six
high-production volume polymers, including polyethylene
(PE), polyethylene terephthalate (PET), polymethyl meth-
acrylate (PMMA), polypropylene (PP), polystyrene (PS),
and polyvinyl chloride (PVC), were identified and quanti-
fied in the water samples. Freshwater samples collected
from the sources for drinking water production and treated
water samples from two distinct drinking water production
lines were analyzed to evaluate the efficiency of water treat-
ment processes in removing MPs. Additionally, tap water
samples from various household locations in Amsterdam
were examined to assess potential MP exposure through tap
water consumption. By providing valuable data on mass
concentrations of MPs in the drinking water production
network, this study contributes to the growing knowledge
essential for developing strategies to mitigate microplastic
contamination in drinking water systems.

Materials and methods
Sampling

Raw and treated water samples

Amsterdam’s drinking water is supplied from two fresh-
water sources, the Lek Canal and the Bethune Polder,
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with different treatment systems. Raw water from the Lek
Canal undergoes initial treatment through ferric chloride
for coagulation and then rapid sand filtration before being
transported to the Amsterdamse Waterleidingduinen for
natural dune infiltration. The recovered water is then sent
to the Leiduin DWTPs for final treatment, which includes
rapid sand filtration, ozonation, softening with calcite,
carbon filtration, and slow sand filtration. Similarly, raw
water from the Bethune Polder is initially treated with fer-
ric chloride for coagulation and then transported to the
Waterleidingplas for natural filtration. The recovered water
is subsequently delivered to the Weesperkarspel DWTP,
where it undergoes final treatment through rapid sand fil-
tration, ozonation, softening with calcite, carbon filtration,
and slow sand filtration. The whole treatment process can
take 60 to 90 days.

In this study, four sampling points were selected from
these two branches of the drinking water supply system
to determine the MP levels before and after the treatment
processes. Raw water samples were collected from Lek
Canal and Bethune Polder, and treated water samples
were collected from Leiduin and Weesperkarspel DWTPs
(Fig. 1). Sampling was conducted over 5 months in 2022,
starting with bi-weekly sampling in March and transi-
tioning to bi-monthly sampling from April to July (sam-
pling dates were provided in Supplementary Information
Table S1). On each sampling day, 4 samples were taken
from 4 locations, resulting in a total of 28 raw water and
26 treated water samples (2 samples from Leiduin DWTP
could not be sampled at the scheduled date) (Fig. 1). At
each sampling point, bulk samples of 2 L (both raw and
treated water) are collected in pre-cleaned glass bottles.
Samples from Lek Canal, Leiduin DWTP, and Weesper-
karspel DWTP were collected from existing sampling taps
following standard sampling protocols, including pre-rins-
ing the taps, and Bethune Polder samples were collected
by extracting samples with a metal bucket at 50 cm below
the water surface. The sampling bottles and the bucket
are rinsed 3 times before the bottles are filled up to brim
capacity.

Considering the sampling taps are in the in-door pro-
duction line, we designed a field blank collection proce-
dure for possible air contamination at the sampling points
(n=>54). In parallel with the sample collection, 100 mL of
prefiltered (with 0.7 um glass filter) demineralized water
was transferred to another pre-cleaned glass bottle at each
sampling site to mimic the possible air contamination from
the surroundings.

All sample bottles were immediately covered with alu-
minum foil (before and after the sampling) to reduce the
exposure of the sample to air to a minimum and prevent
contact of the sample with the plastic bottle lid. After each
sampling day, the samples were stored at 4 °C until analysis.

Tap water samples

Samples from the household tap were collected directly with
a closed in-line filtration system by placing a glass filter of
0.7 um mesh size and 47 mm diameter (GF/F, Whatman,
United Kingdom) in a stainless steel filter disk (Sterlitech
Corporation, United States) as used by Kirstein et al., (2021).
The sampling set-up is shown in Supplementary Informa-
tion (Figure S1). The inlet of the original metal holder was
modified to make it adaptable to different types of taps
with other stainless steel components, whereas the outlet
was attached to a flowmeter (Zenner International GmbH
& Co. KG, Germany) to measure the water flow. The water
flow rate was kept at 1.5 L/min. Tap water samples (n=20)
were collected from 10 different locations in Amsterdam:
9 private houses (1 sample per location) and 1 kitchen tap
of our department (11 samples from the same location on
different days) (Fig. 1). At each sampling point, 100 L of
tap water was filtered and the filter was then transferred to a
pre-cleaned glass petri dish in the laboratory under restricted
contamination conditions. Samples in the Petri dishes were
dried and stored in an oven (Binder, Emergo, Landsmeer,
the Netherlands) at 50 °C until analysis. Photos of samples
are provided in the Supplementary Information (Figure S1).

