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ABSTRACT: In this study, we investigate the current accuracy of widely
used microplastic (MP) detection methods through an interlaboratory
comparison (ILC) involving ISO-approved techniques. The ILC was
organized under the prestandardization platform of VAMAS (Versailles
Project on Advanced Materials and Standards) and gathered a large
number (84) of analytical laboratories across the globe. The aim of this
ILC was (i) to test and to compare two thermo-analytical and three
spectroscopical methods with respect to their suitability to identify and
quantify microplastics in a water-soluble matrix and (ii) to test the
suitability of the microplastic test materials to be used in ILCs. Two
reference materials (RMs), polyethylene terephthalate (PET) and
polyethylene (PE) as powders with rough size ranges between 10 and
200 μm, were used to press tablets for the ILC. The following parameters
had to be assessed: polymer identity, mass fraction, particle number concentration, and particle size distribution. The reproducibility,
SR, in thermo-analytical experiments ranged from 62%−117% (for PE) and 45.9%−62% (for PET). In spectroscopical experiments,
the SR varied between 121% and 129% (for PE) and 64% and 70% (for PET). Tablet dissolution turned out to be a very challenging
step and should be optimized. Based on the knowledge gained, development of guidance for improved tablet filtration is in progress.
Further, in this study, we discuss the main sources of uncertainties that need to be considered and minimized for preparation of
standardized protocols for future measurements with higher accuracy.

Microplastic pollution has become a matter of high concern in
recent years and, despite being studied for about 20 years
now,1 continues to hold a special place in political debates on
all levels.2 To date, several prevention and monitoring
measures from regulatory bodies have been undertaken. The
first regulatory achievement was SB 1422: California Safe
Drinking Water Act: microplastics, undertaken in 2018 and
accompanied by a laboratory accreditation study.3,4 Another
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initiative was the Single-Use Plastics Directive of 20215 which
included a ban on marketing of drinking straws or nonreusable
tableware within the EU. Moreover, monitoring initiative for
MPs >20 μm was adopted within the Drinking Water
Framework Directive.6 This was followed in April 2024 by
the EU Urban Wastewater Directive (UWWTD).7 On January
1, 2025, the directive entered into force. The UWWTD does
not explicitly outline specific methodologies for MP analysis;
however, it requires member states to monitor water quality,
develop and implement monitoring programs, and utilize the
best available science and technology for analysis of micro-
pollutants, to which MP also belongs. In March 2024, the
European Commission adopted a decision on methodology to
measure microplastics in water intended for human con-
sumption.8

Data collected on microplastic load in the environment is
often ambiguous, and transport pathways into water (limnic
and marine ecosystems), air, and soil compartments are not
well understood. Different analytical laboratories across the
world are using different sampling protocols, sampling seasons,
and sample preparation procedures to collect microplastics,
etc. Similarly, analysis of microplastic samples occurs with
different analytical methods and instrumental setups, e.g., size
threshold, leading to poorly comparable results. Currently,
there is an urgent need for harmonization of methodology and
standard operating procedures (SOPs) as well as the
elaboration of minimum requirements for profound data.
Parameters to be assessed during microplastic analysis are

specified in ISO 24187:2023, where “The amount of
microplastics in a given matrix can be measured in different
ways, i.e., as the number (of particles) or mass content/fraction
in relation to the sample’s quantity, which itself can be based
on various units (volume, weight, etc.)”.9 Based on this,
traditional microplastic analysis includes polymer type
identification, particle number concentration, size distribution,
and particle mass in a sample. Many methods have been
successfully used in microplastic analysis so far;10−14 however,
most used methods for particle number counting and polymer
identity are micro-Fourier-transform infrared spectroscopy (μ-
FTIR)15−19 and micro-Raman spectroscopy (μ-Raman).20−22

Lowest limits for identification, depending on the instrument,
lie within 10−20 μm (for μ-FTIR spectroscopy) and around
0.5−5 μm (for μ-Raman spectroscopy). The lower limit of
identification for the μ-Raman technique is due to a laser of a
short wavelength used in this technique, whereas in μ-FTIR
spectroscopy, an infrared source is used. Therefore, with μ-
Raman spectroscopy in the imaging mode, higher spatial
resolution can be obtained than with μ-FTIR spectroscopy in
the imaging mode. For mass content and polymer identity, the
most common methods are pyrolysis gas chromatography mass
spectrometry (Py-GC/MS),23−27 and thermal extraction
desorption gas chromatography mass spectrometry (TED-
GC/MS).28−31 In this ILC, the four above-mentioned methods
were employed: μ-FTIR and μ-Raman spectroscopies, Py-GC/
MS, and TED-GC/MS. Additionally, a variety of infrared
spectroscopy, quantum-cascade laser infrared reflectance
spectrometry (QCL-IRRAS), also known under the commer-
cial acronym as Laser Direct Infrared (LDIR) spectroscopy,
has been used by some participants. Since this name is more
recognizable, we will use this acronym.
Thermo-analytical methods are generally less time-consum-

