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A B S T R A C T   

Microplastics are ubiquitous and consequently enter drinking water treatment plants. Knowledge of the micro-
plastic fate in drinking water production is still very limited, although explorative studies have shown tap water 
contains low contents of microplastics. In this study, we measure microplastic concentrations in drinking water 
sources and assess the effectiveness of various drinking water treatment facilities to reduce the microplastic 
concentrations in water to gain insight into the fate of microplastics. Two analytical techniques, laser direct 
infrared spectroscopy (LDIR) and optical microscopy, have been applied to cover the particle size range from 20 
µm to 5 mm. In total five different drinking water sites were investigated using four different types of raw water 
(groundwater, surface water, dune filtrate and riverbank filtrate) for drinking water production. 

This research shows that drinking water treatment removes the majority of microplastics and that concen-
tration of microplastics larger than 20 µm in tap water is less than 2 microplastics particles per litre. Between the 
different raw water sources it is found that groundwater had by far the lowest microplastics concentrations (<
1.000 microplastics per m3) and the highest concentration was found in riverine water, up to 460.000 particles 
per m3, specifically in the Lek Canal () (a canal connected to the river Rhine). On average the most abundant 
plastics found are polyamide (PA, 33%), polyethylene terephthalate (PET, 15%), rubbers (10%), polyethylene 
(PE, 10%) and chlorinated polyethylene (CPE, 7%). This study also showed that natural treatment steps, such as 
dune infiltration and sedimentation, remove microplastics effectively. However, this may introduce an adverse 
effect where microplastics potentially accumulate in the sediment and environment.   

1. Introduction 

In December 2020 the new European Drinking Water Directive was 
adopted, which came into force on January 12th 2021. Member States of 
the European Union (EU) are obliged to implement the provisions of the 
revised Drinking Water Directive into national laws and regulations. 
Article 13 of the new directive refers to a "watch list" of substances to 
meet growing concern about the effects of new compounds, explicitly 
including microplastics (MP), on human health via water intended for 
human consumption and to address risks from new compounds in the 
water supply system. This means that microplastics must be monitored 
and risk assessments must be drawn up. In short, analysis methods and 
knowledge of current microplastics concentrations are important in 
order to meet the obligations of this Drinking Water Directive. 

The presence of MP in the environment is well-known. Their 

presence in the marine environment has been demonstrated (Burns and 
Boxall 2018; Lusher 2015). Also, numbers of studies regarding micro-
plastics in freshwater are increasing. In particular, the number of sci-
entific publications on microplastics in surface water and in drinking 
water has increased exponentially (Kirstein et al., 2021b; Li et al., 2018; 
Novotna et al., 2019). Novotna et al. (2019) and Eerkes-Medrano et al. 
(2019) indicated that MP are frequently found in sources of drinking 
water, but little was known about the presence and fate of MP in 
drinking water. Shen et al. (2020) made a graphical overview of the 
sources and transport of microplastics in raw water and treated drinking 
water (both tap water and bottled water). According to these authors, 
the main sources of microplastics are agriculture and sewage effluent, 
but Eerkes-Medrano et al. (2019) also take atmospheric deposition into 
account. Recently, microplastics have also been detected in drinking 
water (Johnson et al., 2020; Kirstein et al., 2021b; Mintenig et al., 2019; 
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Wang et al., 2020). Zhang et al. (2020) showed that MP were found in 
81% of 159 samples of tap water from different countries and 93% of 
259 samples of bottled water from 11 different brands. The reported 
values range between few particles to 1000 particles per m3. However, 
numbers mentioned in scientific papers are often difficult to compare. 
Sampling, pre-treatment techniques and different analytical techniques 
influence the recorded amount of particles, and may impose different 
size ranges. Hence, it is too early to draw a solid conclusion on the 
amounts of microplastics in fresh- and drinking water. 

Removal of microplastics in water treatment has only recently been 
studied. Removal efficiency varies between 80 and 99% (Johnson et al., 
2020; Shen et al., 2020; Wang et al., 2020). Techniques such as coagu-
lation/flocculation, sedimentation, sand filtration and activated carbon 
filtration can reduce MP concentrations by about 80% (Pivokonsky 
et al., 2018). According to Shen et al. (2020) other promising techniques 
for removing MP from water are electrocoagulation, magnetic extrac-
tion and membrane filtration. Especially the latter techniques (i.e., NF 
(nanofiltration) and RO (reverse osmosis)) are already used in drinking 
water treatment, but are susceptible to fouling by the MP (Barchiesi 
et al., 2021; Li et al., 2020). 

Regarding the human toxicity of MP in drinking water, data are still 
(too) scarce. According to Vethaak and Legler there is a lack of infor-
mation on both human exposure to MP and their toxicological effects 
(Vethaak and Legler 2021). There is, however, an indication that MP can 
carry biofilm and antibiotic resistance genes (Li et al., 2020; Mugh-
ini-Gras et al., 2021). Biofilm formation often takes place on MP because 
they have a rough and relative large surface area, and because auxiliary 
substances diffusing from them can be used as nutrients (Learbuch et al., 
2021; Zhang et al., 2020). 

In the present research we focus on the fate of MP in drinking water 
production. The effect of treatment processes on the removal of MP was 
studied in five different drinking water production processes (DWPP). 
Different types of drinking water sources and subsequent treatment 
stages were investigated: surface water from a reservoir, dune filtrate, 
groundwater and riverbank filtrate. We analysed various water samples 
from different stages in the DWPP chain. Thus we obtained not only 
insight in the removal efficiency of current water treatment processes, 
but also in possible unintentional introduction of microplastics during 
the treatment or distribution processes. 