Contamination control

Special attention was given to minimize the contamination
within the laboratory. All the glass filters and Petri dishes
used for sampling and sample preparation were pre-heated
in a muffle oven at 500°C. The demineralized water used in
the laboratory for cleaning purposes was prefiltered with
an in-line closed filtration system by placing a 0.7 pm glass
filter in a stainless steel filter disk (Sterlitech Corporation,
USA). All solvents and reagents utilized in sample treatment
and cleaning were first filtered through 0.7 pm glass (GF/F,
Whatman, United Kingdom) filters to prevent procedural
contamination. 100% cotton lab coats were worn, and the lab
surfaces were cleaned daily with water and technical ethanol
(70%). All equipment, including sampling bottles, filtration
glassware, Petri dishes, and tweezers, was cleaned meticu-
lously with pre-filtered demineralized water and immedi-
ately covered with aluminum foil to minimize air exposure.
To remove possible contamination, the stainless steel pyroly-
sis cups (Eco-cup LF, Frontier LAB, Japan) were flamed
with a torch before use to remove external contaminants.

Sample preparation
The raw and treated water samples were filtered through a
0.7 um pore size pre-cleaned fiberglass filter (GF/F, 25 mm

@, Whatman, United Kingdom) using a custom-made filtra-
tion unit where the samples are concentrated on an 8 mm
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Fig. 1 Sampling locations and
collection details. The number
of samples collected from
each location and the sampling
method (bottle sampling or
in-line filtration) are indicated.
The map was generated using
Datawrapper
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diameter filter area. To remove organic matter, raw water
samples (200 mL) were oxidized with 30% H,0, (Merck,
Darmstadt, German) overnight in a water bath at 50°C. The
treated water samples coming from the DWTPs were directly
filtered without pretreatment. After the filtration step, the
filtration unit and the sample were rinsed with 10 mL of
prefiltered water and 10 mL of ethanol (99.95%, Biosolve,
France). The resulting sample, concentrated on the 8 mm
filter, was cut out, folded, and placed in a pyrolysis cup.
Field and laboratory blanks were prepared the same way as
the real samples.

From each of the tap water samples, filtered on a 47
mm glass filter with the in-line filtration system, 2 random
subsamples were cut out with an 8 mm punch, folded, and
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placed in a pyrolysis cup for the subsequent analysis. It has
been suggested that MP quantification can vary depending
on the punch location on the filter, introducing a degree of
subsampling uncertainty. The homogeneity of particle dis-
tribution across the filters was not experimentally assessed
in this study, and this potential source of uncertainty is
acknowledged as a methodological limitation.

The pyrolysis cups were placed in a custom-made alu-
minum rack (VU workshop, Amsterdam, Netherlands) with
an aluminum lid and the rack was kept in the oven at 50 °C
before Py-GC-MS analysis to remove excess moisture from
the samples.
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Py-GC-MS analysis

Samples were analyzed using an Agilent 6890 GC and
5975C MS (Santa Clara CA, USA) equipped with an Agi-
lent DB-5HT column (30 m X 0.25 mm X 0.25 pm). The
GC-MS was coupled with a multishot pyrolysis unit EGA/
PY-3030D and autosampler AS-1020E (Frontier Laborato-
ries, Saikon, Japan). Analyses were performed in double-
shot mode, starting with thermal desorption (first shot) fol-
lowed by pyrolysis (second shot) as previously developed
and described by Brits et al. (2024). For thermal desorption,
samples were first introduced to the pyrolysis unit at 100°C
and heated up to 300°C at a rate of 50°C/min to separate
the volatile and semi-volatile compounds, including addi-
tives, unpolymerized polymers, and other chemicals as a first
clean-up step interferences. Then, pyrolysis (second shot)
was performed at 600 °C for 18 seconds for the identifica-
tion and quantification of the target polymers. GC oven pro-
gram was started at 40 °C for 2 min and increased to 360°C
at a rate of 20°C/min, and 1 min hold at 360°C. Helium was
used as the carrier gas at a flow rate of 3 mL/min (Brits et al.
2024). Measurements were done in selected ion monitoring
(SIM) mode with a split ratio of 1:10. The inlet and transfer
line temperatures were set at 300°C.

