n w University of Applied Sciences and Arts Northwestern Switzerland
School of Engineering

Project report

Selection of Suitable Detection
Methods for Microplastics

Figure 1: lllustration of the project (Furrer, 2025)
Document name Project report MSE-P7-Haag
Client FHNW IBRE

Project leader Lukas Haag

Project coach Prof. Dr. Petar Mandaliev, FHNW
Responsible for the module Daniel Weiss, FHNW

Study program MSE in Energy and Environment
Version Submission V2

Start date 15.09.2025

End date 15.02.2026



Management Summary

Management Summary

Initial Situation and Goal

The increasing occurrence of microplastics in environmental compartments such as water,
soil, air, and food represents a growing challenge for environmental science and policy. Mi-
croplastics originate both from the degradation of larger plastic fragments and from the direct
release of primary particles. They enter the environment through pathways such as
wastewater, tire abrasion, and atmospheric transport, where they accumulate over long pe-
riods of time. Despite their ecological relevance, reliable detection and quantification of mi-
croplastics are hampered by methodological variability, the lack of standards, and hetero-
geneous sample matrices. The wide range of available analytical methods results in
datasets that are not directly comparable, thereby limiting the interpretability of current as-
sessments. The aim of this project is therefore to systematically document and evaluate
existing measurement methods in order to support the development of standardized and

practice oriented analytical approaches.

Methodology
This thesis is based on a comprehensive literature review and specifically investigates how
different environmental media, including air, water, soil, and food, can be analysed for mi-

croplastics.

Results

The analysis shows that a variety of sampling methods exist for the collection of microplastic
samples, each of which is highly specialized and tailored to the respective environmental
medium. In addition, different approaches to sample preparation are applied, likewise spe-
cific to the individual matrices, enabling the subsequent use of various analytical techniques
depending on the respective research question. At the same time, it became evident that
the issue of cross contamination is frequently neglected in many studies, particularly during
the sampling stage. Due to insufficient documentation and inconsistent definitions of micro-

plastics, studies are therefore in some cases difficult or even impossible to compare.
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Conclusion

The literature demonstrates that the lack of standardization remains a central challenge in
microplastic analysis and significantly limits comparability between studies. Differences in
sampling and detection methods indicate that no universal analytical strategy exists and that
method selection must always be adapted to the research question, the sample matrix, and
the particle size range of interest. The guidelines of the BMBF status paper (Braun, 2020)
emphasize the importance of a uniform presentation of results and the separate reporting of
particle number and mass, while conversions between these parameters should be avoided
due to high associated uncertainties. Consistent quality control, particularly regarding pre-
venting cross contamination during sampling (Cruz-Salas et al., 2023), is essential to obtain
reliable results. The developed flowchart supports structured methodological decision mak-
ing and contributes to transparency and comparability in microplastic related studies, but it

does not replace detailed method planning.
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Table 1: Glossary
Word Explanation

Anodisc filter

Inorganic membrane filter made of aluminium oxide, commonly used

for fine particle filtration.

Blank filters

Control filters used to detect contamination during sample pro-

cessing.

Blank sample

Control sample processed without environmental material to assess

background contamination.

Doppler current profiling

Measurement of water current velocities using the Doppler effect.

Environmental contaminant

A substance present in the environment that can cause adverse ef-

fects.

Fenton reaction

Advanced oxidation process using hydrogen peroxide and iron ions

to degrade organic matter.

Fluorescence

Emission of light by a substance after excitation by radiation.

Large microplastic (LMP) Microplastic particles larger than 1 mm.
Microplastic Plastic particles with a size range from 1 ym to 5 mm.
Nanoplastic (NP) Plastic particles smaller than 1 um.

Particulate matter with aerodynamic diameters < 10 pym and < 2.5
PM10 & PM2.5

pm.

A plot showing the thermal degradation behavior of a sample, repre-
Pyrogram senting the intensity of pyrolysis products as a function of tempera-

ture or time.

Small microplastic (SMP)

Microplastic particles smaller than 1 mm.

Xi
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Table 2: Abbreviation List
Abbreviation Explanation
CL Confidence Limit
Dl-water Deionized water
FTIR Fourier Transform Infrared Spectroscopy
ISO International Organization for Standardization
LMP Large microplastics
MP Microplastics
NOAA National Oceanic and Atmospheric Administration
NP Nanoplastics
PM 10 Particulate Matter with aerodynamic diameter <10 ym
QA/QC Quality Assurance / Quality Control
Raman Raman Spectroscopy
SEM Scanning Electron Microscopy
SMNP Small micro- and nanoplastics
SMP Small microplastics
wt% weight percent

Xii



Introduction

1 Introduction

This chapter explains the topic and objectives of the study. It also provides a clear overview

of the structure of the thesis.

1.1 Initial Situation

The increasing presence of microplastics (MP) in various environmental compartments,
such as bodies of water, agricultural soils and crops, poses an increasing challenge to sci-
ence and environmental policy. MP particles are formed either by the breakdown of larger
plastic fragments or by being released directly into the environment as primary particles.
They enter the entire environment through a variety of pathways, such as wastewater, tyre
abrasion, the breakdown of larger plastics into smaller and smaller particles, and atmos-
pheric transport. They can then accumulate in soil and water over long periods of time.
Given their ecological relevance, the development and evaluation of reliable methods for
detecting, quantifying and characterizing MP is becoming increasingly important. However,
the scientifically sound detection of these particles is hindered by methodological differ-
ences, inconsistent standards and varying sample properties. The multitude of available
analytical approaches, including spectroscopic, thermoanalytical, imaging, and fluores-
cence-based methods, leads to heterogeneous data, making it difficult to directly compare
results and standardize the assessment of pollution.

To obtain reproducible, practical and meaningful data, it is essential to systematically com-
pare existing measurement methods. Only through the development and application of
standardized protocols can a reliable basis be created that enables the consistent assess-
ment of MP pollution in environmental resources, thus supporting regulatory decisions.
Against this background, the present project aims to systematically document current meas-
urement methods for determining MP in water, soil, air and food, and evaluate their suitability
for practical environmental analysis. The project's specific objectives are explained in more

detail in the following chapter.
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1.2 Aims of the Project

The P7 project aims to systematically record and evaluate the suitability of current meas-
urement methods for determining MP in water, soil, air and food for practical environmental
analysis. The focus is on analysing well-established methods from the fields of spectros-
copy, thermal analysis, imaging and fluorescence. By comparing these methods specifically
with the requirements of MP-specific environmental analysis, the project will create a sound
basis for decision-making in future investigations.
The project's specific objectives can be summarized as follows:
e Conducting a comprehensive literature review on spectroscopic, thermoanalytical,
imaging, and fluorescence-based analytical methods.
e Systematically recording the currently available measurement methods for deter-
mining MP in water, soil, air, and plants.
e Critical evaluation of the methods in terms of applicability, significance, detection
limits, and practical relevance.
e Comparison of the identified methods with the requirements and typical questions
of MP-specific environmental analysis.
e Derivation of a scientifically sound basis for decision-making for the selection

of suitable analysis methods in environmental research.

1.3 Report Structure

This report is structured as follows: First, there is an introduction to the topic and a descrip-
tion of the methodology employed in this study. Next, the definitions of MP found in the
literature are presented, alongside the definition that will be used in this and future studies.
Having clarified the definition of MP, Chapter 4 then examines various media, including air,
liquid, soil and food. It demonstrates how these media are analysed for MP in the literature.
Having described the available analysis methods, the next key aspect addressed is the re-
duction of cross-contamination, to ensure that the results accurately reflect actual MP quan-
tities. Chapter 6 describes how the measuring instruments used in the literature to analyse
MP sample’s function and what their relevant parameters are. Building on this, Chapter 7
explains how to create a flowchart to inform the selection of a method. Finally, Chapter 8

discusses the results and Chapter 9 draws a conclusion.
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2 Methodology

This project's methodological approach is based on a systematic and comparative analysis
of the measurement methods for determining MP in various environmental compartments,
as described in the specialist literature. The aim was to gain a comprehensive and structured
understanding of the current state of research and derive conclusions for practical environ-

mental analysis.

2.1 Literature Review

The first step was to conduct a literature review to establish the current state of research in
MP analysis. This involved evaluating scientific articles, technical reports, and standards.
The literature was selected based on the following criteria:
e Relevance to the quantitative or qualitative determination of MP in environmental
samples.
e Description of established or newly developed measurement methods.
e Information on performance parameters, such as detection limits, reproducibility and
scope of application.

e Relevance to practical environmental analysis.

2.2 Categorization of Measurement Methods

The identified methods were categorized according to their underlying analytical technique.
Four main groups were formed:

e Spectroscopic methods (e.g. FTIR, Raman and NIR spectroscopy)

e Thermoanalytical methods (e.g. pyrolysis GC/MS, DSC and TGA)

e Imaging methods (e.g. light and electron microscopy)

e Fluorescence-based methods (e.g. Nile red staining and fluorescence microscopy).
This classification enables a structured comparison of the respective strengths, weaknesses

and fields of application.
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2.3 Evaluation and Comparison

The methods were evaluated using qualitative and quantitative criteria based on the require-
ments of MP-specific environmental analysis. The following aspects were particularly im-
portant:

e Sample preparation and processing

e Detection and quantification options

e Material and particle size determination

e Time required

16
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3 Classification of Plastic Sizes

This chapter classifies the various size categories of plastic to ensure consistent terminology
in this thesis and future master's degree projects. This is necessary because, at the time of
writing this thesis between autumn 2025 and January 2026, there are still no defined stand-
ards for the size categories of macro-, meso-, micro- and nanoplastics. In the field of MP,
different definitions are used in the literature, depending on the source. However, this vari-
ation occurs primarily in the definition of MP.