2. Materials and methods 

This study utilises the combination of two techniques, laser infrared 
imaging (LDIR) and microscopy, to cover most of the possible micro-
plastics between 5000 µm to 20 µm. Microscopy is used to cover larger 
particles >50 µm and LDIR is used to cover smaller particles from 500 
µm to 20 µm. 

2.1. Chemicals 

Laser direct infrared imaging (LDIR): The following chemicals 
were purchased: Sodium dodecylsulfonate and KOH from Merck 
(Darmstadt, Germany), 30%-solution H2O2, ZnCl2 and Ethanol from 
Boom (Meppel, The Netherlands), fluorescent green polyethylene mi-
crospheres from Cospheric (Santa Barbara, USA), MilliQ water with >18 
MΩ from Veolia (Ede, The Netherlands). All liquids used, including the 
cleaning liquids, were filtered prior to usage over 10 µm stainless steel 
sieves. 

Microscopy: The following chemicals were purchased: stabilized 
hydrogen peroxide, 30%-solution, from Merck (Darmstadt, Germany). 
Demineralised water was produced in-house. Liquid chemicals were 
filtered over 30 µm stainless steel mesh filters before usage. 

2.2. Research locations 

Reservoir (DWPP-A): Water from the river Meuse is used as a 

source. After intake, water subsequently passes three different reservoirs 
in the Biesbosch area: De Gijster, Honderd & Dertig and Petrusplaat. The 
total residence time of the Meuse water in the three Biesbosch reservoirs 
is around 5 months. In addition, for part of the year (including the 
summer) artificial aeration is used to promote mixing of the water in the 
reservoirs. Post-reservoir, the water is treated with coagulation/floccu-
lation/sedimentation and double-layer filtration (DLF), and finally 
filtration over activated carbon (ACF). Samples were taken at four 
different stages of the water treatment: incoming water from the river 
Meuse, outgoing water after storage in the reservoir (lake Petrusplaat), 
after DLF), and after ACF. Sampling occurred on three different dates 
with a gap of two weeks. At each sampling location for each sampling 
event, two consecutive samples were taken. One sample was processed 
for LDIR analysis and one for microscopic analysis (see sampling 
methods).. 

Dune filtration (DWPP-B): Surface water from the Dutch Lek Canal 
is used as a source. After pre-treatment (coagulation/flocculation/ 
sedimentation and rapid sand filtration (RF)) the water is infiltrated in 
dunes. After dune filtration water is further purified to drinking water. 
Four samples were taken: surface water, pre-treated surface water, dune 
infiltrate, drinking water on site. Samples were only analysed using the 
LDIR method. 

Riverbank filtrate 1 (DWPP-C): In total four samples of intake 
water were taken: surface water from Dutch river Overijsselse Vecht 
(OV) and three incoming riverbank filtrates. These latter three samples 
were chosen deliberately to see whether there is a difference between 
the three incoming filtrates. Samples were only analysed using LDIR. 

Groundwater (DWPP-D): Water from different wells is combined 
and purified to drinking water. Four samples were taken: groundwater 
from one well, combined water from several wells, drinking water on the 
production site, tap water in a private home. Samples were only ana-
lysed using LDIR. 

Riverbank filtrate 2 (DWPP-E): River bank filtrate is pre-treated 
with aeration and sand filtration. Four groundwater samples were 
taken: after pre-treatment, drinking water on site, and tap water from 
two private homes (PH1 and PH2). Samples were only analysed using 
LDIR. 

Details on all locations can be found in Table 1 and Table S1. 

2.3. Sampling for LDIR and microscopy 

Weather conditions: No extreme weather conditions were recorded 
during sampling. During sampling outside a building no rain fall was 
recorded. The wind speed never exceeded 13 m/s. 

LDIR: Two sampling methods were applied for the LDIR analysis, a 
cascade of metal sieves and a metal candle filter cascade. The first one 
was used for samples with an expected high amount of MP, the latter for 
samples with an expected low amount of MP (details in SI). At each 
sampling event between 1000 and 10,000 L (exact amounts are in Table 
S1) of water was filtered through either the cascade of two metal sieves 
(Gilson, USA) of 500 μm and 100 μm, with a 10 μm plankton net (Hydro- 
Bios, Germany) at the end or a candle filter cascade (5, 10, 100 and 500 
μm). The 500 μm sieve or filter was used to remove large MP and to 
prevent clogging of the smaller sieves/filters. Residue from that sieve/ 
filter was not analysed. The other residues were later transferred into 
separate glass bottles using ultrapure water and stored at 4◦C. 

Microscopy: Sampling of microplastics was done with varying vol-
umes depending on the sampling point (see Table S1): Keizersveer 
400–2500 litres, Petrusplaat 550–950 litres, after double layer filtration 
(DLF) 13,000 litres, after activated carbon filtration (ACF) 5000–7000 
litres. Microplastics were separated from the water by filtering through a 
stainless steel sieve cascade with mesh sizes of 50 µm, 125 µm, 250 µm, 
1000 µm, and 5000 µm (Retsch, Germany) at a constant flow rate. The 
smallest sieve (50 µm) was removed after 400 – 600 litres at Keizersveer 
to avoid clogging. Exact volumes per sieve were noted and used for the 
subsequent concentration calculations. All sieves were wrapped in 
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aluminium foil and transported for analysis. Microplastics were recov-
ered from the sieves by backflushing with ultrapure water and collection 
in one glass bottle per sieve. Microplastic samples were kept refrigerated 
at 4 ◦C in glass bottles until sample treatment. 