Six of the most commonly detected polymers in fresh-
water and drinking water were targeted including PE, PET,
PMMA, PP, PS, and PVC (Koelmans et al. 2019). Exter-
nal calibration curves of the pyrolysis products of all target
polymers were obtained by using a mixture of polymers at
known concentrations obtained by pressurized liquid extrac-
tion (Thermo Scientific™ ASE™ 350 Accelerator Solvent
Extractor 083146, Waltham, MA, USA) as described by
(Sefiloglu et al. 2024). The polymer standards used for
method development are listed in Table S2 in the Supple-
mentary Information. Each indicator compound was con-
firmed based on the retention time (within 0.1 min of the
reference standard’s average) and the relative ratios of the
characteristic fragment ions of the compound (within +30%
based on the reference standard). An example of this con-
firmation is provided for PET in Figure S2 in the Supple-
mentary Information. Indicator compounds chosen to quan-
tify the target polymers were 1-hexadecene (PE), benzoic
acid (PET), methyl methacrylate (PMMA), styrene trimer
(PS), 2,4-dimethyl-1-heptene (PP), and 2-methyl naphtha-
lene (PVC). To monitor and compensate for instrumental
variability, poly(4-fluorostyrene) was used as an injection
standard, with 4-fluorostyrene selected as its characteristic
pyrolysis product. Before the analysis of the samples, 0.25
pg of the injection standard was added to the pyrolysis cups,
and the solvent was evaporated at 50 °C in the oven. The
responses of the indicator compounds were normalized with
respect to the injection standard’s response. Data processing
was performed using Agilent Mass Hunter software. The

details of selected pyrolysis products of the target polymers
were listed in Tables S3, the SIM method was summarized
in Table S4 and examples of pyrograms of different sam-
ple types were shown in Figure S3 in the Supplementary
Information.

Quality assurance and control

Procedural lab blanks and field blanks were prepared and
analyzed identically to the samples. Procedural blanks
(n=14) were processed on different days of sample filtration
to account for the background laboratory contamination and
instrumental variability by filtering 100 mL of pre-filtered
demineralized water. The limit of detection (LOD) and limit
of quantification (LOQ) for each indicator compound were
determined as 3 and 10 times the standard deviation (SD) of
the response of the quantifier ion in the procedural blanks,
respectively. The average concentrations of the target poly-
mers in the procedural lab blanks ranged from <LOD to 0.17
pg. All values detected in water samples above LOD were
blank-corrected for individual polymers based on average
procedural blank values. With this approach, the resulting
effective detection and quantification thresholds are equiva-
lent to those obtained using the stricter definitions of LOD
= mean blank + 3xSD of blanks and LOQ = mean blank +
10x SD blank, as applied in recent literature (Le et al. 2025).
LOD, LOQ, and average absolute amount of the polymers
in blanks, and calibration curve information were listed in
the Supplementary Information (Table S5). The same quan-
tification parameters were applied to the tap water samples.
Field blanks (n=54) were treated as samples and used to
assess the statistical significance of differences in polymer
concentrations between field samples and blanks. Raw and
treated water samples were corrected for individual poly-
mers with the corresponding field blank from the same date
and location.

To evaluate the filtration efficiency (recovery), positive
control samples were prepared by adding a known amount of
polymers with known particle sizes to filtered tap water (fil-
tered with 0.7 um glass fiber filter). Polymer suspensions of
the target plastics (excluding PET, as no standard was avail-
able) were purchased in the size range of 1-6 um to closely
match the filter mesh size and simulate the expected small
size ranges present in drinking water. Detailed information
on the standards is provided in the Supplementary Informa-
tion (Table S6). The recovery experiments were conducted
at 2 spiking levels (high and low) with three replicates, as
recommended by (Koelmans et al. 2019). 100 mL of water
was spiked with a mixture of polymers in two different con-
centration ranges in triplicate. The samples with higher con-
centrations contained 4 pg of PE, PVC, and PP, and 0.4 ug of
PMMA and PS, while the samples with lower concentrations
contained 0.5 pg of PE, PVC, and PP, and 0.1 pg of PMMA
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and PS. After spiking, the spiked samples underwent the
same filtration and rinsing process as the actual samples. For
the control samples, unspiked pre-filtered tap water (n=3)
was filtered, and the filters were transferred to the pyroly-
sis cups. The same amounts of polymers were then added
directly to the top of the filters. Recoveries (%) were calcu-
lated based on the ratio between the response of the spiked
samples and the control samples.

Statistical analysis

Statistical analysis and visualization were conducted using
GraphPad Prism software v. 10.2.3. to determine the signifi-
cance of differences in concentration levels in field blanks
and samples. The Shapiro—Wilk test was used to assess the
normality of the data for each polymer type in the samples.
In the cases of normal and non-normal distribution, multiple
unpaired t-tests and the Mann—Whitney U test were used
for group comparison, respectively. To account for multiple
comparisons, p-values were adjusted using the false discov-
ery rate (FDR) method, with significance defined as p <0.05
after FDR correction.