ing in terms of sample preparation, but experiments may take
up to 1 h per sample. Shortcomings in thermoanalytics are the

limit of detection, no analysis of a single particle, sample
destruction, and no information on the size and shape of
particles. Spectroscopical techniques are often more time-
consuming due to the intense need for sample preparation and
measurement times but are nondestructive, and, when applied
in imaging mode, can give information about the size and
shape of a single particle.
Despite a variety of available methods and many decades of

development in microplastic analytics, reliable microplastic
analysis remains a very difficult task and requires various
microplastic (certified) reference materials (CRMs), extensive
funding, and laboratories with proven expertise in the field.
With the provided set of microplastic RMs for the present ILC,
operating protocols for tablet filtration, measurement, and data
reporting, and with the use of a variety of analytical techniques
by over 50 laboratories worldwide, we expected valuable
statistical data. The obtained results as well as test materials
will be transferred into the ISO standardization body ISO/TC
147/SC 2 to the documents ISO/DIS 16094-2 and ISO/DIS
16094-3, helping to create standards and achieve comparable
results worldwide.
To date, many ILCs on the analysis of microplastics have

been carried out (Table S1, Supporting Information), creating
a solid basis and delivering valuable findings but also revealing
challenges in method harmonization and microplastics RM
development. In the present study, evaluation of particles in a
smaller size range is addressed: 1−100 μm for PET and 1−250
μm for aged PE films (Figure 1). To resemble environmental

MP samples and mimic an aged PE material, the PE film was
preweathered. Furthermore, microplastic samples were pre-
pared as RMs embedded in a food matrix (to be possibly
considered as a suitable RM for drinking water framework
directive monitoring).

2. EXPERIMENTAL SECTION
2.1. Preparation of Microplastic Materials. For this

ILC, BAM (Bundesanstalt für Materialforschung und -prü-
fung) provided microplastic RMs, PET, and aged PE. Further
information on preparation is available in the BAM webshop
(https://webshop.bam.de/webshop_en/reference-material/
polymeric-materials/microplastics.html). The property of
interest for both RMs is the D50 value (D50 value describes
the particle diameter of the measured volume below which
50% of particles fall). The shape of microplastic powders was
assessed by means of scanning electron microscopy (SEM), see
Figure 1. PET RM had a nominal D50 value of 42.45 ± 0.17
μm, and aged PE had a nominal D50 value of 61.18 ± 1.30 μm,
see Figure S2. D50 values were determined by means of a laser
diffraction system (Sympatec, Clausthal-Zellerfeld, Germany)

Figure 1. SEM micrographs of microplastic particles (a) PET and (b)
aged PE.
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consisting of a RODOS-L dry dispersion unit, an ASPIROS-L
micro dosing unit, and a HELOS-BR sensor.
The RMs used and their properties are summarized in Table

1.

To achieve an easy way of transportation of microplastic
polymers, both obtained microplastic powders (either PET or
aged PE) were mixed with a water-soluble matrix containing
polyethylene glycol (6.4% w/w) and lactose (93.3% w/w) and
were pressed to tablets with a defined mass of polymer (see
Figure S4). Tablets were pressed with a dedicated press
machine (TDP 5 Desktop Tablet Press, LFA Machines, UK) at
a 50 kN pressure. The hardness of tablets was adjusted such
that they dissolved quickly but withstood physical stress during
transportation. The tablets’ weight was 250 ± 5 mg (Mettler
Toledo AT DeltaRange analytical balance), and tablets, varying
by more than ±5 mg, were discarded. The expected polymer
mass per tablet was empirically calculated from the mass of the
polymer (weighed mass for approximately 1000 tablets) in a
defined mass of matrix. Assuming a ±5 mg tablet mass
uncertainty, the mass fraction of PET/tablets for thermo-
analytical experiments was expected to be 556 ± 11.12 μg
(equivalent to 2.22 ± 0.04 μg/mg) and that of aged PE: 265 ±
5.3 μg (equivalent to 1.06 ± 0.02 μg/mg). To simplify
counting of particles, tablets for spectroscopic methods
contained a reduced amount of the polymer: either 27.6 ±
0.55 μg of PET (equivalent to 0.11 μg/mg) or 17.6 ± 0.35 μg
of aged PE (equivalent to 0.07 μg/mg). All participants were
provided with 6 tablets containing aged PE, 6 tablets
containing PET, and 6 blank samples (not containing the
polymer of interest) along with an SOP to prepare polymer
mixed samples. Participants working with thermo-analytical
methods were provided with an additional 1 g of pure aged PE
and PET polymer for calibration purposes.
2.2. Homogeneity Studies. An internal homogeneity

study was performed to ensure that tablets contained a desired
amount (mass fraction and particle number concentration) of
polymer microparticles. For a homogeneity study regarding
mass fraction, a batch of 19 tablets containing one polymer
type was measured with two thermo-analytical methods, i.e.,
TED-GC/MS and thermogravimetric analysis (TGA). Prior to
measurements, polymer tablets were dissolved with Milli-Q
water and filtered (see Figure S5) according to a filtration
protocol developed at BAM. Tablets were filtered in a special
crucible (see Figure S5a).32