2.4. Sample treatment and quality control 

LDIR: Potential contamination occurring during sample handling 
was minimised by cleaning all working surfaces with ethanol, rinsing 
equipment and immediate covering with aluminium foil, and wearing a 
cotton lab coat at all times. Furthermore, solutions of chemicals were 

filtered (10 µm metal mesh) prior to use. Use of plastic materials during 
sample handling was minimised (e.g., a metal filter setup with Teflon 
tubing and glassware for sample storage and separation). Negative 
controls were treated in parallel with each batch of actual samples to 
determine the degree of contamination. For the positive control a known 
number of plastic particles (green fluorescent PE, average diameter 100 
µm) were added to a water sample. The ratio between the particle 
number before and after work-up is the recovery rate. These control 
particles were visually counted under a microscope. Recoveries ranged 
typically from ca. 65 to 80%. 

Microscopy: Clean-up of samples was kept as simple as possible as 
visual counting is not strongly influenced by background contamination. 
Each glass sample bottle containing different size fractions was 
concentrated separately by using a 30 µm stainless steel mesh filter. The 
residue on the 30 µm mesh was backflushed with 10 mL of prefiltered 
ultrapure water. For each sample five beakers corresponding to five 
sieve fractions were prepared. To each sample 10 mL of 30% H2O2 was 
added and heated to 75 ◦C under constant stirring. The solution was left 
to settle for at least 24 h. After digestion, samples were filtered again 
over 30 µm stainless steel filters and the residue was transferred by 
prefiltered ultrapure water and separately vacuum filtered. The micro-
plastics were transferred to a bacterial cellulose nitrate (CN) filter on 
which subsequent particle counting was performed (Sartorius Cellulose 
Nitrate filters, sterile, pore size 0.45 µm, green). For storage, the CN 
filters were kept wet and sealed from air under refrigerated conditions 
until analysis. 

2.5. Analysis procedure 

Microplastic measurements LDIR: Sample preparation (to remove 
unwanted organic and inorganic matter) and particle analyses were 
based on previously described methods (Leslie et al., 2017; Löder et al., 
2015; Mintenig et al., 2018; Mintenig et al., 2020; Mughini-Gras et al., 
2021). Particle analysis focused on residues of the 10 μm and 100 μm 
sieves. Suspensions from these two fractions were combined and filtered 
over a 10 µm metal mesh. The filter was then transferred into a beaker 
with a 10% sodium dodecyl sulfonate solution. After a day, the sus-
pension was filtered over a 10 µm metal mesh. The filter was transferred 
into a beaker with 75 mL 12.5% potassium hydroxide solution and left 
standing for 5 days at 35 ◦C. Subsequently, the suspension was filtered 
again through the same 10 µm metal filter. The residues were transferred 
into a beaker with 50 mL 30% hydrogen peroxide solution and left 
standing for one day at 35 ◦C. The sample was filtered again through the 
same metal filter, and the residues were transferred into a separation 
funnel using a 100 mL zinc chloride solution (1.6 g/cm3). The funnels 
were shaken and left standing to enable settling of denser materials. The 
settled material was discarded by continuously turning the valve of the 
funnel to prevent clogging, re-suspension and loss of plastics. About 10 
mL of liquid was allowed to remain in the funnel. These 10 mL were 
filtered again over a metal filter. Using 4 mL ethanol, the retained ma-
terials were removed from the filter and transferred into a glass vial. The 
particles in the 4 mL ethanol are, therefore, all the particles that could be 
extracted from the original sample. Next, a vortex was created in this 
suspension using a vortex mixer to distribute the MP evenly in the 
ethanol. An aliquot (2 × 50 µl) was taken from this liquid and trans-
ferred to the microscope slide for analysis. From this subsample the 
actual particle number in the 4 mL ethanol is calculated. The subsample 
is necessary as otherwise too many MP will be transferred onto the slide. 
The sample was analysed using an Agilent chemical imaging laser direct 
infrared (LDIR). MP ranging from 20 - 500 µm were measured and 
quantified. If not stated otherwise, listed particle numbers are always in 
the size range from 20 – 500 µm. Four samples were analysed in parallel 
in combination with a negative control sample (see quality control) to 
calculate the recovery rate. 

Microscopy: Analysis was performed with an Olympus stereomi-
croscope SZX10, magnification 6.3–63x, assisted by a light source 

Table 1 
MP and fibre concentration per location using LDIR. n.d. = not detected. 
“Smaller than” signifies that the particle number could not be quantified, but 
particles were detected. Additional information for each location can be found in 
the supporting information (Table S1 and S2).  

DWPP Site Information MP / m3 Fibres 
/ m3 

A (reservoir) Intake from 
river Meuse at 
Keizersveer 

river Meuse 
abstraction site (250 
m3/s) 

81,249 3191 

A (reservoir) After storage 
in reservoir 
lake 
Petrusplaat 

lake Biesbosch 
abstraction site 

17,215 1265 

A (reservoir) After DLF after activated 
carbon filtration 

3287 267 

A (reservoir) After ACF after double layer 
filtration 

18,765 401 

B (dune filtrate) Intake from 
Canal Lek 

Canal Lek 
abstraction point 
(connected to the 
river Rhine (2200 
m3/L)) 

456,881 1971 

B (dune filtrate) After pre- 
treatment (RF) 

Water after FeCl3 

treatment and rapid 
filtration (sand and 
gravel) 

900 n.d. 

B (dune filtrate) Dunes influent Water before Dune 
infiltration 

14,112 2594 

B (dune filtrate) DW on site 
(Dunes) 

Drinking water 
about to be pumped 
to households 

241 n.d. 

C (riverbank 
filtrate) 

River OV River Overijsselse 
Vecht (50 m3 water/ 
s) 

12,882 444 

C (riverbank 
filtrate) 

Bank filtrate 1 After river bank 
passage 

< 300 < 30 

C (riverbank 
filtrate) 

Bank filtrate 2 After river bank 
passage 

2911 < 30 

C (riverbank 
filtrate) 

Bank filtrate 3 After river bank 
passage 

515 n.d. 

D (groundwater) One GW well Groundwater well < 340 < 35 
D (groundwater) GW combined 

wells 
Combined water of 
several groundwater 
wells – no treatment 
so far 

850 n.d. 