Results and discussion
Yields of recovery

The assessment of the MP particle recovery through filtra-
tion shows recoveries ranging from 52.9% to 118% at the
lower spiking concentration and from 59.9% to 86.1% at the
higher spiking concentration (Table 1). Higher variability
in recoveries was observed for most analyzed compounds
at the lower spiking concentration, with relative standard
deviations (RSDs) ranging from 15.1% to 45.2%, while
the RSDs at the higher spiking level ranged from 2.01%
to 31.9%. This variability can be attributed to the greater
impact of particle losses on recoveries at lower spiking
levels. In addition, the lower spiking level is closer to the
LOQ of the analysis, where higher variability is expected.
However, even at higher spiking concentrations, RSD val-
ues for some polymers exceeded the generally acceptable

threshold of <20% according to analytical method validation
guidelines (European Commission 2021). This indicates that
reproducibility remains a challenge when dealing with MP
particles compared to homogeneously distributed chemical
molecules in environmental samples. Particle-based analy-
ses are particularly susceptible to losses during transfer of
samples and vacuum filtration, which can result in losses
and variability between replicates, as reported by other
studies (Dimante-Deimantovica et al. 2022; Hagelskjer
et al. 2023). In the present study, recoveries for both con-
centration ranges were determined in triplicate, following
the minimum recommended number of replicates proposed
by Koelmans et al. (2019) for MP quantification studies.
However, we acknowledge that a larger number of replicates
would improve statistical confidence and better characterize
method variability in future work.

It is important to note that the use of virgin polymer
standards may contribute to polymer losses due to their high
static charges, which can cause adherence to glass surfaces
and a tendency to roll off the filter during handling, such as
cutting and folding (Wiggin and Holland 2019; Dimante-
Deimantovica et al. 2022). Therefore, higher recoveries are
anticipated for environmental samples, which are more likely
to contain weathered particles with reduced static proper-
ties. We have previously observed particle adhesion to glass
funnels when working with larger virgin particles; although
the < 10 um particles used in this recovery test were not visi-
ble, we assume that similar processes may have occurred. To
mitigate this, additional rinsing with ethanol was employed;
however, additional losses may still occur during filter han-
dling steps, such as cutting and folding the filter prior to
transfer into the pyrolysis cups. Further research is needed to
evaluate the recovery of environmentally relevant particles
using a glass filtration setup. The current lack of reference
standards for weathered plastic particles in the necessary
size ranges limits confirmation through representative spik-
ing experiments.

Overall, existing literature on recovery experiments from
water reports varying recovery yields mostly below 85%,
highlighting a general tendency toward underestimation
(Way et al. 2022; Hagelskjer et al. 2023). In this study, con-
centrations were not corrected for recovery, and therefore,

Table 1 Summary of recoveries

. . . Size (um) Spiked amount Recovery Spiked Recovery
of.pl.astlc particles in two (ug) (Mean+RSD)%, n=3 amount (Mean +RSD)%,
spiking levels (ue) n=73

PE 5-6 0.5 111+33.8 4 77.4+28.0
PMMA 4 0.1 52.9+15.1 0.4 79.5+24.5
PP 5 0.5 54.3+33.7 4 62.1+22.8
PS 1 0.1 59.4+16.7 0.4 86.1+2.01
PVC 5-5.5 0.5 118+45.2 4 59.9+31.9
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the reported values may represent conservative estimates.
While these recovery tests provide valuable insight into
physical sample losses during filtration and subsequent
sample transfer steps, this does not account for the chemi-
cal digestion treatment applied to raw water samples. This
decision was based on findings of previous studies under
comparable conditions, which reported minimal alterations
in polymer mass and integrity following similar oxidative
treatments (Pfeiffer and Fischer 2020; Schrank et al. 2022).
However, we acknowledge that the influence of each applied
step on mass recoveries should be evaluated experimentally,
and we recognize this as a methodological limitation.

MPs in raw and treated water samples
Field blanks vs. real samples

In this study, field blanks (n=154) were collected at each
sampling date and location to monitor the possible back-
ground contamination during sampling. Polymer concentra-
tions above the LOD in field blanks were statistically com-
pared to those in water samples from each sampling location.
The comparison per polymer type is in Fig. 2. Targeted MPs
were detected (> LOD) in 92% of the field blanks collected
from both DWTPs, while field blanks from Lek Canal and
Bethune Polder locations contained the targeted compounds
only in 50% and 43% of the field blank samples, respectively.
These location-based differences in field blanks are likely
related to the sampling environment: sampling at the DWTP
locations was conducted inside the treatment plants, where
higher levels of airborne contamination are anticipated. For
some polymer types and locations, statistical comparisons
were not feasible due to insufficient data, as polymers such
as PMMA and PP were only detected in a few samples and
field blanks. Notably, PET, PS, and PVC were abundantly
detected in field blanks from the Leiduin DWTP and Wees-
perkarspel DWTP.