Regarding the particle number concentration, a batch of 20
tablets containing one polymer type were analyzed with SEM
by counting all particles left on the substrate (CSP Si-filter, 9
μm pores, SmartMembranes GmbH) after a tablet filtration
process. In our case, samples did not contain any intentionally
added adventitious particles but solely lactose and PEG, which
are both well soluble in water. Therefore, assuming that only
plastic particles were left on the filter after filtration, we

counted polymer particles based on their shape and
corresponding contrast in electron micrographs. Particle size
distribution was determined by using ImageJ33 software by
measuring Feretmax values, with particle counting being
performed manually.
Besides the studies conducted internally, we investigated the

homogeneity of the microplastic tablets with respect to the
particle number. An accredited institution supported us with a
set of data on microplastic particle numbers in tablets (μ-FTIR
and μ-Raman data). All samples were prepared under the same
conditions and on same day according to a previously validated
method, in agreement with Schymanski publication require-
ments and precautions34 and in agreement with ISO CD
16094-2.35 After the addition of 1 L of pure water on tablets
for reconstitution, samples were passed through silicon filters
(5 μm pore size). Once dried, the filters were analyzed with μ-
FTIR (Thermo Nicolet iN10) and Raman (HORIBA Labram
HR evolution) systems. The whole surface of the filter was
screened, and each particle was analyzed for identification.
Two blank tablets and one blank water were filtered and
analyzed the same day, following exactly the same steps and
the same process as with all samples. The blank water sample
demonstrated good results, inferior to the limit of reporting of
the laboratory, allowing validation of a series of samples. Raw
data were categorized by the type of polymers and size class
(Feretmax) without any blank subtraction.

3. RESULTS
3.1. Homogeneity Studies. Results obtained in thermo-

analytical experiments expressed as μg polymer per mg tablet
varied in an acceptable range (see Table S2). Results on the
particle number carried out by an accredited laboratory with
both methods, μ-FTIR and μ-Raman spectroscopies, are
summarized in Tables S3 and S4, respectively.
SEM is a powerful method for visualization of small particles

down to several nm; however, manual counting of hundreds/
thousands of particles is quite a challenging task. Particles <10
μm could hardly be assigned due to poor contrast and slurry
particle boundaries. The drawback of SEM analysis is,
furthermore, that the chemical identity of the material remains
uncertain. Besides, agglomerates of particles can sometimes
provide difficulties in size assessment. Table S5 summarizes
results from SEM experiments. A direct comparison of the
results measured with different methods is a challenging task
without knowing the “true” values of mass fraction and particle
numbers. For this reason, we used data from a homogeneity
study conducted at BAM (for thermo-analytical methods) and
from a homogeneity study for spectroscopical methods as
reference values for the mass fraction (see Table S2) and
particle number (see Tables S3 and S4).

3.2. Data Evaluation. Out of 84 registered laboratories,
only 56 reported their results. Results obtained from ILC
participants were evaluated at BAM using software ProLab
Standard36 that works in compliance with ISO 5725-2:2019
Accuracy (trueness and precision) of measurement methods
and results.37 Data from each laboratory are presented as bar
plots. All values obtained from ILC participants were
normalized to reference values; i.e., each value was divided
by the reference value and multiplied by 100. In the following
calculation, we will explain data treatment on a concrete
example:
Reference values for aged PE and PET as obtained from the

BAM homogeneity study: PE → 0.83 ± 0.15 μg/mg. These are

Table 1. Summary of Properties of Microplastic Materials
Used in the ILC

polymer #1 polymer #2
polymer PET PE
D50 (μm) 42.45 61.18
pristine polymer density (g/cm3) 1.38 0.93−0.97
particle shape irregular irregular
starting material PET granulate PE film
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absolute values. We then divided them by themselves (we
normalized them against themselves) to obtain PE → 1 ±
0.1807. To represent this as “%”, we multiplied everything by
100%: PE → 100% ± 18.07%. So, in all graphs, the reader will
find the reference value at 100% (the y-axis is represented here
always in “%”). The confidence interval shows the range
between ±2 standard deviations corresponding to a reference
value. For our example, it means that the confidence interval
for PE = ± 2(18.07%) = ± 36.14%; i.e., on the graph, it will
appear as a filled region of width 63.88% to 136.14%. The
same calculation applies for PET. A participant X delivers
absolute values v1−v6: 0.951, 0.927, 0.920, 0.850, 0.841, and
0.897 (μg/mg), respectively. We divide these by 0.83 μg/mg
to obtain 1.144, 1.114, 1.106, 1.022, 1.011, and 1.078 and then
multiply them by 100% → 114.4%, 111.4%, 110.6%, 102.2%,
101.1%, and 107.8%, respectively. These values are then
plotted in the graph (see Figure 2, Lab 1).