D (groundwater) DW prepared 
on site (GW) 

Drinking water 
about to be pumped 
to households 

231 < 45 

D (groundwater) DW private 
home 

Tap water 1584 n.d. 

E (groundwater 
after riverbank 
filtration) 

After aeration/ 
filtration. 

Water has been 
aerated and filtered 
(sand). 

2223 n.d. 

E (groundwater 
after riverbank 
filtration) 

DW on site Drinking water 
about to be pumped 
to households 

519 n.d. 

E (groundwater 
after riverbank 
filtration) 

DW in private 
home 1 

Tap water 1387 n.d. 

E (groundwater 
after riverbank 
filtratation) 

DW in private 
home 2 

Tap water 1484 n.d.  
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(Photonische Optische Geräter, LED LichtquelleF3000). The CN filter 
was visually scanned for the presence of microplastics. Metal tweezers 
were occasionally used to determine the fluidity and tension to assess 
whether a particle was a plastic. Particles were classified as MP if they 
were solid, not elastic, and able to resist tension force. Each confirmed 
microplastic particle was counted and categorized based on 
morphology; no size was recorded. At low numbers of microplastics, the 
entire filter was counted. If more than 300 particles/cm2 filter surface 
were present, at least 10% of the filter surface was counted and the re-
sults extrapolated. 

2.6. Data analysis 

2.6.1. LDIR 
Particle number: The MP number per sample is corrected for the 

number of MP in the negative control. These numbers are subtracted 
from the sample. Furthermore, the recovery rate from the positive 
control is applied to the particle number. E.g., a recovery rate of 90% 
means that the particle number of the sample is divided by 0.9. 

Limit of detection (LOD): It is defined that a sample contains MP if 
the particle number is above the 95% confidence interval of the negative 
controls. LOD for all sampling sites can be found in the supporting in-
formation (Table S2). 

Limit of quantification (LOQ): The particle number is quantified if 
the particle number in the sample is twice the upper limit of the 95% CI 
of the negative controls. LOQ for all sampling sites can be found in the 
supporting information (Table S2). 

Particle size: Particle size was determined by the Agilent software 
based on the infrared image of the particle. The width and height of the 
particle were measured. The smallest dimension defines the category the 
particle belongs to. 

Chemical characterisation: The MP were identified by the Agilent 
software (Clarity v1.1). 

Microplastic shape and colour determination: MP colour cannot 
be determined by this method. The particle shape of the identified MP 
was determined using the Random Forest Model package (Breiman and 
Cutler’s Random Forests for Classification and Regression – Version 
4.6–14) in R (Breiman et al., 2020). The MP were divided into six cate-
gories (sphere, undefined particle, rod, fibre, fibre/cluster and artefact). 
Example pictures of each class can be found here (Table S4). About 500 
different MP were categorised manually and this data set was used to 
identify the shapes of the other MP. Variables defining the category of a 
MP were diameter, aspect ratio, area, perimeter, eccentricity, circu-
larity, solidity and the maximum IR adsorption. Artefacts were removed 
from the sets. 

Statistical analysis: Column statistics were performed using 
GraphPad Prism 5.01. ANOVA (Analysis of variation), Shapiro-Wilt test 
and t-tests were performed in R (v. 1.2.1335) from stats package 3.6.1. 
For p-values a threshold of 0.05 was used. 

2.6.2. Microscopy 
Size classification: MP were assigned a size fraction based on the 

filter these were found on. The sieve on which the MP were found de-
fines the size category. MP size was not measured for each MP indi-
vidually. E.g., an MP found on a 50 µm sieve, will be binned as an MP of 
50 − 125 µm in size, regardless of its actual size. This approach was 
chosen as measuring the size of each MP individually would have been 
too time-consuming. 

Particle number: The amount of MP per sieve size was counted. The 
CN-filter is divided in 144 units in a grid. Depending on the number of 
microplastics on the filter, it was partially counted (at least 15 units) or 
completely counted. If the collection filter was counted completely, the 
total amount of plastics was used as-is. If the collection filter was 
partially counted, results were extrapolated to account for the entire 
collection. To express it as volume-based unit, the total amount of 
plastics was corrected for the sampling volume. 

Particle colour and shape: Microplastics were binned based on 
morphological qualities (colour, shape, and size). Each individual 
microplastic particle was assigned a shape category and colour category 
manually. The following shape categories were defined: sphere, rod, 
miscellaneous and fibre. The following colour categories were defined: 
white, grey-white, black, blue, green, yellow, red, and miscellaneous. 
When MP are mentioned all different shapes are included. 

Dataset: Due to the binning methods applied for size, shape, and 
colour, each analysis resulted in a combination of 55 parameters con-
sisting of bins size, shape, and colour combinations. Per parameter the 
total number of microplastics corresponding to that classification was 
reported. 

3. Results and discussion 

3.1. Choice of analytical techniques 

This study employs two different analytical techniques, microscopy 
and LDIR, in parallel on DWPP-A and utilizes LDIR only on DWPP-B 
through - E. Differences between microscopy and LDIR are plentiful, 
but most important are the differences in acquirable range and sensi-
tivity, and to a lesser extend the time/cost of analysis. The differences 
between microscopy and LDIR are covered in extensive detail in a report 
(Kools et al., 2021). The aim of current study is not to provide a 
comprehensive comparison between two methods, however some dis-
cussion on the arguments to use two methods is needed to further place 
results in context. 