PVC and PE concentrations in water samples were signifi-
cantly higher compared to the field blanks, except at the Lek
Canal location, having only 3 blank samples > LOD, which
does not provide a statistically meaningful comparison. PET
levels in treated water samples from the DWTPs showed no
significant differences compared to the blanks (Fig. 2). Simi-
larly, PS concentrations in samples from the Leiduin DWTP
were not significantly different from field blanks, while sam-
ples from Weesperkarspel DWTP were significantly higher
than blank values (Fig. 2). These findings emphasize the
critical need to account for potential airborne contamination
during sampling to ensure the reliability of MP measure-
ments. Given the significant levels of PS and PET observed
in the field blanks from the interior sampling locations, the
field blank values for each polymer on each sampling date
were subtracted from the corresponding sample. Based on

these corrections, the total concentration of the targeted
polymers per sampling location was reduced by 4.7 +9.5%
for Lek Canal, 38+ 24% for Leiduin DWTP, 4.4 +3.1% for
Bethune Polder, and 35 +30% for Weesperkarspel DWTP
samples.

MP concentrations

MPs were detected in all water samples collected from
both the source and at the final stage of the water treat-
ment process. Total measured MP concentrations (>LOD)
for each sampling location are presented in Fig. 3. In raw
water samples, concentrations ranged from 19.6 to 152 pg/L
(median=40.3 pg/L) and 11.2 to 108 ug/L (median=33.5
pg/L) for Lek Canal and Bethune Polder, respectively. In
treated water samples, MP concentrations ranged from 0.19
to 1.69 pg/L (median: 0.72 pg/L) for samples collected from
Leiduin DWTP and from 0.18 to 8.62 pug/L (median: 1.20
pg/L) for samples collected from Weesperkarspel DWTP.
MP removal efficiency in DWTPs has been examined in
several studies across different countries. Most of these stud-
ies use spectroscopic techniques, reporting concentrations
in particles per water volume (Romphophak et al. 2024).
In our study, based on the average MP concentrations in
raw and treated water from two branches of drinking water
production, MP removal efficiencies by mass were calcu-
lated as 98% and 97%, respectively. Similar removal rates
have been reported in studies analyzing influent and efflu-
ent waters of DWTPs with comparable treatment processes,
with values exceeding 90% for particles ranging from 20 pm
to 5 mm (Dalmau-Soler et al. 2021; Negrete Velasco et al.
2023; Zhou et al. 2023). Béuerlein et al. (2022) reported MP
removal efficiencies between 80 and 99% in the Dutch drink-
ing water production system, including the Lek Canal branch
examined in our study. In that study, laser direct infrared
spectroscopy (LDIR) and optical microscopy were employed
for MP detection. MP removal in the Lek Canal branch was
reported to be greater than 99% for particle sizes between
20 um and 500 um, with concentrations in intake and final
drinking water recorded as >400 MP/L and 0.241 MP/L,
respectively. Another study investigating MPs in a Dutch
drinking water system from groundwater sources reported
significantly lower concentrations in the source and treated
water with values ranging from 0 to 0.007 MP/L for the par-
ticles > 20 pum using p-FTIR analysis (Mintenig et al. 2019).
Given the methodological differences and size ranges
analyzed, a direct comparison of our mass-based results and
the findings of Biuerlein et al. (2022) is challenging. Stud-
ies using spectroscopic techniques potentially report lower
MP particle counts due to particle size detection cut-off at
the 5- 20 um range, whereas our mass-based analysis with
Py-GC-MS includes much smaller particles (>0.7 um). The
MP removal efficiency calculated in our study was slightly
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Fig.2 Comparison of field blanks and samples from four locations.
Box plots display the minimum, maximum, and median of the meas-
ured concentrations, while individual sample concentrations are rep-
resented by dots. Data<LOD were excluded from the analysis. Mul-
tiple comparisons were corrected using the false discovery rate (FDR)

lower, which may be attributed to the inclusion of smaller
particles in our analysis. In another study, Maurizi et al.
(2023) reported reduced MP removal rates with decreasing
particle sizes in a Danish DWTP. Using p-Raman analysis,
they observed removal rates of 41.1% for particles in the 1-5
um range, increasing to 74.6% for particles sized 5-10 um
and 79.6% for those larger than 10 pm. It should be noted
that smaller particle sizes contribute less to total mass; there-
fore, mass-based removal efficiency must be considered with
this factor in mind.