±PE
0.83
0.83

0.15
0.83

3.3. ILC Results from Thermo-analytical Methods.
Data from both thermo-analytical methods (Py-GC/MS and
TED-GC/MS) were normalized against reference values
obtained from TED-GC/MS results (homogeneity study
conducted at BAM, see Table S2). For both thermo-analytical
methods, Py-GC/MS and TED-GC/MS, the confidence
interval refers to TED-GC/MS data from the homogeneity
study since reference values for Py-GC/MS were not
measured. Table 2 shows mass fractions in absolute values. It

is noticeable that both thermo-analytical methods are in high
agreement with each other (see Table 2) regarding mean
values for both polymer types. Figures 2 and 3 display
normalized mass fraction values.
The relative standard deviations (RSD) for PET were below

30% for both methods, except for particles >500 μm, which
could be agglomerates. In contrast, RSD values for aged PE
were higher, probably due to irregular shape and possible
sticking between PE fragments.
All participants correctly identified both polymer types. It is

worth mentioning that three laboratories reported relative
standard deviations as low as ∼4%, and three other laboratories

reported >100%. Many participants reported saturation of the
detector when measuring PET (default mass content: 556 μg
per tablet). To circumvent this issue, some participants cut the
filters into smaller pieces and measured them one by one and/
or elevated the split ratio of the injector extremely. This point
needs to be considered in future ILCs.

3.4. ILC Results from Spectroscopical Methods. For
determination of particle size distribution, participants were
asked to group particles according to the longest distance
(maximum Feret diameter) into following categories, as
required by ISO 24187:2023 “Principles for the analysis of
microplastics present in the environment”: (1) 500−100 μm,
(2) 100−50 μm, (3) 50−10 μm, (4) 10−5 μm, and (5) 5−1
μm.38 We decided to include an additional size class “>500
μm” to check how efficient the sieving process was (during
preparation of microplastic powder) and whether possible
agglomerates were formed.

3.4.1. Total Particle Numbers per Tablet. Whereas μ-
Raman spectroscopy theoretically allows particle dimension
measurement down to 0.5−5 μm, IR spectroscopy is generally
not so sensitive, and its limit of reliable detection often, but not
always, lies above 20 μm. Due to differences in the limit of
detection, we decided to display results for total particle
number separately for μ-Raman spectroscopy (Figures 4 and
5) and in a combined form for μ-FTIR and LDIR
spectroscopies (Figures 6 and 7) since the latter two methods
are variations of IR spectroscopy.

μ-Raman spectroscopy results were normalized against
reference values obtained from μ-Raman spectroscopy
measurements (see Table S4). In the following graphs, letters
“A” and “B” in the X-axis “Laboratory #” denote μ-FTIR and μ-
Raman spectroscopy, respectively. Noticeably, many laborato-
ries using the μ-Raman spectroscopy technique achieved
results lying within the confidence interval (see Figure 4).
Some participants, however, reported that they did not

Figure 2. Normalized aged PE mass fraction. Red and green bars�
standard deviations of intralaboratory results (repeatability).

Table 2. Mass Fraction for Both Polymers and Both
Methods (in μg/mg)

TED-GC/MS (μg/mg) Py-GC/MS (μg/mg)

PET 1.69 ± 0.67 1.67 ± 0.81
aged PE 1.14 ± 0.33 1.11 ± 0.64

Figure 3. Normalized PET mass fraction. Red and green bars�
standard deviations of intralaboratory results (repeatability).

Figure 4. Total normalized aged PE particle numbers per tablet
derived from μ-Raman spectroscopy measurements. Blue bars�
standard deviations of intralaboratory results (repeatability).
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measure the whole filter (results were extrapolated). Data from
μ-FTIR and LDIR spectroscopies were normalized against
reference values obtained from the μ-FTIR homogeneity
study; see Table S3. The confidence interval refers here to μ-
FTIR data (Table S3). Figures 6 and 7 display total particle
numbers obtained from μ-FTIR and LDIR spectroscopy as
measured for aged PE and PET, respectively. Due to different
instrument abilities among IR users, we decided to group
results as follows: (i) μ-FTIR and LDIR referring to those who
measured >10 μm and (ii) FTIR20 and LDIR20, referring to
those who measured >20 μm.
3.4.2. Particle Numbers in the Size Class >500 μm.

Whereas total particle number and size class 10−50 μm are
two parameters affected by different detection limits of the
methods, other size classes, like >500 μm, 100−500 μm, and
50−100 μm are not, and therefore, we can compare
corresponding results measured with different methods within
these individual size classes. In the following, we will show
results from these size classes as a comparison between all
three methods, μ-Raman, μ-FTIR, and LDIR spectroscopies,

all in the same plot (see Supporting Information, Figures S6
and S7).
The last step in the microplastic powder preparation

procedure is sieving through a 500 μm mesh; therefore, it is
expected that particles larger than 500 μm should not be
present in tablets. Most laboratories did not detect any
particles larger than 500 μm. However, some laboratories
indeed measured such particles with higher numbers for aged
PE than for PET, this being valid for both methods, μ-Raman
spectroscopy and μ-FTIR spectroscopy, as presented in
Figures S6 and S7. Participants using the LDIR method either
did not report any particles >500 μm or just one particle per
tablet. This could also be due to the automatic settings of the
analysis limit on LDIR instruments, which is often restricted to
a maximum of 500 μm (unless the operator changes the
analysis limit manually). However, the presence of such large
particles could, on the other hand, be explained by
agglomeration of particles or if the longest dimension of
particles was larger than 500 μm and other dimensions smaller
so that it could pass through a 500 μm sieve during material
production.