The range of microplastics is from 5000 µm downwards, and no 
single technique can cover the entire range of plastics. LDIR’s upper 
limit is 500 µm whereas microscopy is limited to microplastic particles 
sizes 50 µm to 5000 µm. However, it is also expected that especially 
smaller plastics are more prevalent and large microplastics (i.e., >1000 
µm) are comparatively rare and least likely to be relevant to drinking 
water. Microscopy is unable to adequately cover the small microplastics, 
but is a relatively inexpensive and simple technique to cover for larger 
particles. As few larger particles (> 500 µm) were found in DWPP-A, it 
was decided not to probe water from other plants for the presence of 
larger particles as LDIR will adequately cover the majority of micro-
plastic particles. 

3.2. Measurements 

Sampling locations were along the treatment lines of five different 
drinking water production plants (DWPP), anonymised as A-E. In four 
cases (DWPP-A, B and C) the first stage is intake of raw surface water and 
the subsequent stages are further steps in the production process. For 
DWPP-D, the intake groundwater, both from one well and from com-
bined wells, was analysed. In case of DWPP-E the source water was not 
included in the analysis. The focus was on the end of the production 
process. A single drinking water production process (DWPP-A) was 
monitored extensively by two methods, three samples per location, and 
at four different stages of water purification. The other four other pro-
duction processes (DWPP-B-E) were analysed at four points in a single 
sampling event and only by LDIR. 

3.2.1. DWPP-A: river ‘Meuse’ and reservoir stabilisation 
Fig. 1 and Figure SI6 show the total MP and fibre numbers for each 

sampling location in DWPP-A. There is a clear difference between the 
various sampling points in the chain. Throughout DWPP-A, the total 
level of microplastics decreases substantially, eventually reaching about 
10,000 MP/m3 (LDIR) and 50 MP/m3 (microscope) in purified water. 
The highest microplastic concentration was found in the surface water 
from the Meuse at Keizersveer. The microplastic concentration varies 
between about 65,000 and 90,000 MP/m3 for the LDIR analysis (vari-
ability of 1.4 between the lowest and the highest value) and between 
200 and 3500 MP/m3 for the microscopy (variability of 5.9 between the 
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highest and the lowest value). In addition, the Meuse seems to contain 
the highest fibre concentration of all samples in this study (up to 4000 
fibres/m3 (LDIR) and up to 2500 fibres/m3 (microscopy)). 

The difference in fibre concentration between LDIR and microscopy 
is notably less pronounced than between total microplastic concentra-
tion. Fibres are generally larger MP as compared to particles and 
therefore have a greater overlap between LDIR and microscopy. For fi-
bres, the differences in the minimal mesh size of the filters applied for 
the microscopic and LDIR method is smaller. 

As the Meuse is predominantly a rain-fed river, large fluctuations in 

the absolute concentration of microplastics are to be expected. Such 
fluctuations were indeed observed in the data. Larger fluctuations in MP 
concentration between two sampling events are most pronounced at 
Keizersveer using microscopic analysis. In part, this can occur due to the 
sample matrix and clean-up, as the water may have contained organic 
(sediment) and inorganic material (sand) that disturbed counting. As the 
LDIR method had a more extensive sample clean-up, it was expected that 
LDIR would be less affected by sediment than the microscopic method. 

The variability in the riverine water can also be seen in the data from 
the other sampling locations. However, the water in Petrusplaat is less or 

Fig. 1. DWPP-A - Surface water from the reservoir – Total MP concentration including fibres for LDIR (left) and microscopy method (right). The lower figures are 
added as visual aids to be able to zoom in on the last three locations. Keizersveer = riverine surface water, Petrusplaat = reservoir surface water, DLF = after double 
layer filtration, ACF = after activated carbon filtration. 

Fig. 2. DWPP-A – Relative abundance of MP and fibres compared to in water abstraction point Keizersveer.  
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similarly affected by temporal fluctuations due to its purpose as a buffer 
reservoir. The lower and higher particle numbers differ by a factor of 3.9 
and 1.7, respectively. The other two locations (ACF and DLF) show 
relative variations between 1.8 and 4.4 for both methods. In absolute 
numbers they are less affected than the two surface water locations. It 
seems necessary that, especially for riverine surface waters, several 
measurements over different seasons and hydrological conditions and/ 
or time-averaged sampling are required to obtain the full dynamics of 
the MP concentrations in a large riverine system, as one sample rich in 
organic and inorganic material can have a significant impact on the MP 
concentration. 

Fig. 2 shows the relative MP number throughout DWPP-A compared 
to intake at Keizersveer. Most MP (80 – 95%) are removed after the 
residence time in the reservoir. This is in accordance with recent liter-
ature (Pivokonsky et al., 2018; Wang et al., 2020). The largest removal 
of microplastics is observed after basin passage and pre-treatment. A 
smaller number of microplastics are removed by double-layer filters 
(DLF) process. In case of LDIR analysis, the differences between the raw 
water source (Keizersveer) and the partly treated water (other sampling 
points) are significant (p-value < 0.01). Microscopic data shows a 
similar trend, but not statistically significant. Between all other sam-
pling points in the production chain, the differences also cannot be 
backed statistically. The most likely explanation for the removal of MP 
in the reservoir is that they will sink to the bottom. Processes such as 
biofilmformation and heteroaggregation are possibly the reason 
(Sharma et al., 2021; Wang et al., 2021) for sedimentation of MP. 
Consequently, one can expect MP and fibres to remain in the soil and 
accumulate in the sediment. 

One notable observation in the data is the apparent increase of MP 
after activated carbon filtration (ACF). Even though the differences 
before and after ACF were not significant (p = 0.1) for the measurements 
with microscopy and LDIR separately, both techniques show a trend that 
concentration post-treatment are higher than pre-treatment. These dif-
ferences cannot be explained by activated carbon particles as these 
would be recognized by both LDIR and microscopy. 

Possible explanations for the increase in MP during ACF: (I) Open 
containers are used which allow MP to enter due to air deposition or (II) 
plastic was already in the activated carbon before it was used. The 
current data is insufficient to provide an adequate causes or a statisti-
cally backed increase, and further research to investigate this phenom-
enon is needed. 