According to Loganathan and Kizhakedathil's definition, plastic fractions larger than 1 m are
classified as mega. Particles larger than 25 mm are classified as macro, while those between
5 mm and 25 mm are classified as meso. Particles smaller than 5 mm are classified as
micro, while particles smaller than 1 um are classified as nano(Loganathan & Kizhakedathil,
2022). According to ISO 24187:2023, the International Organization for Standardization
standard, the category of MP is further subdivided. Large MP are defined as particles in the
size range of 1-5 mm, while small MP are defined as particles in the size range of 1 ym to
1 mm (International Organization for Standardization, 2023). The definition of MP as parti-
cles smaller than 5 mm stems from the fact that marine organisms can ingest particles of
this size and smaller. This definition was first introduced by the U.S. National Oceanic and
Atmospheric Administration (NOAA) in the 1990s and has since been adopted by many
others (Thompson et al., 2024).

In addition to sources that propose classifying MP as particles smaller than 5 mm, there are
also approaches that set the limit at 1 mm. One example of this is the definition used by
LabPlas. This definition focuses more closely on ISO filter size standards, ensuring that the
results are compatible with various plastic classifications. At the same time, it excludes in-
dustrial plastic pellets, which have a different chemical composition to plastic that has de-
composed due to environmental influences. Furthermore, the LabPlas consortium subdi-
vides MP into smaller groups. It is one of the groups of scientists that introduced the term
small micro- and nano-plastics (SMNP), which is now widely used to distinguish between
the different routes by which plastic particles can be exposed to. Particles larger than 10 um
cannot usually penetrate biological membranes. Modern filtering and analysis methods have
lowered the detection limit from around 100 um (e.g. plankton nets) to around 10 ym. This
size range corresponds to the maximum particle size that most zooplankton species can

ingest and that mussels can efficiently retain. The 10 um threshold is also a well-known
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reference point in fine dust monitoring (PM10, PM2:5), for example. Below this value, electro-
static surface charges become relevant, causing particles to aggregate with organic mate-
rial, another potential exposure route for aquatic organisms. Taking these factors into ac-
count, the LabPlas consortium defines SMP as plastic particles measuring less than 10 ym
(LabPlas project, 2024).
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Figure 2: Methods for Classifying Plastic Particle Sizes and Detection Techniques (LabPlas project, 2024)

The above Figure 2 illustrates the two most common plastic classification systems, as ex-
plained in the text. It also shows the methods used to characterize different plastic fractions
and the sampling techniques employed to detect them in environmental media. Larger plas-
tic fractions, such as macro- and mesoplastics, can be collected relatively easily using nets
or manual collection. Smaller particles, such as micro- and especially nanoplastics, require
more complex detection methods, including Raman or FTIR spectroscopy, as well as elec-
tron or atomic force microscopy. Thus, the graph highlights the close link between size clas-
sification, the detection limits of sampling methods, and the analytical techniques required
for reliable identification.

However, to ensure consistent use of the term MP in this work, a clear definition must be
established. The most common definition in the literature considers particles smaller than
5mm till 1 um, which will also be applied here. This ensures consistent terminology and

comparability with other studies.
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4 Sampling and Detection of Plastic in Various Media

This chapter discusses how the various plastic fractions can be collected and detected in
different environments. MP have become a widespread environmental contaminant that en-
ters all environmental matrices via various pathways. It is present in the air, soil, liquids and,
ultimately, living organisms and food. In addition to direct environmental input, the entire
processing chain and food contact materials play an important role as sources of MP con-
tamination in relation to food.

Modern MP sampling is based on three fundamental strategic approaches, which are ap-
plied differently depending on the matrix under investigation and analytical objectives. Se-
lective sampling focuses on the direct collection of visually identifiable particles and is pri-
marily suitable for MP fragments measuring 1-5 mm. This method is best suited to surface
sediments and is particularly effective for larger plastic particles (ITRC (Interstate Technol-
ogy Regulatory Council), 2023; Loder & Gerdts, 2015; Sharma et al., 2024).

In volume-reduced sampling, the total volume of the sample is reduced during the sampling
process through in-situ filtration, with only a representative portion retained for further anal-
ysis (Crawford & Quinn, 2017; Weber & Kerpen, 2022; Zobkov & Esiukova, 2018).

Bulk sampling captures the entire sample volume without reducing it during the process.
Although this comprehensive method ensures that all particle size classes are fully pre-
served and minimises selective losses, it requires more complex downstream processing

steps (Campanale et al., 2020; ITRC (Interstate Technology Regulatory Council), 2023).

4.1 Microplastics in Liquids

This subchapter focuses on MP in liquids and the methods used to detect them.

4.1.1 Sampling for Various Water Bodies

Sampling MP in liquid media is one of the most complex challenges in modern environmen-
tal analysis. Highly standardised protocols are required to ensure comparable, reproducible
and scientifically reliable results (Almuhtaram et al., 2022; ASTM International, 2020). The
considerable heterogeneity of particle size, ranging from macroscopic plastic fragments to
MP and nanoparticles, as well as the diversity of aquatic environments, requires specific
sampling strategies tailored to each location.
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Freshwater systems

Water surface sampling

openings. 600x600 mm
nets. 500 pm, 250 pm
buoyant bodies

fins

inclination rack
mechanical low meter

Middle of water column

openings 600x800 mm
nets: 500 pm, 250 ym
optional 41 pm net

fins

inclination rack
mechanical flow mater

Near-bed sampling

basket sampler

heavy loads

opening 300x600 mm

net: 500 pm
fins

mechanical flow meter

Figure 3: Multi-Depth-Net-method for sampling MP (Lenz et

al., 2022).

Pump-method:

Most studies of MP in aquatic
environments use various
types of net (e.g. manta nets)
for sampling purposes. How-
ever, in recent years, pump-
driven, fractionated filtration

systems (Figure 4) have be-

Rubber hose

Flow direction

come increasingly popular. 8 ™

One such system was devel-

Figure 4:

Multi-Depth-Net-method:

Multi-depth net methods (Figure 3) allow for
simultaneous sampling at different depths,
as well as the collection of data using nets
with different mesh diameters at the same
depth. The average measurement time per
sampling point is 20—45 minutes, depending
on flow velocity and turbidity (i.e. the risk of
clogging). Sample volume is determined us-
ing mechanical flowmeters, with additional
acoustic Doppler current profiling (ADCP)
providing increased accuracy. While the net
sampling method is highly practical for taking
representative samples across the cross-
sectional area of a body of water, it requires
complex logistical preparation and time-con-

suming net cleaning (Lenz et al., 2022).

Stand for filter cascade Water meter

-

Rubber hose

Filter cascade
300-100-50 ym

Flow diraction

Jet pump .; \.

PVC hose for
effluent

Generator

Pump-method for sampling MP (Lenz et al., 2022)

oped by WESSLING Hungary Ltd. Its compact design makes it suitable for sampling from

smaller boats, as well as from the shore. A generator-powered jet pump sucks in surface

water through a foot valve with a 1 mm pre-filter and feeds it through rubber hoses to stain-

less steel filters. Filtration is carried out using 10-inch cartridges with mesh sizes of 300 um,

100 ym, and 50 pm. This concept was developed in close collaboration with the project
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partners. During in situ fractionated filtration, at least 1,000 litres of water were filtered to
capture particles in the size range between 50 ym and 1 mm. The sample volume was

determined using a flow meter (Lenz et al., 2022).

Sedimentation box:

This passive sampling device, illustrated in Figure 5, is used to collect particulate matter,
including MP, suspended in water. It works by reducing the flow velocity inside its chambers
so that fine particles, such as MP, can settle out of the water column and be collected. The
box is placed in the main current at a depth of around 60 centimetres for approximately two
weeks. There are six inlet openings at the front through which river water flows, passing

through a total of six chambers before exiting the box through four outlet openings.

Closed state of the adapted SB
and schematical simplified
sampling method

Opened state of the adapted SB
and dimensions
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Figure 5: Sedimentation box for sampling MP (Lenz et al., 2022)

Once the exposure period has ended, all openings are closed and the collected sediments
and particles are transferred to the laboratory by decanting. The box can be attached to
various fixed points, such as pontoons or buoys. To ensure a representative measurement,
a moderate flow velocity of between 0.5 and 1.0 meters per second is recommended. At
higher flow velocities, some openings can be closed with silicone plugs to minimize turbu-

lence and sample loss (Lenz et al., 2022).
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Figure 6: Comparison of Different Sampling Methods in Running Waters (Lenz et al., 2022)

The three methods of sampling MP differ significantly in terms of the effort involved, how
practical they are, and how informative they are. This is illustrated in a simple way in Figure
6. Although net sampling is complex, preparation and cleaning are efficient. The high exper-
tise and permit requirements reduce its practicality but enable representative sampling
across the entire water column and river cross-section. This method tends to capture larger

particles, ranging from 500 to 5,000 micrometres in size.
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The pump method is easier to use and incurs moderate costs. It requires less expertise, is
versatile and can capture even smaller particles, between 50 and 1,000 micrometres. It is
possible to take representative samples across the water column, and the sample volume
can be determined more precisely than with the sedimentation box.

The sedimentation box is characterised by its straightforward handling and low cost, requir-
ing hardly any special skills or permits. However, it is only suitable for qualitative trend anal-
yses as it is difficult to collect samples across the water column and river cross-section, and
the sampling volume is unknown. It mainly collects very small particles under 1 cm (Lenz et
al., 2022).