@ Springer

method. Asterisks (*) indicate statistically significant differences
(p<0.05, FDR-corrected), whereas “nd” indicates no significant dif-
ference after FDR correction. Results should be interpreted with cau-
tion, as at certain locations, such as the Lek Canal, only a few blank
samples exhibited contamination (e.g., for PE and PVC)

Mass concentrations of MPs in drinking water produc-
tion processes were examined in only a few studies using
Py-GC-MS. Kirstein et al. (2021) analyzed MPs (PE, PET,
PS, PMMA, PP, PVC, polyamide (PA), polycarbonate (PC))
in the treated water samples taken from different stages of
the drinking water distribution system in Sweden, reporting
total concentrations from 0.00014 to 0.00543 pg/L (origi-
nally reported as 0.14-5.43 ug/m?®) for particles >5 um.
Gomiero et al. (2021) investigated mass concentrations of
the same polymers in the drinking water supply system in
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Fig.3 Total MP concentrations based on 6 targeted polymers in the
2 branches of drinking water production. Lek Canal (n=14) and Bet-
hune Polder (n=14) samples correspond to the raw water, and the
samples taken from Leiduin (n=12) and Weesperkarspel (n=14)
DWTP are treated water. Box plots show the min, max, and median
of the measured concentrations, and the dots represent the individual
sample concentrations

Norway with analysis of particles > 1 um revealing concen-
trations of 0.0931 ug/L (originally reported as 93.1 pug/m>)
in raw water and 0.0061-0.0128 pg/L (originally reported as
6.1-12.8 pg/m3) in treated water. Xu et al. (2024) examined
MPs (PMMA, PA, PS, PET, PS) in raw and treated water in
China across size ranges from 0.01 um to 1000 um, report-
ing average concentrations of 9.63 pg/L and 0.77 pg/L in
raw and treated water, respectively. Similarly, Dalmau-Soler
et al. (2024) analyzed PMMA, PP, PE, PET, PVC, PS, and
PC in raw and treated water samples from Barcelona, Spain
for particles > 1 um, finding total MP concentrations of 77
pg/L in raw water and 11.3 pg/L in treated water. The MP
concentrations observed in our study fall within the range
of these findings (ranging from 0.18 to 8.7 ug/L). Variations
in reported concentrations can be attributed to differences
in MP levels in the source water, the efficiency of the treat-
ment processes, and methodological variations in sampling
and analysis.

Occurrence of polymers

Of the six polymers targeted in this study, PVC, PE, and PET
were the most abundant types above the limit of detection
(LOD) in both raw and treated water, with detection rates of
96%, 91%, and 57%, respectively. Following these, PS was
detected in 15% of the water samples, while PP and PMMA
were detected in only a few samples (n =2, each). The mass
concentration ranges of these polymers across four sampling
points are shown in Fig. 4, and the concentrations per poly-
mer and sampling location are listed in the Supplementary
Information (Table S7). For PVC, average concentrations
of 48.5+31.8 (n=14) and 47.5+33.7 pg/L (n=14) were
recorded from the raw water samples, while average concen-
trations after treatment were found to be 0.46+0.29 (n=11)
and 1.01 +1.65 pg/L (n=13), respectively. Although PE
was frequently detected, its mass concentrations were lower
than those of PVC, with mean concentrations of 2.37 +2.65
(n=11) and 9.52 +8.56 ug/L (n=14) in raw water samples
and 0.25+0.13 (n=12) and 0.48 +0.55 pg/L (n=12) in
treated water. PET was most abundant in the Bethune Pol-
der branch, averaging 3.99 +2.66 WL in raw water (n=13)
and 0.21 +0.18 pg/L in treated water (n=10). In contrast,
PET was detected in only one raw water sample from Lek
Canal (3.13 pg/L), as the treated water from the same branch
had an average concentration of 0.18 +0.24 pug/L (n=7). It
should be noted that these samples represent snapshots from
specific sampling days; the full treatment process can take
up to three months, so the raw water samples do not corre-
spond to the treated water from the same day.

Previous studies conducted in the Dutch drinking water
network using untargeted spectroscopic techniques have
reported up to 25 different polymer types. Mintenig et al.
(2019) identified PET, PVC, PE, PA, and epoxy resin in
groundwater-sourced drinking water. The presence of these
polymers was attributed to their extensive use in DWTP sys-
tems, as they are commonly found in pipes and plumbing
fittings. Biuerlein et al. (2022) detected PA, PET, rubbers,
PE, and chlorinated PE (CPE) as the most abundant poly-
mers, with PVC also being present in both raw and treated
water samples. The high abundance of CPE is particularly
noteworthy, as it produces pyrolysis products similar to PVC
(Cheng-Yu Wang and Smith 1997). This overlap may con-
tribute to the elevated PVC concentrations observed in our
study, highlighting the need for further investigation.