Using the optical microscope, the colour of the MP (50 to 5000 µm) 
can also be determined (Figure S5). The majority (70–85%) of the MP 
found at all locations are white. It is important here to consider the 
reprocessing step where peroxide is used. It is possible for MP to lose 
their colour due to this preprocessing step. Different pretreatment steps 
are possibly more suited to retain the original colour of the plastic 
particles, but the low cost, simplicity and efficacy of H2O2 to effectively 
remove organic matter is currently difficult to match (Thomas et al., 
2020). The second most abundant particle colour is black (8–19%). The 
other colours found incidentally are green, red, grey, blue and yellow. 

Both methods show that most particles are found in the smallest size 
fraction (Figure S2 and S3). The LDIR method also shows that the 
quantity of MP decreases exponentially with increasing size. However, 
statistical analysis of the slopes shows that the differences are statisti-
cally insignificant (Figure S3). It must also be noted that especially for 
samples with a relatively low amount of MP (e.g., ACF and DLF) it is 
possible that the amount of MP in the samples is too low for proper size- 
based quantification. 

Fig. 4 shows the polymer type speciation of microplastics at different 
stages. The relative MP composition at each of the locations is similar 
and no significant differences between the four locations can be detec-
ted. Hence, there appears to be no difference in removal of microplastics 
based on polymer type. Most of plastic polymers found in this study are 
also detected in other drinking water related samples, notably PA, PE, 
PET and rubbers. Mintenig et al. also find rubbers in surface water from 

the river Meuse, as well as PE and PET (Mintenig et al., 2020). However, 
the most notable difference is the amount of polyamide (PA). Whereas 
Mintenig et al. only found small amounts of PA, they constitute often the 
largest group in this research. There is no explanation yet for this 
discrepancy. 

3.2.2. DWPP-B: Canal “Lek” and dune filtration 
Results from DWPP-B show the most extreme case of microplastics 

removal, having the highest microplastic levels at surface water intake 
(>400,000 MP/m3) and a magnitude 103 reduction (99.9%) in con-
centration in drinking water. In DWPP-B surface water is used to pro-
duce drinking water through a number of filtration and post-purification 
steps. The first treatment step, rapid sand filtration (RSF) removes most 
plastics: the MP concentration (Fig. 3 and Table 1) drops significantly 
from more than 400,000 MP/m3 at intake to 1000 MP/m3 after this first 
treatment step (RSF). The final drinking water contains 241 MP/m3 with 
fibres below LOD. 

A notable observation is the sudden increase in concentration prior 
to dune infiltration, from 1000 to 14,000 p/m3. The pre-treated water is 
stored in open basins in the dunes before it is infiltrated. Hence, expo-
sure to atmosphere may be the cause of increased microplastic levels, 
but no data supports this and more specific research into this effect is 
needed. This increase in concentration is subsequently undone by 
infiltration. This indicates that microplastics may deposit in the sedi-
ment of the infiltration system and possibly accumulate in the sediment. 
Further research into sediment of infiltration systems could provide 
insight in whether microplastics end up in the sediment. 

As seen before with DWPP-A by far the most MP in all treatment steps 
in DWPP-B are found in the smallest size category (Figure S3). Plastic 
types are similar across all samples (Fig. 4) with two notable differences: 
the relatively high amount of rubber in drinking water and the presence 
of silicone plastics in the two dune samples. 

3.2.3. DWPP-C: River ”Overijsselse Vecht” and riverbank filtration 
In DWPP-C the MP concentration shows a lower albeit efficient rate 

of removal (magnitude 90%) after riverbank filtration. As no further 
samples are taken beyond riverbank filtration, no further information on 
post-treatment steps is available. The removal of approximately 90% 
microplastics from raw surface water indicates that an approximately 
equal amount of microplastics will be deposited on the riverbank soil if 
they do not degrade. Hence, a major fraction of MP and fibres in the size 
range of 20 to 500 µm are accumulating in the soil of the river bank. 

The total number of microplastics found in DWPP-C is lower than in 
DWPP-A or DWPP-B. In the riverine water of the Overijsselse Vecht 
about 13,000 MP/m3 are detected (Fig. 3 and Table 1). Three points 
after riverbank filtration are measured, providing a range of removal 
efficiencies from this particular treatment step. After the passage 
through the riverbank, the total MP concentration is reduced between 
98% to 78%. On average ca. 1237 MP/m3 are in the found in riverbank 
filtrate. A similar result is observed for the total fibre concentration that 
was reduced from 444 fibres/m3 to less than 30 fibres/m3, a reduction of 
93%. The size distribution does not change between the two sampling 
points. There are no notable differences in the relative MP type 
composition (Fig. 4). Most particles are found in the smallest size 
category. 

3.2.4. DWPP-D: Groundwater and distribution 
DWPP-D and linked drinking- and tap water sites are a fully 

groundwater-fed system and very few microplastics were found while 
overall not exceeding 2000 MP/m3 or 2 particles per litre. No fibres 
could be detected or quantified in any of the four samples. The analysis 
of a specific groundwater well revealed that no microplastics above the 
limit of detection could be found. However, the mixed water of several 
groundwater wells showed a detectable amount of microplastics at 
approximately 1000 MP/m3. Subsequent tap water showed similar 
concentrations. Furthermore, the highest MP number was found in the 
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tap sample taken in a private home. 
The groundwater samples are notable because differences between 

the samples indicate that treatment or transport steps seem to increase 
the level of microplastics, although concentrations in all samples remain 
extremely low and may not be meaningful. For example, the increase 
could be a result of measuring too close to the LOD. Because all samples 
concentrations are low and near limit of detection, these results cannot 
simply be attributed to a single cause and other effects may strongly 
influence results, e.g. MP deposition from air or the influence of the 
sampling event itself. The low MP concentration in groundwater-related 
samples are in accordance with prior research (Mintenig et al., 2019; 
Mukotaka et al., 2021). 