Standard ASTM D8332-20:

In addition to the sampling methods mentioned above, there is a standardised sampling
method (ASTM D8332-20) for collecting and quantifying MP particles (less than 5 mm) and
fibres (less than 15 mm with an aspect ratio of 30:1) in various water matrices. Approved on
15 July 2020 and published in August 2020, the standard was developed by ASTM Interna-
tional, a US organisation based in West Conshohocken, Pennsylvania. ASTM collaborates
closely with the US Environmental Protection Agency and other national and international
organisations.

ASTM D8332-20 was developed in accordance with the internationally recognised principles
of standardisation set out in the World Trade Organization Technical Barriers to Trade Com-
mittee's Decision on Principles for the Development of International Standards. The method
has been validated for drinking water, surface water, wastewater (inflow and outflow) and
seawater, and can be applied to other aqueous matrices, provided its applicability is demon-
strated (Advanced Standards Transforming Markets, 2025).

Sampling is carried out in accordance with ASTM D8332-20 by filtering water samples
through stainless steel sieves of different mesh sizes. The procedure varies depending on
the content of suspended solids in the water matrix and is divided into three categories. The
method also depends on whether the system under investigation is under pressure. The

structure of the measurement method is shown in the following Figure 7.
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Figure 7: Setup of the Sampling Method According to ASTM D8332-20 (Advanced Standards Transforming Markets, 2020).

For water with a high suspended solids content, such as wastewater inflows, continuous
sampling is carried out over a 24-hour period. Eight stainless steel screens with mesh sizes
of 20 pym, 50 pm, 150 pum, 300 pm, 500 pm, 1000 pm and 5000 pym are prepared and cleaned
first, according to laboratory standards. The screens are then stacked in descending order
of pore size, with the screen with the smallest mesh size at the bottom. The stack is then
placed in a 5-gallon metal container equipped with either a drain valve and spacers or
20 3/8-inch-diameter holes in the bottom to allow water to flow through. A stainless steel
submersible pump conveys the wastewater through stainless steel pipes to the screen stack
at a flow rate of approximately one gallon per minute. A flow control valve regulates the flow
rate and a flow meter records the processed volume, with a target of 1,440 gallons
(approximately 5,450 litres) over 24 hours, allowing for a tolerance of +5 percent. A digital
timer restricts the pump's operation to three-hour segments within the 24-hour period. After
each three-hour segment, the screens are visually inspected for clogging. If clogging is
imminent, the screen is rinsed with a minimal amount of reagent water and the contents are
transferred to a 0.25 litre glass collection vessel (petri dish), which is then stored at4 + 2 °C.
After 24 hours, the water flow is stopped and the total flow volume is documented. The petri
dishes are labelled with the sampling location, screen size and processed water volume.
The contents of each sieve fraction are rinsed with a minimal amount of reagent water,

sorted by sieve size and transferred to separate petri dishes.
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These are then stored at 4 +2 °C. If desired, all sieve fractions can be combined by rinsing
and transferring them to the same petri dish.

For water with medium suspended solid content, such as surface water and secondary-
treated wastewater, four stainless steel screens with mesh sizes of 5,000 um, 500 ym, 150
pMm and 20 um are used. The cleaned screens are stacked in descending order of pore size
and placed in a 5-gallon metal container. Water is pumped through the sieve stack, and the
processed volume is controlled to 1,500 L within 5 percent. After filtration, the retained
material from each screen is rinsed with reagent water and transferred to separate 0.25 L
glass collection dishes, labelled accordingly and stored at 4 + 2 °C. If required, all sieve
fractions may be combined into a single collection dish.

For water with low to very low suspended solid content, such as drinking water and tertiary-
treated wastewater, two stainless steel screens with mesh sizes of 300 um and 20 ym are
used. The cleaned screens are stacked with the larger mesh on top and placed in a 5-gallon
metal container equipped with a drain. Water is pumped through the sieve stack, and the
processed volume is controlled to 1,500 L within 5 percent. After filtration, the retained
material from both screens is rinsed with reagent water, combined in a 0.25 L glass collec-
tion dish, labelled accordingly, and stored at 4 + 2 °C.

In all three sampling methods, it is crucial to measure the water flowing through the screens
in order to record the total volume and enable the calculation of the number of particles and
fibres per unit volume or mass per unit volume. For water with a high suspended solids
content, the flow rate through the sieves must be monitored and regulated appropriately to
prevent clogging of the perforations in the sieves. If clogging occurs, the flow volume must

be reduced and recorded (Advanced Standards Transforming Markets, 2020).

Drinking water-sampling

Sampling to determine the presence of MP in drinking water is carried out in accordance
with the standard procedure set out in Commission Delegated Decision (EU) 2024/1441. At
the sampling point, water is pumped directly through a specified filter cascade. This consists
of four filters connected in series, which have different pore sizes and functions. The first
two filters collect MP, while the other two act as procedural blanks (control filters) to detect
possible background contamination (Commission Delegated Decision (EU) 2024/1441 of 11
March 2024 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).
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Two main filters are used for collection: the first has a pore size of 100 um and the second
has a pore size of 20 ym. This enables MP and fibres ranging from 20 ym to 5 mm in size
(particles) and up to 15 mm in length (fibres) to be collected. This is followed by two further
20 um filters, which are used exclusively for contamination control.

The filters are made of materials that are as chemically stable and inert as possible, primarily
polycarbonate (PC) or polyether sulfone (PES). This choice of material prevents the release
of particles and minimises chemical interactions with the MP to be examined in the water.
In certain cases, glass fibre or stainless steel can be used as filter material, provided they
do not introduce any analytically interfering substances. The holders and connecting ele-
ments are preferably made of glass, stainless steel or other proven low-contamination ma-
terials. Plastic components are only used when unavoidable, and only if it can be proven
that no MP are released.

The filters are inserted into specific pressure filter holders that are mounted directly onto
pipes or taps. Water flows through the filters under pipe pressure, one after the other, with
each filter being precisely numbered and the installation steps documented in detail. Before
sampling, the filter holders and all equipment are thoroughly cleaned. After filtration, the
filters are airtightly sealed in glass or metal containers and transported to the laboratory to
minimise contamination. The sampling environment, clothing, gloves and materials used are
also selected in such a way that additional sources of foreign plastic are excluded as far as
possible.

A minimum volume of 1,000 litres of water is filtered directly for each sample in order to
capture as many types of MP as possible. If direct filtration is not possible, the water can be
stored temporarily under controlled conditions. All liquids used for cleaning or as reagents
are purified in advance using a 0.45 um filter. The work steps are consistently documented
to make the sampling process transparent and traceable (Commission Delegated Decision
(EU) 2024/1441 of 11 March 2024 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).
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4.1.2 Sample preparation in Liquids

Freshwaters-systems:

The preparation and analysis of MP samples vary considerably depending on the sampling
method used, requiring specific preliminary steps prior to instrumental analysis.
Multi-Depth-Net-method:

The preparation process begins with the pre-cleaning of the collected samples, which is
specific to the method used. Net samples contain heterogeneous mixtures of particles with
a high level of organic contamination, necessitating multi-stage preparation. First, any visible
MP particles measuring over 20 mm are removed mechanically. This is followed by enzy-
matic or chemical digestion using Fenton's reagent (H,O,/Fe?*), which oxidizes organic con-
taminants. Subsequent density separation in a ZnCl, solution (1.7 kg/L) then separates the
MP particles from the mineral components due to their differing densities (Lenz et al., 2022).
Pump-method:

Pump samples are characterized by a homogeneous size distribution and reduced bycatch,
which simplifies processing. The particles can be applied directly to Anodisc filters (0.2 ym
pore size) via vacuum filtration and fed into spectroscopic analysis without the need for time-
consuming pre-cleaning. This efficient preparation method reduces both sample losses and
contamination risks (Lenz et al., 2022).

Sedimentation box:

Sedimentation box samples mainly contain inorganic impurities and are first homogenized.
Fractionation is carried out using stainless steel sieves (1000 ym, 500 ym and 100 um) for
size separation. The fractions are then separated by density separation in a CaCl, solution,
after which they are purified by H,O, oxidation. Finally, they are prepared on aluminium
oxide filters (Lenz et al., 2022).

Standard ASTM D8332-20:

Unfortunately, the standard does not specify any concrete steps for preparing samples for
laboratory analysis, nor the method for subsequent analysis. When asked about sample
preparation, ASTM International, did not respond.

Drinking water-systems:

Since drinking water is already clean, no further steps are necessary after sampling to pre-
pare the sample for analysis. However, if the technical properties of the filters or the pres-
ence of interfering substances make direct analysis difficult, the MP particles are removed
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from the filters using density separation or chemical-enzymatic cleaning, before being trans-
ferred to an alternative carrier (Commission Delegated Decision (EU) 2024/1441 of 11
March 2024 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).

4.1.3 Detection of Microplastics in Liquids
Freshwater-systems:

FTIR microscopy as an analytical method

FTIR microscopy has established itself as the standard analytical method for all three sam-
pling methods. The method combines optical microscopy with infrared spectroscopy for the
simultaneous morphological and chemical characterization of MP particles. Modern focal
plane array (FPA) detectors capture up to 16,384 spectra simultaneously and enable the
automated analysis of large filter areas (up to 13x13 mm) with spatial resolutions of 25 um.
The method-specific analysis strategy takes into account the different particle size spectra:
net samples (500-5000 pm) require full-area analysis due to heterogeneous distribution,
pump samples (50-1000 pm) allow representative partial area measurements, while sedi-

mentation box samples (<1 cm) are measured in their entirety (Lenz et al., 2022).