3.4.3. Particle Numbers in the Size Class of 100−500 μm.
In the particle size class of 100−500 μm, a large variation
among results was noticeable. Some participants reported zero
particles, and others several hundred particles for both
techniques and both polymer types. Variations in the results
obtained with LDIR spectroscopy were small. Independent of
the measurement method used, values are mostly under-
estimated compared to reference values, which applies for both
polymers, see Figures S8 and S9. Another observation made
here was that mean values (for both polymers) deviated a lot
from reference values.

3.4.4. Particle Numbers in the Size Class of 50−100 μm.
Here, a similar behavior as in the size class 100−500 μm could
be observed. Some ILC participants reported no particles or
very small numbers, whereas others reported over 500
particles. Values derived from μ-Raman and LDIR spectros-
copies were mostly within the confidence interval (especially in
case of aged PE), whereas μ-FTIR spectroscopy values were
more heterogeneous among laboratories. In Figures S10 and
S11, results are presented in a normalized form.

3.4.5. Particle Numbers in the Size Range of 10−50 μm.
As already mentioned, in this size class, we cannot directly
compare results derived from μ-Raman spectroscopy and μ-
FTIR spectroscopy due to limitations of the μ-FTIR
spectroscopy method. Therefore, also here, we also show the
results for μ-Raman spectroscopy separately (Figures S12 and
S13) and in combined form for μ-FTIR and LDIR spectros-
copies (Figures S14 and S15). From μ-Raman spectroscopy
experiments, particularly in the case of aged PE, it can be
noticed that, with few exceptions, values were within or close
to the confidence interval, whereas in the case of PET, values
scattered more obviously. However, interlaboratory mean
values, both in case of aged PE and PET, lay quite close to
reference values (see Figures S12 and S13).
Like in case of total particle numbers (Figures 6 and 7), we

decided to split μ-FTIR and LDIR spectroscopy results (from
size class 10−50 μm) in two groups: (i) FTIR and LDIR
where participants measured >10 μm and (ii) FTIR20 and
LDIR20 where participants measured >20 μm. It is noticeable
that laboratories measuring in the range of 20−50 μm (both
LDIR and μ-FTIR) slightly exceed reference values (Figures
S14 and S15). This behavior applies to both polymers. In case

Figure 5. Total normalized PET particle numbers per tablet derived
from μ-Raman spectroscopy measurements. Blue bars�standard
deviations of intralaboratory results (repeatability).

Figure 6. Total normalized aged PE particle numbers per tablet
derived from μ-FTIR and LDIR spectroscopy measurements. Red,
green, orange, and dark-green bars�standard deviations of intra-
laboratory results (repeatability).

Figure 7. Total normalized PET particle numbers per tablet derived
from μ-FTIR and LDIR spectroscopy measurements. Red, green,
orange, and dark-green bars�standard deviations of intralaboratory
results (repeatability).
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of μ-FTIR and LDIR spectroscopy (results obtained for 10−50
μm), values also exceeded reference values.
3.4.6. Particle Numbers in the Size Class of 5−10 μm.

Since for this size class no reference values for μ-FTIR were
available and only a few laboratories reported data on this size
class, we only show results obtained from μ-Raman spectros-
copy users, Figures S16 and S17. For both polymers, values
were underestimated compared to reference values.
3.5. Other Polymers in Sample Tablets. Purity of the

samples must be assessed. Participants reported identification
of particles that could not be identified as aged PE or PET.
Such noninterest polymer types in sample tablets were PBT,
PP, PS, EVOH, EVAc, ABS, PMMA, PA, PU, PAN, PVC,
PTFE, ABS, EVA, PC, PM, POM, PU, rubber, VDC, and PVA,
pointing toward contamination. This should be addressed in
future ILCs.
3.6. Blank Sample Tablets. In addition to two polymer

types, aged PE and PET, which were found in blank samples,
albeit in small number concentrations, other polymer types
were also detected by some laboratories, e.g., PMMA, acrylate,
urethane, PP, PVC, as well as some nonplastic particles like
cellulose, protein, plant fibers etc. Unfortunately, data on
background contamination levels from each participating
laboratory were not collected. We will incorporate this as a
learning point for future ILCs. Despite this limitation, the
matrix material employed in this ILC proved to be suitable for
testing representative microplastic materials.