As the concentrations in all groundwater-based samples are close to 
particle count detection limits, size distribution plots are not meaning-
ful. There are no notable differences in the relative MP type composi-
tion, see Fig. 4. 

3.2.5. DWPP-E: Groundwater from riverbank and distribution 
DWPP-E uses groundwater after riverbank filtration to produce 

drinking water. The first sampling point after groundwater extraction is 
right after aeration/sand filtration and just before the water-softening. 
Here, 2223 MP/m3 were found. After softening and active carbon 
filtration the MP concentration drops to 519 MP/m3. Tap water at two 
different private home (PH1 and PH2) showed similar yet slightly 
elevated concentrations (1387 – 1484 MP/m3). Fibres were not detected 
at any of the four sampling locations of DWPP-E. The size distribution at 
all four locations is comparable. In all samples the majority of particles is 
found in the smallest size fractions. The type of MP is similar at all lo-
cations except for the location DW at PH1. There, a seemingly elevated 
relative amount of PA was detected, but it was not backed statistically. 
There is currently no explanation of increased levels of PA at PH1. 

3.2.6. Comparison of the five dwpp 
A recurring and expected result throughout all DWPP is that primary 

Fig. 3. MP and fibre concentration per location on a logarithmic scale (LDIR data). Only quantifiable amounts are shown. See also Table 1 for additional information 
on the sampling sites. DLF = double layer filtration, ACF = activated carbo filtration, DW = Drinking water, GW = ground water. 

Fig. 4. Relative abundance of polymer types in each sample.  
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treatment steps, often based on filtration, remove a major portion (up to 
95%) of MP. Fibrous microplastic particles are frequently removed 
entirely by primary treatment Demonstrating that filtration steps are 
effective at removing MP at individual DWPP is important to assure 
drinking water quality is not adversely affected by MP. Both natural and 
non-natural water treatment steps appear capable at removing the vast 
majority of MP. Consequently, the resulting drinking water is relatively 
free of microplastics >20 µm as concentrations are below 2000 MP/m3 

(2 particles per litre). In contrast, riverine surface water contains a 
significant abundance of microplastics, especially the Lek Canal. A 
possible explanation for these elevated concentrations compared to the 
other rivers is that the water abstraction point in the Lek Canal is fre-
quented by container ships capable of whirling up sediment. 

Generally, the most abundant plastics found are polyamide (PA, 
33%), polyethylene terephthalate (PET, 15%), rubbers (10%), poly-
ethylene (PE, 10%) and chlorinated polyethylene (CPE, 7%) (see Fig. 4). 
The sole notable exception is the high amount of PA (ca. 75%) in PH1 
from DWPP-E. The general high abundance of PA is noteworthy and 
unexpected. Usually lower relative concentrations are found (Piv-
okonsky et al., 2018; Pivokonský et al., 2020; Wang et al., 2020). A 
possible explanation could be an artefact as a result of wrongly labelled 
MP, e.g. natural occurring polyamide is insufficiently removed during 
clean-up and then falsely labelled as synthetic PA. 

Exploring the size distribution between sample types is similarly 
limited: in many samples – especially drinking water samples - the MP 
concentration is too low to obtain a reliable size distribution. It is 
notable that the size distribution seems to be comparable in all water 
sources, with the sole exception of the groundwater well of DWPP-D 
(Figure S3). Particles were further categorised by LDIR shape assess-
ment, e.g. as undefined particle, rod, sphere, or fibre/cluster). For 
example, see pictures in Table S4. No significant difference between 
shapes in the various samples was observed (Figure S4). The largest 
group in the size range 20 – 500 µm is by far are the undefined particles, 
followed up by rod-shaped particles. In general, fibres, fibre/cluster and 
spheres are uncommon: on average less than 5% of MP are fibres or 
fibre/cluster. This appears to be in contrast with microscopic analyses, 
where the majority of MP are identified as fibres. However, microscopic 
method has a lower particle size cut-off at 50 µm in contrast to 20 µm by 
LDIR and covers also the size range above 500 µm. Fibres are usually 
larger particles, i.e., fibres that become too small are defined as rods, and 
therefore are more dominant in microscopic analysis. 

3.3. Intake of microplastics through consumption of tap water 

The potential intake of microplastics through tap water can be 
compared to other potential routes of microplastic intake based on these 
and other studies. Comparing results requires a disclaimer foremost: 
determination of MP concentrations from various papers and methods is 
prone to error because there is still no universally agreed format to 
report microplastic concentrations (MPC) in relation to their charac-
terisation and size range. Small methodological differences can cause 
large experimental variations. For example, the MP size range analysed 
differ between studies and consequently, concentrations may differ 
greatly as effect of the used size range. A minor change in MP size from e. 
g. >20 µm to >10 µm –will, under the theoretical assumption that MP 
breakdown three-dimensionally, immediately increase the MPC by a 
factor of eight. Therefore, harmonisation in report format is critically 
needed (Kirstein et al., 2021a; van Mourik et al. 2021). 