Automated evaluation and quality control

Spectral analysis is performed using reference libraries containing over 200 polymer types
and machine learning algorithms for the detection of environmentally degraded particles.
Systematic quality control through blank samples, recovery tests, and interlaboratory com-
parisons ensures reproducible results. Detection limits vary depending on the method used,
with FTIR analysis capable of detecting particles down to 10 um, although smaller fractions
become increasingly difficult to identify. Two laboratory approaches are available for mesh
samples: Lab Method A analyses the entire filter surface fully automatically using FTIR and
systematically detects all larger particles. Lab Method B uses manual selection of individual
conspicuous particles under a light microscope and examines them specifically using ATR-
FTIR. Method A allows comprehensive quantification, while Method B ensures targeted pol-
ymer identification but may overlook smaller or less conspicuous particles. This information

is illustrated in the Figure 8 below (Lenz et al., 2022).
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Figure 8: Comparison of Sample Preparation Methods for Analysis (Lenz et al., 2022)

Standard ASTM D8332-20:

Unlike the other two sections and their sources, ASTM D8332-20 does not specify how
samples should be prepared for analysis to minimise foreign contamination; it refers to sub-
sequent analysis methods instead. After sampling, the samples are stored in petri dishes at
4 + 2 °C and then prepared for analysis as a separate step.

Three main analysis methods are mentioned. Pyrolysis gas chromatography/mass spec-
trometry (Py-GC/MS) can be used to determine the mass of MP in a sample. Spectroscopic
methods such as infrared (IR) spectroscopy and Raman spectroscopy can be used to count
the number of particles and fibres in a sample and identify the polymer type. If desired,
suitable instruments such as a scanning electron microscope (SEM) can be used to deter-

mine the size, shape, and surface characteristics of MP particles and fibres.
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The standard emphasises that all particles smaller than 5 mm in their largest dimension and
fibres shorter than 15 mm in length should be retained for preparation and analysis. Spec-
troscopic methods allow the quantity (mass or number) and composition (polymer type) of
MP particles and fibres to be determined. The choice of analysis method depends on the
specific project objectives: Py-GC/MS is suitable for mass-based quantification, while spec-
troscopic methods are suitable for number-based quantification (Advanced Standards
Transforming Markets, 2020).

Drinking water-systems:

The filters obtained during sampling are processed further in the laboratory under controlled
conditions. Where possible, MP particles are analysed directly on the filter using micro spec-
troscopy, such as FTIR or Raman. These methods allow the shape, size and chemical com-
position of the collected particles and fibres to be determined.

Using blanks is central to this process: at least ten control samples are processed for each
filter type to determine background levels and possible laboratory contamination. Recovery
rates are regularly checked by means of recovery experiments, in which MP particles are
deliberately mixed into water samples to test their recovery. Recovery rates must be within
predefined limits to ensure the reliability of the analysis.

The collected MP particles are evaluated and classified for analysis according to clearly
defined criteria. Their size is determined using optical imaging or chemical mapping meth-
ods. Shape is determined by the length-to-width ratio. The type of plastic is identified by
comparing the measured spectrum with stored reference libraries containing at least the ten
most important synthetic polymers, natural materials, cellulose and mineral materials. If the
particle density is high, a representative section can be analysed and the number of findings
extrapolated to the entire filter area.

Throughout the entire process, comprehensive documentation of all work, equipment use
and hygiene steps is essential to ensure the comparability and quality of the analysis data
across Europe. The final report contains information on the concentration of detected MP
particles and fibres per cubic meter of water, categorized by size, shape and material. Ad-
herence to the EU regulation's detailed specifications for sampling, filter selection, prepara-
tion, and analysis provides a high-quality data basis for assessing drinking water quality in
terms of MP contamination (Commission Delegated Decision (EU) 2024/1441 of 11 March
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2024 Supplementing Directive (EU) 2020/2184 of the European Parliament and of the Coun-
cil by Laying down a Methodology to Measure Microplastics in Water Intended for Human
Consumption, 2024).

4.2 Plastic in Soil according to the FHNW approach

This subchapter outlines the procedure for determining MP in soil media, based on the ap-
proach adopted by FHNW in collaboration with the University of Plovdiv, Bulgaria, for past
and future projects. However, this procedure may still change based on the results of this

work and future findings.

4.2.1 Sampling of Microplastics in Soil

Slaveya Petrova is employed at the University of Agricultural Sciences in Plovdiv, Bulgaria.
Her responsibilities include taking soil samples for analysis. This subchapter is based on our
personal communication and the documents and information she provided regarding the
procedure for taking soil samples for MP analysis. The university will continue to provide soil
samples for subsequent research, which is why documenting the current sampling proce-
dure in detail is crucial to ensuring methodological comparability and traceability of the re-
sults.

Soil sampling for MP analysis is carried out in strict accordance with international guidelines
and standards, particularly those of the European Soil Data Centre (ESDAC), the Food and
Agriculture Organization of the United Nations (FAO), and the Soil Health Institute. These
documents provide a structured framework for the representative collection, preparation and
storage of soil samples, aiming to minimise systematic errors and foreign contamination.

In accordance with ESDAC recommendations, great importance is attached to precisely
documenting the site selection, defining the sampling grid and selecting and cleaning the
tools used. Where possible, a uniform grid should be laid out for agricultural land (e.g. a 5 x
5 m grid). If this is not practicable (e.g. due to advanced plant growth), alternative strategies
such as transect methods (e.g. a randomised zigzag pattern) can be used. This ensures a
high degree of representativeness of the area sampled and comparability with other studies
(European Soil Data Centre, 2025).

The FAO guidelines ensure that soil samples are taken at a uniform depth (typically 0-30
cm) and in defined quantities (e.g. 1 kg). They expressly recommend using metal or alumin-

ium-containing equipment for sampling, storage and processing, to prevent MP contamina-
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tion throughout the entire sampling process. After collection in suitable containers, the sam-
ples must be carefully air-dried in the laboratory. Subsequent sieving through a 2 mm sieve
removes larger soil components and ensures homogenisation of the sample material, which
is also standard according to the FAO and the ESDAC (ICBA, 2020).

The Soil Health Institute protocol emphasises the need for strict quality assurance. Between
sampling and analysis, samples must be transferred directly to clearly labelled aluminium
tubes to avoid cross-contamination. Consistent storage and processing procedures, regular
equipment cleaning, and digital traceability of all steps are considered standard practice
(Soil Health Institute, 2024).

In practice, the exact procedure was adapted to the specific situation in each field. For ex-
ample, in spring 2025, samples were taken from a field in Katunitsa accordingtoa  x 5 m
grid pattern (30 randomly selected samples of 1 kg each at a depth of 0—-30 cm). After air
drying and sieving, mixed samples were formed. During the summer 2025 field campaign,
however, plant growth necessitated the use of a random zigzag transect through the field,
1 kg was taken from five freely selected points. Once again, only metal tools and aluminium
tubes were used, and the material was air-dried and sieved in accordance with international
standards (S. Petrova, personal communication, November 2025).

In summary, the sampling strategy was characterized by the fact that all steps, from sample
collection through laboratory analytical preparation to storage, were based on the recom-
mendations of the major international protocols and were implemented consistently with
specific adaptations to the local conditions (European Soil Data Centre, 2025; ICBA, 2020;
Soil Health Institute, 2024).
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4.2.2 Extraction of Microplastics from Soil

Misato Toda developed a protocol for the extraction of MP from soil for ZHAW at the Institute

of Natural Resource Sciences (IUNR), in collaboration with FHNW. This protocol has already

been applied at FHNW and has been proven to be functional (F. Di Lorenzo, personal com-

munication, 2025). The method is based on a Fenton reaction and a density separation. The

protocol of the procedure is listed in the tables below. Through this procedure, the organic

components of the soil are broken down, and the MP can be separated from the soil based

on density and subsequently analysed.

Table 3:

First Fenton Reaction according to Misato Toda

1.

Measure 5g of soil and place it in an Erlenmeyer flask (500ml).
! With weigh paper, be careful soil doesn't stick to flask well

Add magnetic fish and thermometer. Stir by means of magnetic stirrer at 300 rpm.

Add 10ml FESO4*7H20 (20g/1) with HNO:s.
! Lift thermometer & stop steering
! When adding liquid spill to the inside wall

Add 20 ml 30% H20..

Add 5ml 30% H202 every 2 minutes until 10 minutes are reached.

First Fenton Reaction
(6]

Temperature control for 60 minutes and when exceeding 40°C cool the reaction in an ice bath.

! When place back Erlenmeyer on stirrer, stop -> place ->start
! Better watch closely = 45 min