4. DISCUSSION
4.1. Main Sources of Uncertainties. To fully understand

the results, it is essential to identify and discuss potential
sources of measurement uncertainty. While this study
highlights variability between laboratories (as indicated by
standard deviations from repeated measurements), participants
were not asked to quantify absolute measurement uncertain-
ties. A systematic evaluation of these uncertainties is
particularly challenging, especially when the “true” values
remain unknown.
Table S6 summarizes the most significant sources of

uncertainty in our opinion. The total uncertainty budget
could consist of (but is not limited to) the following factors.
4.1.1. Uncertainties Emerging from Properties of

Representative Test Materials.
i Sample homogeneity can be determined with the help of
RSD. For the mass fraction of the polymer, a RSD of
27% was calculated from data obtained with TED-GC/
MS, which represents a rather high value. Regarding the
total particle number, RSDs were 14−28% for FTIR
spectroscopy and 12−40% for μ-Raman spectroscopy.

ii The tablet mass was set at 250 mg with a variation of ±5
mg and therefore constitutes only a small contribution of
2% to the overall uncertainty.

iii Blank samples. Blank samples were found to contain
polymers of interest, even though to a minor extent.
However, background contamination was not asked to
be assessed.

4.1.2. Uncertainties Emerging from Microparticle Prep-
aration for the Measurement.

iv Another, yet undetermined, uncertainty source is the
tablet filtration step. It is unknown how many particles
are lost during such a process; each operator has a
different filtration setup, filter, and working procedure.

Here, most probably, rather smaller particles might get
“lost” during filtration.

4.1.3. Uncertainties Emerging from Methods and Instru-
ments.

v Contribution of method sensitivity is difficult to assess.
Given that μ-Raman spectroscopy has a limit of
detection down to a 1−5 μm range and μ-FTIR a 10−
20 μm range, we can estimate that for some instruments,
but not always, μ-FTIR spectroscopy “misses” particles
<10 μm. This missing fraction constitutes about 4−5%
of the total particle number�according to particle size
distribution measurements, see Figure S2. These
assumptions explain the lower particle numbers
reported. However, higher particle numbers cannot be
explained by a low method sensitivity.

vi Instrument calibration could account for a rather small
contribution to uncertainty; however, this information is
lacking and needs to be individually addressed in future
ILCs.

vii Spectral library used and its accuracy.
viii Instrumental settings were recommended in the SOP

distributed to all ILC participants; however, participants
were free to use settings known to work reliably for their
laboratory. All changes were reported in a dedicated
Excel reporting sheet. For example, setting of threshold
size or matching a spectrum against a spectrum in a
spectral library could influence results a lot. However, we
could not find any correlation between instrumental
settings and results, but we assume that uncertainties
might be in the middle range of significance.

ix Precision of the software used.
4.1.4. Uncertainties Emerging from the Operator’s Work.

x Measurement repeatability can be evaluated, represent-
ing precision within a laboratory by measuring n times
(n = 6 in this ILC) the same test material but different
samples. Some laboratories reported very good repeat-
ability; however, some others reported high variations
between 6 samples.

xi Operator’s accuracy.
xii Extrapolation of results.
We assume that laboratories work in a clean environment,

but in future ILCs, background contamination should be
assessed, as well.

4.2. Tablet Dissolution. It is worth mentioning that the
filtration of tablets represents one of the most critical steps. At
BAM, we have developed a filtration procedure which is
functional; however, the loss of microplastic particles during
filtration seems inevitable. It needs to be mentioned here that
the exact filtration setup and instrumentation used to develop
the filtration protocol at BAM might be completely different
from the setup used at other laboratories. Some participants,
for example, observed particles sticking to funnel walls. This
might be one of the reasons for the large variation in particle
number concentrations. The reason for this could be
incomplete dissolution of tablets and formation of agglomer-
ates, which could explain the presence of large unexpected
“particles”. We received feedback that tablet dissolution did
not always occur as expected, and this is why the SOP was not
always followed. Some participants added either larger Milli-Q
water volumes, warmed them up, held the tablet for longer
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timeframes in Milli-Q water, or shook beakers with the tablet
inside. There is obviously much room for improvement.
4.3. Used Software for Analysis. According to some

feedback from participants, another reason for the high
discrepancy between spectroscopical methods might lie in
the use of different software and databases. While for LDIR
spectroscopy, most often used spectra interpretation software
is Microplastic Starter 1, the software used for μ-Raman and μ-
FTIR spectroscopies is often siMPle or PMF (Purency
Microplastic Finder). PMF generally tends to overestimate
detection of MPs as compared to siMPle. This fact might
explain an overall good agreement among LDIR results and, on
the other hand, high variation between μ-Raman and μ-FTIR
spectroscopies.
4.4. Correlations. To better understand why some

participants reported extremely high values (either in
thermoanalysis or vibrational spectroscopy methods), we
searched for correlations. We compared results from the
group that reported the lowest values with the group that
reported the highest values. We tried to correlate results with
all possible factors, such as the method used, instrumental
settings, laboratory experience, filters used, detection limit of
the instrument (for vibrational methods), etc. We also
compared results from automated counting approaches vs
manual counting, in the hope of finding some sort of
correlation to particle numbers. To our surprise, we could
not identify any correlation of the reported results with
anything. This leads us to the conclusion that discrepancies lie
somewhere else and that we do not know if instruments,
methods, or experience play a significant role in the obtained
results or a combination thereof. The only observation which
showed a certain degree of correlation was that more
experienced laboratories proved smaller standard deviations;
however, there was no clear direct correlation between
experience and mean values reported.