Although exposure to microplastics from different sources is not al-
ways directly comparable, preliminary comparisons show that (Dutch) 
tap water contributes little to the total human intake of MP per year. 
Other consumption liquids, air exposure, and food consumption have a 
far bigger share in annual intake than tap drinking water. The level of 
microplastics in tap water found in this study is low: ranging from about 
0.2 MP per litre to 1.5 MP per litre. This number is comparable to recent 
findings by Cox et al. (2019) for the USA (on average 4.2 MP/L), Lam 

et al. (2020) (2.2 MP/L in Hong Kong) and Dalmau-Soler et al. (2021) 
(0.06 MP/L in Catalonia, Spain). Sometimes much higher concentrations 
(440 MP/L, China) are reported (Tong et al., 2020). Assuming that an 
average person drinks about 1 L of tap water a day (coffee, tea not 
included), between ca. 70 and 550 MP would be consumed annually. 
This means the number of MP found in Dutch tap water also only 
amounts to less than 1% of the total intake of MP (consumption and 
inhalation) and to less than 2% of the intake of MP by inhalation only, 
based on numbers from Cox et al. If only consumption is taken into 
account, based on Cox et al., the relative contribution of tap water to the 
total consumption would be between 0.8 to 1.5%. It should be noted, 
however, that in all these cases no size range is mentioned highlighting 
the need for reporting formats to increase comparability of studies. 

Aside from potential exposure to microplastics through drinking 
water, other sources of exposure are being increasingly investigated and 
compared. For example, microplastics can also be found in household 
dust (Enyoh et al., 2019; Gasperi et al., 2018). Annual intake of airborne 
MP is estimated to be 12,891 ± 4472 fibres/year (50 – 5000 µm) (Sol-
tani et al., 2021) and 99,280 MP/year (272 MP/day) (Vianello et al., 
2019). In comparison to these numbers, the total intake through tap 
water based on the highest concentrations observed in the current study 
only amounts to 4% and 0.5%, respectively. However, the assessed size 
range of MP in tap water was broader than the ranged used by Soltani. 

The intake of MP from tap water can also be compared to other 
(bottled) beverages, which similarly shows that tap water contributes 
little to the total intake of MP. Kutralam-Muniasamy et al. (2020) found 
that milk can contain between 1 - 14 MP/L in the size range 11 to 5000 
µm. According to Shruti et al. (2020) beer can contain up to 28 MP/L in 
the size range 100 to 1000 µm (Shruti et al., 2020). Moreover, soft drinks 
and tea contain between 1 and 7 MP/L. Yet, the intake of microplastics 
by consumption of fruits and vegetables appears to dwarf the intake 
from liquids. In fruits a MPC of 223,000 MP/g and in vegeTables 97,800 
MP/g at a lower size range of below 10 µm is found (Oliveri Conti et al. 
2020). The microplastics’ lower size range is below 10. 

While literature assessments provides some insights in different 
sources of exposure to MP, it is still extremely difficult as differences can 
be the result of sampling, measuring and. 

4. Conclusions 

This research explored the fate of microplastic particles in drinking 
water production and drinking water. The data shows that MP are pre-
sent in measurable quantities in riverine surface water, whereas 
different surface waters contain vastly different concentration levels 
(between about 12,000 and 450,000 MP/m3). The total concentration of 
microplastics significantly decreases during the treatment process (be-
tween 80 – 99%). The results show that filtration steps are capable of 
removing microplastics, but as a consequence the (natural) filters (e.g. 
rapid sand filtration, dune soil and/or bank filtrate) or the reservoir 
could accumulate these plastics as plastics degrade poorly. Analysis of 
soil or sediment samples would therefore be highly interesting to 
compare with water data. Removal by water treatment results in very 
low levels of microplastics in drinking water (less than 2 MP/L in the size 
range 20 to 500 µm). No microplastics could be quantified in a single 
groundwater well, but small amounts of microplastics were found in the 
groundwater collection network, although these levels remained low 
throughout the whole treatment process. 

Measurements were carried out at various stages of treatment, which 
showed removal rates of specific (groups of) treatment steps. During the 
treatment processes sudden and unexpected increases of microplastic 
concentrations were observed at two different stages. First, a concen-
tration spike was noted prior to dune infiltration and secondly, a minor 
spike occurred after activated carbon filtration. At the moment, it is not 
clear whether the increase in MP after filtration over activated carbon 
and before dune infiltration is structural and significant, and further 
analyses on these treatment points is suggested. The current data are 

P.S. Bäuerlein et al.                                                                                                                                                                                                                            



Water Research 221 (2022) 118790

9

insufficient to define a probable cause for increase. If structurally, 
finding out the cause is a recommendation. 

All water samples taken in the distribution network at private homes 
show a higher concentration of MP compared to the treated water prior 
to distribution. However, this increase appears to be minor and the 
actual drinking water contains less than 2 MP/L regardless. It is not clear 
if there are actually more MP in samples taken at household taps, or if 
microplastics are introduced during the sampling event. 

The composition of microplastics (e.g., colour, type of plastic) is 
unchanged during water treatment, as MP properties do not change 
statistically significantly during the purification process. Only changes 
in the concentration of MP and fibres were observed. By far the largest 
group of MP between 20 and 500 µm are particle-shaped opposed to 
fibres. In fact, fibres constitute only a small fraction in this size range (1 – 
5%). However, the larger the MP the more the ratio between particles 
and fibres shifts in favour of the fibres. Fibres are almost completely 
absent after the first treatment step in any treatment. On average the 
most abundant plastic types found are polyamide (PA, 33%), poly-
ethylene terephthalate (PET, 15%), rubbers (10%), polyethylene (PE, 
10%) and chlorinated polyethylene (CPE, 7%). This study shows, like 
earlier studies, that the smaller MP outnumber the larger ones. There-
fore, if MP numbers are relevant one must consider to measure the 
smallest MP possible, and if one wants to compare results size ranges 
should be carefully aligned. With LDIR the lower size limit is currently 
about 10 µm. 

With regard to the contribution of tap water to the total intake of MP 
(20 – 5000 µm) of a person per year, it can be concluded that tap water in 
the Netherlands only contributes to a minor extent to the total intake 
(presumably less than 1%). However, the need to reliably align data 
between studies is greatly needed, as comparing data from different 
sources is currently unviable due to a lack of a harmonised reporting 
standard for particle sizes. 
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