Stopping the reaction by adding deionized water.
! 55ml->1:1ratio

Dry the sample in the Erlenmeyer flask for 24—-48 hours in a drying oven at 40°C.
I Cover with aluminium folie to prevent contamination
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Table 4: Density Separation according to Misato Toda
9. |Place = 20ml NaBr solution (95g NaBr / 100g DI-water) into the separation funnel (250ml, special design with 8mm
opening) to avoid clogging.
10. | Dries sample from step 8 is transferred into the separation funnel via a glass funnel. The walls of the funnel are rinsed
with NaBr using a glass pipette.
11. | Add 150ml NaBr-solution. If soli are too dry = dissolve = ultrasonic, otherwise stick after ultrasonic
12. | Shake closed separation funnel for 1 minute
! Close lid thigh
! Shake side not up & down
13. | Treat separation funnel for 2 minutes in ultrasonic bath
! Open tips before start
! Make sure no solution snuggled into draining part bevor star ultrasonic bath = vibration = opening lose (shift)
- leak
14. | Settling for = 10-15 minutes
15. | The heavy fraction is drained (but stores for recycling)
! The quicker the better
! The heavy stuff could stick to the side of draining channel so, don'’t trust too much how it looks from horizontal
direction
! The last moment of draining shouldn’t rely on visual. Because it gets narrow and looks darker & some deration
5 accurse and the line becomes unclear. So, rely on the speed/how it drains & just stop!
% 16. |Add = 50ml fresh NaBr-solution
D
g 17. | Shake closed Separation funnel for 1 minute
= ! Shake side to side
o ! Could be better to do it after cleaning the opening part to close better
18. | Settling for = 30-45 minutes
19. | The heavy fraction is drained (but stored for recycling).
! Drain shortly before filtering
! Start filtering without soil part on bottom
20. |If necessary, repeat steps 9 to 12 if many soil particles are still visible.
21. |Filter off clay particles through a metal mesh filer (20um) using a vacuum pump.
! First H20 to cover entire filter = vacuum on > filter solution
! Make sure H20 sucks quickly = proper vacuum
! Ifitis too formy better eliminate it by adding H20 onto filter before wash the wall to prevent overflow due to form
! Carefully pore/drop only to the middle!
22. | (weight metal mesh filter (incl. Retentate))
! Make sureit’s dry!
! Sticks to the funnel!
23. |Backwash retentate on metal mesh filter wit DI-water in Erlenmeyer flask (250ml)
! Place wash a bit deeper into Erlenmeyer so that particle doesn'’t stick to the wall after washing
24. | Dry Erlenmeyer flask for 24-48h in a drying oven at 40°C
! Only depth 30 requires
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Table 5: Second Fenton Reaction according to Misato Toda
25. | Add magnetic fish and thermometer. Stir by means of magnetic stirrer at 300 rpm.
26. | Adjust 1ml FESO4*7H20 (20g/l) with HNOs at pH=3.
27. | Add 20 ml 30% H20:.
o
o
"§ 28. | Add 0.5ml 30% H202 every 2 minutes until 10 minutes are reached (4.5ml total).
& ! Use glass pipette together with 5ml mess cylinder
c
*% 29. | Temperature control for 60 minutes and when exceeding 40°C cool the reaction in an ice bath
L
g 30. | Stopping the reaction by adding deionized water.
é ! Atleast5.5ml
! 5mlin mess cylinder + liner magnetic stirrer
31. | Filter off clay particles through a metal mesh filter (20um) using a vacuum pump.
32. | Backwash retentate on metal mesh filter wit DI-water in beaker.
33. | Filter the sample onto an Anodisc™filter using a vacuum pump and a glass filtration unit (18mm diameter)
Table 6: Production of NaBr according to Misato Toda
c 1. | Prepare NaBr-solution in a big schott bottle (2I). 95g NaBr/100g DI-Water. Dissolve and stir
) until everything has dissolved from the walls
(&)
>
8 2. | Control the density with a balance. Give 1ml of the NaBr-solution on the balance, if it is below
o 1.55g/ml add NaBr.
Table 7: Recycling of NaBr according to Misato Toda
1. | After each experiment collect NaBr, mix it with activated carbon and stir at 150 rpm.
(@]
% 2. | Filter NaBr-solution through a 11um filter
§ ! Pour a lot of amounts into filtration unit when vacuum is high enough, otherwise leak!
x
3. | Check density with a balance
Table 8: Creation of FeS0O,*7H,0 according to Misato Toda

1. | Measure 50ml Di-water, weight up 1g FeS04*7H20

Pipet 25ul HNO3 (2M) to 50ml Dl-water, stir at 300 rpm.

Add 1g FeS04*7H:0, stir at 300 rpm.
Check pH

FeSO4*7 Hzo
BN w N

In doing so, efforts were made to avoid the use of plastic utensils as much as possible and
to preferentially use glass equipment whenever possible. In addition, thorough rinsing with
deionized water followed by covering with aluminium foil was used to reduce contamination

from MP inputs originating from the laboratory environment.
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4.2.3 Detection of Microplastics in Soil

MP detection at FHNW is based on the available laboratory infrastructure and the estab-
lished analytical capabilities of the participating institutes used for the identification, quanti-
fication, and characterization of MP particles. A key analytical technique is pyrolysis gas
chromatography coupled with mass spectrometry (Py-GC-MS), which enables the identifi-
cation of polymer types independently of particle shape and size. The method allows the
assignment of polymers based on characteristic pyrolysis fragments and the quantitative
determination of polymer mass, enabling precise sample composition. FHNW supports this
analysis through an internal reference database containing polymer-specific spectrum for
reliable identification based on gas chromatographic signatures.

Complementary to this mass-based approach, a PerkinElmer Spotlight 400 FTIR micro-
scope (MIR and NIR) is used to determine the chemical composition of individual particles
at high spatial resolution. FTIR spectroscopy enables polymer identification via characteris-
tic infrared absorption bands while simultaneously providing morphological information,
which is particularly relevant for heterogeneous environmental samples.

Furthermore, an Al-based microscopy system has been developed at FHNW for the auto-
mated detection, counting, and analysis of fluorescent MP particles. Machine-learning-
based image analysis enables automated particle detection, classification, and quantifica-
tion, allowing the assessment of MP losses or changes during different process steps. In
addition, a second UV light microscope lens is available for larger samples, enabling the
analysis of environmental samples with diameters of up to 4 cm.

To ensure reliable interpretation of results, laboratory blanks are routinely processed to as-
sess background MP concentrations. These controls allow the identification and correction
of potential laboratory contamination and represent an integral component of quality assur-

ance within MP analytics at FHNW (F. Di Lorenzo, personal communication, 2025).

4.3 Microplastics in the Soil according to alternative Sources

MP in soil are increasingly being described in the literature as a relevant burden on the
terrestrial ecosystem. Plastics of various sizes and polymer types have been detected in
agricultural and forestry soils, as well as in near-natural soils. Wang et al. characterize MP
as persistent contaminants that influence the soil's physical, chemical and biological pro-

cesses, and which can therefore impair its functions and ecological services in the long term.
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From an ecotoxicological perspective, it is significant that MP particles provide surfaces for
the accumulation of organic pollutants and metals, while simultaneously releasing additives.
This means they act as vectors for further contaminants, as well as being an independent
source of emissions. Furthermore, experimental studies suggest that these particles can
accumulate in pore spaces and in the rhizosphere. This influences water and nutrient avail-
ability, root growth and soil organisms. The direction and strength of these effects depend
heavily on the type of polymer, particle size and soil type.

From an analytical and methodological perspective, the presence of MP in soil is particularly
challenging because soil is a highly complex and heterogeneous matrix that varies widely in
terms of its organic matter, mineral composition and aggregate structure. This results in MP
being distributed unevenly on a small scale, making sampling and subsequent concentration
data interpretation significantly more difficult.

Wang et al. emphasize that a holistic approach is necessary to detect MP in soil, one that
considers the entire process, from field sampling and sample preparation to instrumental
analysis, and makes matrix-specific adjustments as required. Only by sufficiently standard-
izing and transparently documenting this process chain can data from different studies be
meaningfully compared and integrated into risk assessments or monitoring programs (Wang
& Liu, 2019).

4.3.1 Sampling of Microplastics in Soil

Withana et al. emphasise that, as the first phase of soil MP analysis, sampling is crucial in
determining whether subsequent concentration data can be interpreted, since MP are dis-
tributed very unevenly in soil and classic soil science schemes must therefore be adapted
accordingly. Prior to fieldwork, a sampling plan must be developed that considers land use,
anticipated contamination, soil horizons, and logistical factors, explicitly detailing which ar-
eas, depth intervals, and sample types (single versus mixed) will be sampled.

About spatial arrangement, Withana et al. recommend basing the design on established
methods such as random, systematic or stratified sampling, in order to reflect the small-
scale variability of MP in the area. Practical examples include grid-based sampling at fixed
intervals, transect-based designs along expected gradients and stratified approaches,
where different use or exposure zones are sampled as separate strata (Withana et al.,
2024).

The harmonized approach explicitly addresses vertical distribution by sampling topsoil and

subsoil separately, since MP often accumulate in the top 0—10 or 0—20 cm, but can also be
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transferred to deeper layers through cultivation, bioturbation and infiltration. The topsoil
should be sampled at shorter depth intervals (e.g. 0-5 cm and 5-20 cm), and depths greater
than 20 cm should be sampled using core samplers or drill cores to investigate long-term
accumulation or vertical transport (Gundogdu et al., 2025).

To keep the analytical effort manageable, Withana et al. recommend working with composite
samples, where several individual subsamples from a defined area or horizon are combined
into one sample. Such composite samples provide a more accurate statistical representation
of spatial heterogeneity, while significantly reducing the number of samples to be processed
in the laboratory. The required number of subsamples per composite sample should be de-
termined through preliminary studies or power analyses.

Withana et al. refer to standard soil science tools such as stainless-steel shovels, drilling
equipment and core samplers when selecting equipment. The use of plastic equipment
should be avoided as far as possible to reduce the risk of contamination. Additionally, sam-
ples should be stored in glass or metal containers, or specially tested, particle-washed plas-
tic containers that are airtight, and transported in a cool, dry place, protected from light, to
limit subsequent changes to the sample matrix (Withana et al., 2024).

A key element of the harmonised scheme is systematic contamination management, which
begins in the field and incorporates field blanks, process blanks and, where applicable, air
blanks. For example, field blanks are open containers filled with filtered water that are kept
in the immediate working environment. They undergo the same handling steps as the actual
samples, thus making background contamination from clothing, equipment or air particles
quantifiable (Munno et al., 2023).

In addition, this approach requires detailed documentation of all parameters relevant to sam-
pling, including GPS coordinates, sample depth, soil conditions (e.g. moisture and aggre-
gate structure), weather conditions, land use and visible plastic debris on the surface. This
information is essential not only for interpreting individual datasets, but also for combining
data from different studies in meta-analyses and subsequently evaluating methodological
differences in design (Withana et al., 2024).