Studies from various other countries investigating the dis-
tribution of polymers in drinking water networks have also
reported similar polymer-type distributions. Negrete Velasco
et al. (2023) monitored MPs in waters at different stages
of drinking water treatment in Geneva, Switzerland using
p-FTIR, identifying PVC, PE, and PET as the most abundant
polymers in the treated water. The LDIR analysis employed
by Sun et al. (2024) revealed PET, PE, PVC, and PP as the
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most abundant polymers in raw and treated water in China.
In another study, Li et al. (2024) analyzed nanoplastics
(20-1000 nm) using atomic force microscopy-based infrared
spectroscopy (AFM-IR) and Py-GC-MS, reporting PE and
PVC as the dominant polymers in influent and treated water
from a DWTP in China, with PVC concentrations reaching
76.83 pg/L in treated water. Similarly, Dalmau-Soler et al.,
(2024) examined the Spanish drinking water network and
found PVC and PP to be the most abundant polymers in raw
and treated water, with PVC concentrations of 53.5 pug/L in
raw water and 9.3 ug/L in treated water.

MPs in household tap water

The total polymer concentrations based on 6 targeted pol-
ymers in the tap water samples ranged from 0.09 to 0.57
pg/L (median 0.18 pg/L). The concentration ranges for each
polymer are shown in Fig. 5, and the results of individual
samples are listed in Supplementary Information (Table S8).
Consistent with the findings in post-treatment water samples,
PE and PVC were detected in all of the tap water samples
in this study, while PS was only detected in 1 sample above
the LOD. The average concentrations of PVC and PE were
0.11 and 0.09 pg/L, respectively.

Previous studies have reported varying MP concentra-
tions, ranging from 0.00014 to 11.3 pg/L, in treated water
samples from DWTP outlets and distribution networks, as

@ Springer

Concentration (ug/L)

discussed in Section “MP concentrations”. However, data
on MP mass concentrations in consumer tap water remains
limited. In this study, the MP concentrations in household
tap water samples were lower than those in the treated water
samples. This difference should be interpreted in light of
the sampling approaches: household tap water was collected
using an in-line filtration system with minimized exposure
to air, whereas treated water samples from the DWTPs were
collected in bulk from interior sampling points within the
plants. Filtering larger volumes of tap water (100 L) in a
closed system likely reduced the potential for airborne con-
tamination compared to the smaller volume (2 L) collected
for DWTP samples (Belz et al. 2024). The significant pres-
ence of PET and PS in field blanks indicates that airborne
MPs likely contributed to the samples, yet even after field
blank correction, concentration differences persisted. Addi-
tionally, while bulk DWTP samples were filtered via vacuum
filtration and analyzed in their entirety, tap water samples
were subsampled from the filters for analysis. Another pos-
sible contributor to the lower concentrations measured in tap
water is deterioration of the glass fiber filters during filtra-
tion of large volumes (100 L), which could reduce recovery
efficiency. This possibility warrants further investigation
but was beyond the scope of the present study. Harmoniz-
ing sampling volumes and assessing filter integrity could
improve comparability in future work.
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Notably, PET was not detected above LOD in tap water
samples, while PVC concentrations were also reduced com-
pared to treated water. This reduction may be explained by
the possible settling and adsorption of these polymers dur-
ing storage in the tanks and distribution through the pipes,
as the densities of these polymers are greater than 1 g/cm’
(Chu et al. 2022; Yang et al. 2023). Similar trends have been
observed in other studies, which reported higher MP concen-
trations in DWTP effluents than in household tap water (Chu
et al. 2022; Sun et al. 2024). Chu et al. (2022) also identified
polymers, such as PA and PVC, on pipe scale samples, while
Yang et al. (2023) found PET to be the predominant polymer
in pipe scales. Conversely, some studies have reported higher
MP concentrations in household water than in DWTP efflu-
ent, associating the difference with the material abrasion in
the distribution network (Taghipour et al. 2023; Zhou et al.
2023). In our study, the absence of PET and reduced PVC
and PE concentrations in tap water suggest that abrasion
likely has a minor effect, as any significant contribution
from abrasion would have been evident in the data. Given
that polymeric materials constitute much of the current pip-
ing infrastructure, understanding the impact of distribution
networks on MP levels in tap water is crucial. These oppos-
ing findings suggest that further research is needed to better
understand the dynamics of MP transport, accumulation, and
potential release within distribution systems.