5. CONCLUSIONS
In this study, we evaluated results as mean values of each
laboratory with corresponding standard deviations based on
statistics and repeatability. Mass is an important monitoring
parameter and may be used for estimation of the occurrence of
microplastics in the environment. However, to obtain a
comprehensive picture of the occurrence, parameters such as
particle number, size distribution, and shape are also crucial.
The particles’ shape can be easily assessed by means of SEM
measurements. Here it has to be stressed that particle shape
assessment by means of SEM is only feasible if the particles’
identity is known. In a real environmental sample, such
conditions are not given and SEM assessment is not
meaningful. Accurate measurement of particle number
concentration represents a huge challenge since it is very
difficult to count all particle sizes. Dissolution of tablets
represents a huge bottleneck for SEM analysis, being the most
important step in the preparation of particles for measurement.
Only a complete dissolution of tablets can guarantee that no
other particles, except polymer particles, are left on the filter.
Unfortunately, many participants reported incomplete tablet
dissolution, and we assume that this might be the highest
impact on variation in particle numbers reported by ILC
participants. The lesson learned here is that more easily
dissolvable tablets should be used.

Besides, as discussed above, it is important to consider the
software and database used for the analysis of particle number
as one of a variety of factors.
Today, microplastic analysis is still in its infancy, despite

numerous studies on the topic, including the present ILC.
Currently, key directions in this field are being established,
methods are being validated, and reference materials (RMs)
are under development. This process may take another 10
years to fully mature. However, with this study, we have moved
closer to understanding major challenges, such as sources of
measurement uncertainties in microplastic analysis. This issue
must be explicitly addressed in future ILCs.
Real progress can only be made by investigating true values,

which is achievable either by using certified reference materials
(CRMs) or by assessing a comprehensive uncertainty budget.
Similar challenges are likely to arise in the next related
analytical task: the accurate measurement of nanoplastics. This
study also serves as a strong foundation for future research on
nanoplastics.
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prüfung (BAM), 12205 Berlin, Germany

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.analchem.4c05403

Author Contributions
Dmitri Ciornii, Vasile-Dan Hodoroaba, and Korinna Altmann
have conceived and written the manuscript, with support from
all the coauthors. All authors either performed important
experimental work, data analysis, and/or edited and corrected
the manuscript or provided valuable comments on data, which
are included in the Discussion section.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors acknowledge the CUSP Cluster39 and Plastics-
FatE40 Project and the European Union’s Horizon 2020
Research and Innovation programme, under the Grant
Agreement number 965367, for funding. They express their
acknowledgements to the Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation)�project number
391977956�SFB 1357. They are thankful to Andrea Mario
Giovannozzi�as the Chair of VAMAS TWA 45�and Sam
Gnaniah as the VAMAS Secretary for their continuous support
during the VAMAS project. They also acknowledge the
following projects: Polyrisk and PlasticTrace. Polyrisk has
received funding from the European Union’s Horizon 2020
Research and Innovation program, under the Grant Agreement
number 964766. The project 21GRD07 PlasticTrace has
received funding from the European Partnership on Metrology,
cofinanced by the European Union’s Horizon Europe Research
and Innovation Programme and by the Participating States.
The authors also acknowledge the National Natural Science
foundation of China (No. 22276179), National institute of
Fisheries Science, Ministry of Oceans and Fisheries, Korea
(R2025015), Dutch Ministry of Agriculture, Fisheries, Food
Security and Nature (KB-50-005-002, BO-64-101-008), Euro-
pean Commission Horizon 2020 project PLASTICHEAL GA:
965196, Ocean Program at the National Research Council
Canada (NRC), Government of Canada’s Advancing a
Circular Plastics Economy for Canada Program, Investitions-
und Förderbank Niedersachsen, NBank Günther-Wagner-Allee
12-16 30177 Hannover Project number: ZW2-80161583, SIS
PairUp project (grant number 122007), plastPoll21 project
(grant number 322191), Norwegian Research Council, Na-
t ional Key Research and Development Program
(2023YFF0614200), 2024 Sprout Plan of Beijing Academy
of Science and Technology (24CE-BGS-10), EU Horizon2020
AURORA, grant agreement No. 964827, JPI-Oceans FACTS,
BMBF 03F0849C, German Helmholtz Association, Galician
Government (Xunta de Galicia), Grant ED431C 2021/56,
National Research Foundation of Korea (NRF) grant funded
by the Korea government (MSIT) (no. RS-2024-00356940),
“Land/Sea-based input and fate of microplastics in the marine
environment (no. 20220357)” of the Korea Institute of Marine
Science & Technology Promotion (KIMST) funded by the
Ministry of Oceans and Fisheries, European Partnership on
Metrology, 10.13039/100019599, and IMPTOX European
Union’s Horizon 2020 research and innovation program (grant
number 965173). Many thanks are due to Paul Eisentraut,
Tassilo Wanjek, Kay Matzdorf, and Frank Milczewski for their
support in tablet production and homogeneity studies.