4.3.2 Sample Preparation for Microplastics in Soil

Moller et al. are developing a protocol explicitly designed for relatively large soil samples of
around 250 g dry weight. This enables more statistically robust detection of MP particles
ranging from 5mm to 10 ym. After air-drying, the soil sample is carefully crushed and first

fractionated wet using a sieve cascade (typically 5 mm, 1 mm and 500 ym) to remove large
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stones and root residues without deforming or further crushing the MP. Particles measuring
over 500 um can be collected separately and sorted manually or examined directly using
spectroscopy.

The first key step is to separate the mineral matrix by density using a pre-filtered zinc chlo-
ride solution adjusted to a density of approximately 1.8 g/cm?, ensuring that even higher-
density polymers are transferred to the lighter, floating fraction. The homogenized soil-ZnCl,
suspension is transferred to a separating funnel, stirred intensively and left to settle for sev-
eral hours or overnight. The lighter fraction is then collected on a metal filter or stainless-
steel sieve with a pore size of approximately 10 um. Recovery experiments demonstrate
that zinc chloride solutions of this density achieve high recovery rates for a variety of com-
mon polymers, such as polyethylene, polypropylene, polystyrene and PVC. Consequently,
they significantly outperform lighter media, such as sodium chloride, in terms of extraction
efficiency, particularly for heavier plastics.

The protocol also explains how the zinc chloride solution can be reused after filtration and
concentration adjustment, if necessary, to reduce costs and resource consumption despite
the chemical's fundamental hazardous nature. After the mineral content has been sepa-
rated, the second major stage of sample preparation involves breaking down the organic
matter, since plant debris and humus can hinder density separation and interfere with the
spectral identification of MP. To this end, Mdller et al. use a plastic-friendly, step-by-step
chemo-enzymatic cleaning protocol that combines proteases, lipases and cellulases in a
defined sequence, with intermediate oxidative steps (e.g. Fenton's reagent), to specifically
degrade proteins, fats and cellulose. All reagents and ultrapure water are pretreated with
0.2 um membrane filters to minimize background particles. The parameters of the individual
stages, such as temperature, pH value and reaction time, are selected so that common
plastics remain structurally intact, even when particles are in the lower double-digit micro-
metre range. However, it should be noted that bioplastics, particularly those made from pol-
ylactic acid, can degrade visibly under certain enzyme and oxidation conditions.

Between each digestion and purification step, the solution is filtered repeatedly using metal
or glass fibre filters with a pore size of approximately 10 ym, in order to collect particles
fractionally and efficiently remove reagents. The resulting filter cake is detached from the
filter using zinc chloride or a buffer solution. It is then transferred to reaction vessels and
subjected to the next purification or density separation cycle. Mdller et al. emphasize that,
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after each transfer, the filters should be checked under a microscope for residues to estimate
losses and adjust process parameters if necessary.

In the final step, the particle fraction, which has been largely depleted of minerals and or-
ganic matter, is transferred to IR-permeable or Raman-compatible carrier materials. Alumin-
ium oxide filters (Whatman Anodisc), with a pore size of 0.2 um and a diameter of approxi-
mately 25 mm, are used for this purpose. Care is taken to ensure that the coating is as thin
and homogeneous as possible to avoid overlaps and shadows during micro spectroscopic
mapping. Close quality assurance is provided by the protocol using laboratory blanks, pro-
cess control samples and spike tests with known particle standards, in order to quantify
extraction efficiency and losses, and derive correction factors for later evaluation. This is a
prerequisite for comparability between laboratories, and for reliable monitoring data (Moller
et al., 2022).

4.3.3 Detection of Microplastics in Soil

Huang et al. classify the detection of MP in soils as a multi-stage analytical workflow. This
workflow begins with optical pre-sorting and typically concludes with polymer-specific spec-
troscopic or thermoanalytical methods. Following enrichment and purification, samples are
typically examined initially using stereo or light microscopy to identify potential plastic parti-
cles based on morphological characteristics such as shape, surface structure and colour.
This allows them to be distinguished from mineral or organic residual particles. However,
these criteria alone are not considered a definitive basis for identification.

For the chemically unambiguous classification of polymers, the review considers Fourier
transform infrared (FTIR) spectroscopy and Raman spectroscopy to be central pillars of par-
ticle analysis, particularly in their microscopic forms. y-FTIR imaging can detect particles on
filters in a grid pattern and automatically assign them to polymer classes based on their
infrared spectra. The practical detection limit is generally about 20 ym, while g-Raman can
penetrate the single-digit micrometre range due to its higher spatial resolution. However, it
is more sensitive to organic matrix residues and fluorescence interference.

Huang et al. explain that both spectroscopic approaches require extensive reference data-
bases containing the characteristic band patterns of different polymers, in order to enable
reliable spectral assignment. Modern evaluation methods use spectral matching algorithms
and increasingly machine learning methods that recognise patterns in high-dimensional da-
tasets, enabling the automated classification of large numbers of particles. This is particu-

larly advantageous for monitoring tasks involving many samples.
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As a complementary strategy, the review discusses thermoanalytical methods, such as py-
rolysis-GC-MS and thermal extraction-desorption-GC-MS. In these methods, plastics are
thermally decomposed in a defined atmosphere, and the resulting fragments are separated
by chromatography and detected by mass spectrometry. While these techniques provide
mass-based information on the total content of individual polymer classes or sum fractions,
they cannot directly detect particle number or morphology. This makes them particularly
suitable for cases where the overall exposure is the main focus, or where the matrix is too
complex for microscopic mapping.

Huang et al. emphasise that the choice of detection method must be closely coordinated
with the preceding sample preparation and the target parameter (e.g. number concentration,
mass, size distribution or polymer mix), since different combinations of extraction and anal-
ysis steps can result in significantly different recovery rates depending on the polymer and
soil types. Therefore, it is recommended that method chains are planned in a modular way.
Moller et al. suggest combining density separation and enzymatic-oxidative purification with
M-FTIR mapping for particles in the double-digit micrometre range, and supplementary Ra-
man or pyrolysis GC-MS analysis for smaller or spectrally challenging fractions.

Moreover, the review draws attention to contemporary developments in the field, including
the integration of automated image analysis with artificial intelligence (Al) for the evaluation
of spectra, the proposal of standardization for report formats and detection limits, and the
execution of interlaboratory comparison studies. These endeavours are geared towards the
advancement of the existing array of methods towards a harmonized protocol. Ultimately,
this should facilitate the capacity to directly compare soil MP data from disparate studies
and regions. This, in turn, should enable the derivation of reliable trends and thresholds for
risk assessments. It should be noted that such a process is hardly possible without the co-

ordination of analysis (Huang et al., 2023).

4.4 Plastics in Seafood

This section explains how MP can be extracted from organic substances, particularly sea-
food, and analysed. It is based on the study Microplastics in Fresh and Processed Seafood:
A Survey of Products Sold in Germany by Julia Stissmann et al., as it reflects the current
state of research and has been cited several times. Suitable methods for sampling, sample

preparation, and detection are particularly crucial for the reliable determination of MP.
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The detailed protocols and individual work steps are described in the publication. This chap-
ter presents the procedure in a simplified form to enable subsequent comparison and to

ensure that the approach remains comprehensible to the reader (Sissmann et al., 2025).

4.41 Sampling Seafood

Sampling is carried out under contamination control with DIN-TS 10068:2022-09. All labor-
atory glassware, including beakers, petri dishes, and filter holders, is subjected to a thermal
treatment known as annealing, which involves heating to a temperature of 500°C for a du-
ration of five hours. Alternatively, the glassware undergoes a rinsing process involving the
addition of 10 millilitres of deionized water, also referred to as DI water, which has a con-
ductivity of less than 1 uS/cm. This rinsing is performed thrice, ensuring the removal of any
potential contaminants or residue. Following these procedures, the glassware is covered
with aluminium foil to prevent further exposure to heat or moisture. Liquid media, including
washing water, brine, and digestion solution, are filtered through glass fibre filters with a
pore size of 0.7 um (Macherey-Nagel GF-5) immediately before contact with the sample.
The filters and solutions utilized are also subjected to multiple rinses with purified deionized
water (10 millilitres per rinse) following each stage of the process to mitigate contamination.
For procedural blanks, at least three preparations per sample series are made with 100
millilitres of filtered DI water or 10 millilitres for subsequent quantitative polymer determina-
tion. It is imperative that the samples always remain covered during all phases of the exper-
iment (aluminium foil or cleaned petri dishes).

Frozen products undergo a five-step washing process with 10 mL of DI water each. The
resulting washing solutions are collected in separate containers that have been previously
cleaned and treated in the same way as the actual sample. The extraction of liquid and solid
components from the canned products is conducted using stainless-steel sieves with a mesh
size of 1000 ym. Subsequent analysis of the liquid and solid fractions is performed sepa-
rately.

All solutions and devices utilized, including syringes, must undergo a cleaning process with
a 0.7 um glass fibre filter unit or be rinsed with deionized water prior to use. The process of
sample preparation should be carried out under laminar flow or, alternatively, in covered
areas.

The meticulous documentation of cleaning and blanks, in conjunction with the precise com-
position and application of the solutions, is paramount for ensuring the transferability of the

MP sampling method to disparate matrices and laboratories (Sissmann et al., 2025).
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4.4.2 Sample Preparation of Seafood

Following the recording and homogenization of the food samples, all inedible components
are removed. The homogenization process is typically executed through the utilization of
stainless steel or glass instruments, such as a stainless-steel hand mixer. At least half of
the homogenate is retained as a reference sample. The precise mass of the initial sample
is meticulously documented, and subsequent aliquoting is executed in accordance with the
characteristics of the respective matrix.

Liquid components, such as brine or condensation water, are meticulously separated and
collected. Frozen products undergo a five-step wash process with 10 mL of DI-water at each

stage. The wash water is analysed separately (Sissmann et al., 2025).