Concentration (ug/L)

Comparison of tap water MP exposure with other
dietary and inhalation sources

Based on the results of this study, assuming an average daily
consumption of 1 L of tap water, the estimated daily MP
intake is approximately 0.18 pg per person, corresponding
to an annual intake of 6.57 x 10~ g per capita. This value,
derived from our mass spectrometry analysis, is compared
below with reported MP exposures from other food, bever-
age, and air sources.

Human exposure to MPs has been estimated in various
studies based on current knowledge of MPs in food, drink-
ing water, beverages, and air (Mohamed Nor et al. 2021;
WHO 2022). Among the various pathways, inhalation and
shellfish consumption have been identified as major sources
of MP intake, whereas tap water contributes relatively little
(WHO 2022). Most of these studies rely on spectroscopic
techniques that report particle counts per sample, which
makes direct comparisons to our mass-based results chal-
lenging. While mass-based comparisons are possible, they
should be interpreted with caution, as differences in size
detection limits, analytical approaches, and targeted poly-
mer types can significantly affect reported concentrations,
potentially leading to discrepancies.

Senathirajah et al., (2021) estimated the mass of MP
ingestion in the range of 0.1-5 g/week/capita. Based on their
findings, the estimated yearly MP intake from shellfish, salt,
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beer, and drinking water was 26.4 g, 7.4 g, 0.5 g, and 0.08
g per capita, respectively. As a comparison to these esti-
mates and our results, we refer to available empirical data
from other mass spectrometry-based analyses. In the study
of Ribeiro et al. (2020), MPs in seafood were examined,
and potential MP exposure via oysters, crabs, and sardines
was reported as 0.7 mg, 3 mg, and 30 mg per serving. In
another study, Kwon et al. (2025) investigated MPs in dif-
ferent edible salts with Py-GC-MS, revealing annual MP
exposure from sea salt at 2.3 mg per person. Braun et al.,
(2021) analyzed beverages in plastic bottles using thermal
extraction desorption-gas chromatography-mass spectrom-
etry (TED-GC-MS), reporting PET concentrations ranging
from 0.15-4.61 pg/L. Besides ingestion, exposure to MPs
through inhalation is an important pathway. Hashemihedeshi
et al. (2024) quantified MPs in indoor air at levels up to 24
ug/m?, which corresponds to an estimated annual inhalation
exposure of 88 mg per capita, assuming an average daily
inhalation of 15 m3/day.

Overall, our results confirm that tap water is a minor path-
way for MP exposure relative to other known ingestion and
inhalation sources. However, the available empirical data
on human MP exposure is still incomplete, especially for
fruits, vegetables, grains, and cereals, which constitute 50%
of daily food consumption (WHO 2022). Further research
is needed to address these knowledge gaps and to provide a
more comprehensive understanding of human exposure to
MPs via ingestion from various dietary sources.

Conclusions

In this study, the identification and quantification of MPs
in the drinking water production system were investigated
using Py-GC-MS. Six target polymers, including PE, PP,
PS, PMMA, PET, and PVC, were analyzed in raw water,
treated water, and household tap water. Samples were col-
lected from two branches of drinking water production. The
average mass concentrations in raw waters were 50.6 +34.7
(n=14) and 47.5+33.7 pg/L (n=14), while the average
concentrations in treated water from the two DWTP outlets
were 0.80+0.44 pg/L (n=12) and 1.65+2.19 pg/L (n=14).
The removal efficiencies of the DWTPs were 97-98% based
on average mass concentrations. Household tap water sam-
ples (n=20) exhibited total MP concentrations ranging from
0.09 to 0.57 ug/L. PVC and PE were identified as the most
abundant polymers across all water types.

Field blanks collected during sampling highlighted the
importance of accounting for background air contamina-
tion, particularly for bulk samples. Significant levels of
PET and PS were observed in field blanks from interior
sampling locations at the DWTPs, emphasizing the influ-
ence of airborne MPs in such environments. The difference
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between DWTP effluents and household tap water was
attributed to the potential settling and adsorption of MPs
within the water distribution network, as well as differ-
ences in sampling techniques. These processes, however,
warrant further investigation. A comparison of our results
with other available mass-based data revealed that the
intake of MPs through investigated tap water is minor
compared to MP intake through other food and inhalation.

This study provides valuable insights into the occur-
rence of MPs in drinking water supply systems, extending
the analysis to particle sizes as small as 0.7 um. The use
of Py-GC-MS for MP analysis in water samples needs
further research and application. Increasing the analyzed
water volumes and expanding the target polymer list would
enhance the reliability and comparability of the data. Fur-
thermore, the application of complementary techniques
alongside harmonized methodologies is essential to align
findings from different studies and advance our under-
standing of microplastic contamination in drinking water
systems.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11356-025-37130-8.
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