■ REFERENCES
(1) Thompson, R. C.; Courtene-Jones, W.; Boucher, J.; Pahl, S.;
Raubenheimer, K.; Koelmans, A. A. Science 2024, 386 (6720),
No. eadl2746.
(2) Versailles Project on Advanced Materials and Standards (VAMAS).
http://www.vamas.org/.
(3) SB 1422: California Safe Drinking Water Act: Microplastics, 2018.
https://www.waterboards .ca .gov/drinking_water/cert l ic/
drinkingwater/microplastics.html.
(4) Wyer, H.; Polhemus, D.; Moore, S.; Weisberg, S. B.; Coffin, S.;
Rochman, C. M. Appl. Spectrosc. 2020, 74 (9), 971−975.

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.4c05403
Anal. Chem. 2025, 97, 8719−8728

8727

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anja+Ramsperger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martin+G.+J.+Lo%CC%88der"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9056-8254
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christian+Laforsch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tanja+Cirkovic+Velickovic"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniele+Fabbri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Irene+Coralli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2099-1302
https://orcid.org/0000-0002-2099-1302
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefania+Federici"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7118-8766
https://orcid.org/0000-0001-7118-8766
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Barbara+M.+Scholz-Bo%CC%88ttcher"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3287-4218
https://orcid.org/0000-0002-3287-4218
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jacopo+la+Nasa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Greta+Biale"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cassandra+Rauert"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2543-9023
https://orcid.org/0000-0002-2543-9023
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elvis+D.+Okoffo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8773-9761
https://orcid.org/0000-0001-8773-9761
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+Undas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lihui+An"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Volker+Wachtendorf"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9549-7416
https://orcid.org/0000-0001-9549-7416
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Petra+Fengler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c05403?ref=pdf
https://doi.org/10.1126/science.adl2746
https://doi.org/10.1126/science.adl2746
http://www.vamas.org/
https://www.waterboards.ca.gov/drinking_water/certlic/drinkingwater/microplastics.html
https://www.waterboards.ca.gov/drinking_water/certlic/drinkingwater/microplastics.html
https://doi.org/10.1177/0003702820946033
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.4c05403?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(5) EU Restrictions on Certain Single-Use Plastics: Information and
Resources on the New EU Rules on Single-Use Plastics. https://
environment.ec.europa.eu/topics/plastics/single-use-plastics/eu-
restrictions-certain-single-use-plastics_en.
(6) Water Framework Directive. https://environment.ec.europa.eu/
topics/water/water-framework-directive_en.
(7) Urban Wastewater: Council and Parliament Reach a Deal on New
Rules for More Efficient Treatment and Monitoring. https://www.
consilium.europa.eu/en/press/press-releases/2024/01/29/urban-
wastewater-council-and-parliament-reach-a-deal-on-new-rules-for-
more-efficient-treatment-and-monitoring/.
(8) Commission, E. Supplementing Directive (EU) 2020/2184 of the
European Parliament and of the Council by Laying Down a Methodology
to Measure Microplastics in Water Intended for Human Consumption,
2024.
(9) ISO/FDIS 24187 Principles for the Analysis of Microplastics Present
in the Environment. https://cdn.standards.iteh.ai/samples/78033/
c8de16c834f94a3c965041c53e040390/ISO-FDIS-24187.pdf.
(10) Ivleva, N. P. Chem. Rev. 2021, 121 (19), 11886−11936.
(11) Silva, A. B.; Bastos, A. S.; Justino, C. I. L.; da Costa, J. P.;
Duarte, A. C.; Rocha-Santos, T. A. P. Anal. Chim. Acta 2018, 1017,
1−19.
(12) Shim, W. J.; Hong, S. H.; Eo, S. E. Anal. Methods 2017, 9 (9),
1384−1391.
(13) Hanvey, J. S.; Lewis, P. J.; Lavers, J. L.; Crosbie, N. D.; Pozo,
K.; Clarke, B. O. Anal. Methods 2017, 9 (9), 1369−1383.
(14) Zarfl, C. Anal. Bioanal. Chem. 2019, 411 (17), 3743−3756.
(15) Möller, J. N.; Löder, M. G. J.; Laforsch, C. Environ. Sci. Technol.
2020, 54 (4), 2078−2090.
(16) De Frond, H.; Rubinovitz, R.; Rochman, C. M. Anal. Chem.
2021, 93 (48), 15878−15885.
(17) Tagg, A. S.; Sapp, M.; Harrison, J. P.; Ojeda, J. J. Anal. Chem.
2015, 87 (12), 6032−6040.
(18) Renner, G.; Sauerbier, P.; Schmidt, T. C.; Schram, J. Anal.
Chem. 2019, 91 (15), 9656−9664.
(19) Ziani, K.; Ionita-̆Mîndrican, C.-B.; Mititelu, M.; Neacsu, S. M.;
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