Enzymatic alkaline digestion

The objective of the multi-stage enzymatic and alkaline digestion process is to achieve ma-
trix reduction. Initially, a pepsin solution composed of 0.1% liquid pepsin in 0.063 mol/L hy-
drochloric acid is employed. This solution is prepared immediately prior to use. The pepsin
solution is added in a volume of approximately 400 millilitres per 50—-100 grams of homoge-
nized food. The mixture is then incubated for two hours at 40°C with continuous stirring.
Subsequently, the process of alkaline digestion is initiated through the incorporation of a
50 wt% potassium hydroxide solution (1:1 g/g from KOH pellets and deionized water). For
standard samples, approximately 50 millilitres of the solution should be added, and the di-
gestion should be conducted overnight (12—16 hours) at a temperature of 40 °C. For smaller
sample quantities (5—10 g), 90 mL of pepsin solution and 10 mL of KOH solution are suffi-
cient (Sissmann et al., 2025).

For liquid matrices, a 10 wt% KOH solution is employed at a 1:1 (v/v) ratio to the sample,
which is then subjected to an incubation period of four hours at 40°C under constant agita-
tion. Oligomers or oily liquids are pretreated with isopropanol (1:2 v/v) and subsequently left
to stand for approximately 30 minutes to allow precipitates to separate.

Optionally, oxidative treatment with 15% hydrogen peroxide can then be carried out to re-

move any remaining organic residues (Sissmann et al., 2025).

Filtration and purification

The samples that have been opened are then filtered using pressure or vacuum through a
glass fibre filter (pore size 1.2 ym). If the filter becomes clogged, it can be replaced with a
2.7 ym filter. To ensure quantitative transfer, all containers and filters are rinsed several

times with deionized water.
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To reduce any residual matrix components, the filters are immersed in a 15% H202 solution,
with a volume ranging from 1 to 2 millilitres. Following this step, the filters are allowed to dry
overnight at ambient temperature. Subsequent to complete desiccation, the specimens are

immersed in 10 millilitres of deionized water and isopropanol (Sussmann et al., 2025).

4.4.3 Detection of Microplastics in Seafood

The screening process for MPs employs specific fluorescent dyes, most commonly Nile Red,
enabling the differentiation of polymer particles from natural matrix components. The stain-
ing protocol is adapted to polymer polarity: filters are first treated with Nile Red in n-hexane
to stain apolar polymers, followed by Nile Red in an ethanol—-acetone mixture for polar pol-
ymers. Excess dye is removed by rinsing with deionized water and isopropanol, after which
the filters are re-stained with Evans Blue to suppress background fluorescence.

Evaluation is conducted using a fluorescence microscope equipped with a 5x objective and
a minimum digital resolution of 3—5 um. Image analysis is based on strictly defined thresh-
olds for brightness, size, and colour, derived from comparative measurements of reference
polymers and matrices. Particles exceeding these thresholds are classified as MPs. Method
accuracy is verified through recovery experiments using spiked reference particles.

For further characterisation, a subset of positive samples undergoes polymer identification
and mass determination via pyrolysis gas chromatography/mass spectrometry (Py-GCMS).
After matrix extraction and filter drying, quantitative and qualitative analysis is performed
using internal standards and external calibration polymers. Limits of detection and quantifi-
cation are determined from procedural blanks and recovery tests. Statistical evaluation is
applied to distinguish between sample classes, procedural steps, or packaging types.
Rigorous documentation, systematic use of blanks, and recovery assessments ensure data
quality. The method is adaptable to various matrices and sample sizes, provided contami-
nation is minimised and matrix reduction and detection procedures are appropriately tailored
(Sussmann et al., 2025).
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The subsequent Figure 9 illustrates the procedure delineated in this chapter, offering a suc-

cinct synopsis of the constituent steps. A flow chart delineates the protocol for the prepara-

tion of samples and the detection of MP.
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4.5 Plastics in Plants

In recent years, substantial progress has been made in understanding the origin, distribu-
tion, and ecotoxicological effects of MPs in aquatic systems, leading to improved analytical
detection methods and initial risk assessment approaches. In contrast, research on MPs in
terrestrial ecosystems remains considerably less advanced, particularly regarding soil—plant
interactions in agricultural systems.

This knowledge gap is especially relevant given the importance of agricultural land, which
accounts for approximately 38% of the global land area and is central to food security and
sustainable development. Agricultural soils are increasingly acting as sinks for MPs due to
factors such as plastic mulching, sewage sludge application, wastewater irrigation, and at-
mospheric deposition (Chen et al., 2025).

Therefore the present chapter concentrates on MP in plant-based foods and alludes to the
review by Z. Chen et al. published in June 2025, which examined the state of research in
the soil-plant system, existing knowledge gaps, and future research approaches (Chen et
al., 2025).

4.5.1 Sampling of Microplastics in Plants

Sampling represents the initial stage in the investigation of MPs in plants and has a decisive
influence on the validity of subsequent analyses. Chen et al. provide a comprehensive over-
view of numerous laboratory studies that predominantly employ model exposure scenarios
with defined MP types and concentrations. These studies mainly use polystyrene micro-
spheres in well-defined size classes ranging from nano to submicrometric particles, with a
focus on crops such as wheat, lettuce, rice, cucumber, mung beans, and oilseed rape.
Samples are generally obtained from controlled laboratories or greenhouse experiments.
Chen et al. distinguish between hydroponic systems and soil-based cultures, with hydro-
ponic setups primarily used to elucidate uptake mechanisms, while soil experiments better
reflect realistic agronomic conditions. Exposure durations range from short term studies of
48 to 72 hours to longer experiments lasting up to 65 days, covering different developmental
stages of the plants. To capture species specific differences in MP distribution, harvested
plants are separated into individual organs such as roots, shoots, leaves, and fruits where
applicable, as accumulation patterns differ markedly between leafy vegetables, cereals, and
legumes (Chen et al., 2025).
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4.5.2 Sample Preparation of Food

The objective of sample preparation is to separate MP particles from complex plant matrices
and to render them amenable to subsequent detection methods without altering their phys-
ical or chemical properties. Chen et al. emphasize that this step is particularly challenging
in plants. The organic matrix consists of lignin- and cellulose-rich tissues, and MP are often
present in low concentrations and heterogeneous distribution. In the studies evaluated, the
plant material is broken down into defined tissue fractions after harvesting, washed, and
then subjected to chemical digestion to remove organic matter. This process entails the
utilization of oxidative and chemical reactions, encompassing hydrogen peroxide, acids, and
alkalis. These reactions are meticulously engineered to disintegrate plant components while
maintaining the structural integrity of the polymers employed.

Depending on the experimental setup, sample preparation is supplemented by density sep-
aration, especially if plant samples contain soil adhering to them or originate from soil-bound
exposure experiments. The utilization of high-density salt solutions is a critical component
in the separation of MP and mineral particles. It has been observed by Chen et al. that the
recovery efficiency can be significantly influenced by factors such as particle size, polymer
density, and the type of soil. The result of sample preparation is filtrates or solid fractions in
which the MP particles are enriched compared to the initial sample. These filtrates or solid
fractions serve as the starting point for optical, spectroscopic, or thermoanalytical methods
(Chen et al., 2025).

4.5.3 Analytical Methods for Detecting Microplastics in Plants

Chen et al. present a comprehensive overview of the various analytical approaches em-
ployed for the detection and characterization of MP in plant tissues. A variety of methodolo-
gies are employed in the study of particles, including optical microscopy, fluorescence tech-
niques, electron microscopy, and p-FTIR and micro-Raman spectroscopy. In several of the
evaluated studies, the uptake of fluorescence-labelled PS particles in root and shoot tissue
is visualized by confocal or fluorescence microscopy. However, as Chen et al. emphasize,
the strong autofluorescence of plant tissue presents a significant limitation for the interpre-
tation of these images. Electron microscopy techniques (SEM, TEM) are primarily employed
to visualize the spatial localization and morphology of MP at the cellular and tissue levels.
However, these techniques are only suitable for extensive screening studies to a limited

extent due to the substantial preparation effort required.
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For polymer-specific identification, py-FTIR and p-Raman spectroscopy are primarily used,
which enable assignment to specific polymer classes but are limited by their respective size
resolution. In addition, Chen et al. discuss mass-based methods such as thermogravimetric
analysis and pyrolysis GC-MS, which are particularly suitable for the quantitative determi-
nation of the total polymer mass in environmental matrices, but do not provide any infor-
mation about particle number, shape, or size. The review concludes that a combination of
these methods, i.e., the combination of imaging, spectroscopic, and thermoanalytical tech-
niques, is necessary to reliably investigate the uptake, distribution, and potential effects of

MP in plants and to reduce the current methodological uncertainties (Chen et al., 2025).

4.5.4 Methodological Limitations of an Integrated Soil & Plant approach

In Chapter 4.3 of the souce, Chen et al. highlight that soil and plant compartments have
largely been studied separately and that no uniform methodological framework for the inte-
grated detection of MPs in soil-plant systems has yet been established. This separation is
mainly due to pronounced differences in the physical and chemical properties of the two
matrices. Soils are highly heterogeneous, with variable organic matter content and complex
mineral phases, whereas plant material consists predominantly of an organic matrix with
species-specific tissue structures and heterogeneous MP distribution among organs.
Consequently, most studies apply separate protocols for soil and plant samples, both in
sample preparation and analytical procedures. This hinders direct mass balances and the
quantitative linkage between soil MP concentrations and plant uptake. Chen et al. note the
absence of standardized extraction and digestion protocols and a harmonized analytical
strategy covering both compartments, limiting the comparability of results.

Based on these findings, the authors emphasize the need for a systemic, multi-methodolog-
ical approach that considers soil and plants as an interconnected system. This includes co-
ordinated sample preparation protocols, defined quality control measures, and combined
spectroscopic and thermoanalytical methods to enable consistent MP quantification across

the soil-plant continuum (Chen et al., 2025).
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4.6 Plastic in the Air

This subchapter addresses the detection and analysis of MP from the medium air.

4.6.1 Sampling Microplastic in the Medium Air

Sampling MP in the atmosphere constitutes a methodological imperative in determining the
concentration and distribution of MP particles in the air. According to Chen et al. (2020), two
primary methods exist for detecting airborne MP particles: passive atmospheric deposition
and active sampling using pump systems. The following Figure 10 illustrates these two ap-
proaches. These two approaches differ in terms of their operational mechanisms and their

specific areas of application and advantages (Chen et al., 2020).
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Figure 10: Left side(A): Passive Method | Right side(B): Active Method for Microplastic Sampling

Passive Atmospheric Deposition

Passive sampling is a method of collecting MP patrticles that settle on surfaces due to grav-
itational forces and meteorological conditions, such as wind or precipitation. The method
under scrutiny has been demonstrated to encompass the comprehensive scope of atmos-
pheric deposition, encompassing both wet and dry deposits. The passive collection system
generally comprises a stainless steel or glass funnel positioned in an elevated location, such
as on the rooftop of a building. Beneath the funnel, a glass bottle is positioned to collect
falling particles and rainwater. The system is supported and protected by a fixed mounting
apparatus, such as a box or rack.
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This method is particularly well-suited for continuous, long-term data collection over ex-
tended periods, such as weeks or months, and is especially advantageous in locations
where access to a power supply is limited or in remote areas where traditional methods are
difficult to implement. A significant benefit of passive sampling is its simplicity and reliability,
as there is no interruption to collection during the sampling phase. After each collection
period, the samples are meticulously extracted from the glass bottles and stored in a discrete
manner. The funnel and bottle are then meticulously rinsed with distilled water to ensure the
removal of any extraneous particles. It is imperative that all samples be covered to prevent
contamination and subsequently stored until further processing.

The expression of MP pollution resulting from atmospheric deposition typically occurs in the
form of the number of particles per square metre per day. During the monitoring period,
meteorological conditions should be systematically recorded to enable subsequent correla-

tion analysis between meteorological events and MP deposition (Chen et al., 2020).

Active sampling using pumps

In contrast to passive approaches, active sampling employs pump systems to collect air-
borne MPs and was originally developed for monitoring particulate air pollutants such as
PM10 and PM2.5 before being adapted for MP research. The system consists of a pump
unit and replaceable filter-based collection devices, with adjustable intake flow rates de-
pending on the study design.

Applied flow rates vary widely. Dris et al. (2017) sampled indoor air at 8 L/min for 4—7 hours
at breathing height, while Liu et al. (2019) investigated atmospheric MPs at heights of 1.7 m,
33 m, and 80 m in Shanghai using a flow rate of 100 L/min for more than 60 minutes (G.
Chen et al., 2020).

A key advantage of active sampling is its efficiency and the ability to process large air vol-
umes within short timeframes. However, reliance on electrical power limits its use in remote
locations. The method allows precise quantification of sampled air volumes and enables
estimates of daily human inhalation exposure when conducted at breathing height and rep-
resentative respiration rates. Sampling is performed continuously during the exposure pe-
riod, with meteorological conditions recorded concurrently. After collection, particles are
transferred and stored for subsequent analysis, and MP concentrations are expressed as
particles per cubic meter (Chen et al., 2020).
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Influences on Sampling

The choice of an appropriate sampling strategy and suitable sampling tools is essential for
generating meaningful MP data, as numerous factors strongly influence the results. Atmos-
pheric MP concentrations are closely linked to anthropogenic activities, population density,
and industrialization. For example, urban areas of Paris show significantly higher airborne
MP levels than suburban regions. Altitude also affects MP concentrations, which generally
decrease with increasing height above ground, as demonstrated in Shanghai, where higher
MP levels were detected at 1.7 m than at 80 m.

Temporal variability is equally important, as atmospheric MP pollution varies seasonally and
between dry and wet periods. Meteorological conditions such as precipitation, and wind in-
fluence MP concentrations, transport, and deposition, thereby affecting sample collection.
Consequently, careful consideration of sampling location, altitude, timing, weather condi-
tions, and sampling method is required prior to sampling, regardless of whether passive or
active approaches are applied. To obtain a representative annual assessment of atmos-
pheric MP pollution, repeated sampling across different seasons and both dry and wet peri-

ods is necessary (Chen et al., 2020).

4.6.2 Sample Preparation for the Medium Air

To prevent contamination and ensure data reliability, rigorous quality control measures are
essential. Sampling should be conducted opposite to the wind direction, and at least three
replicate samples should be collected. In the laboratory, all processing must take place un-
der a laminar flow hood. Cotton laboratory clothing and nitrile gloves are required, non plas-
tic tools must be used, and all glassware should be rinsed at least three times with distilled
water. To assess background contamination, blind samples processed alongside real sam-
ples and clean filters exposed within the laminar flow hood are routinely employed.
Following airborne MP sampling, careful sample preparation is critical for accurate analysis.
Although standardized protocols are lacking, most studies rely on two key steps: removal of
organic matter and separation of MP particles from the matrix. Organic matter removal is
necessary to avoid interference with subsequent separation and identification. Commonly
used reagents include oxidizing agents, acids, alkalis, and enzymes. In atmospheric MP
studies, hydrogen peroxide (H,O,) and sodium hypochlorite (NaClO) are most frequently
applied. Typically, samples are treated with 30% H,O, at room temperature, while Klein et
al. (2019) used 6—14% NaClO for 24 hours to dissolve biological material.
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More recently, the Fenton reagent, a mixture of H,O, and Fe?* ions, has been proposed as
a more efficient alternative due to its enhanced digestion capacity. In some cases, brief
ultrasonic cleaning is applied to remove adsorbed material from MP surfaces. However,
oxidants and acids may damage MP particles, making strict control of reagent concentration,
temperature, and reaction time essential.

After organic matter removal, MPs are isolated by density separation, the most widely used
technique. ZnCl, solutions with densities of 1.6—1.7 g/cm® are commonly applied due to their
high recovery efficiency across a broad range of polymer types. Alternative media include
NaCl, and other high density salt solutions. Gentle agitation during separation prevents par-
ticle aggregation. Recycling salt solutions and repeated extraction steps are recommended
to enhance efficiency and reduce environmental impact. Recovered particles are dried,
stored under controlled conditions, and subsequently analyzed using techniques such as

stereomicroscopy, FTIR, Raman spectroscopy, SEM, and Py GCMS (Chen et al., 2020).

4.6.3 Detection of Plastic in the Medium Air

Following the sampling and sample preparation of airborne MP, the particles are subjected
to identification and characterization. Identification approaches can generally be divided into
morphological analyses, which determine particle abundance, size, shape, and colour, and
chemical analyses, which aim to identify the polymer composition. As no standardized pro-
tocols for MP identification have yet been established, the combination of multiple analytical
methods is recommended in order to minimize statistical uncertainties and to obtain a com-

prehensive characterization of the particles (Chen et al., 2020).

Visual identification using stereomicroscopy

The simplest and most frequently applied identification method is visual inspection using
stereomicroscopy. This approach allows the characterization of MP particles with respect to
size, shape, and colour. For image analysis and particle quantification, software tools such
as HistoLab or DinoCapture are commonly employed.

To reduce the high risk of misidentification, several criteria should be considered during
visual identification: particles should exhibit no visible organic or cellular structures; fibres
should display a uniform thickness along their entire length; colour should be consistent and
homogeneous; and transparent or white particles should be verified using high-resolution
microscopy or complementary analytical techniques. Visual identification is particularly suit-

able for the rapid counting of large numbers of MP particles.
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However, this method has several limitations. Fibers are generally easier to identify than
other particle shapes, and coloured particles are more readily detected than white or trans-
parent ones. As stereomicroscopy does not allow reliable discrimination between natural
and synthetic particles, it is recommended to combine MP inspection with additional analyt-
ical methods for particle identification. Moreover, the results are strongly influenced by ob-
server subjectivity and diligence, microscope quality, and particle shape, colour, and size,
which can lead to over- or underestimation of MP abundance. For MP particles smaller than
500 um, visual identification is not always applicable, as decreasing particle size is associ-
ated with increasing particle numbers and reduced identification accuracy (Chen et al.,
2020).

Fourier Transform Infrared Spectroscopy

FTIR is the most widely used technique for the identification of the polymer composition of
MP. FTIR spectroscopy provides a unique spectral fingerprint for each sample. By compar-
ing the spectra of target particles with reference materials stored in spectral libraries, the
polymer type can be directly identified. Compared to visual analysis, FTIR enables the anal-
ysis of smaller particles and yields more reliable identification results.

M-FTIR spectroscopy is considered an ideal technique for the identification of airborne MP
particles, as it allows the detection of particles down to approximately 20 ym. Using this
method, the chemical composition of MP has been identified in atmospheric deposition and
ambient air samples from locations such as Dongguan, Shanghai and Paris, where polymers
including PE, PP and PS were detected.

In addition, attenuated total reflectance FTIR spectroscopy (ATR-FTIR) and focal plane ar-
ray FTIR spectroscopy (FPA-FTIR) have also been applied in MP studies. ATR-FTIR is more
suitable for the identification of irregular MP particles larger than 500 um, whereas FPA-
FTIR enables the screening-based identification of all MP particles deposited on filter media.
However, these two techniques have not yet been widely applied to the identification of
atmospheric MP, as airborne MP typically occur in smaller particle size ranges. All FTIR-
based techniques require expensive instrumentation, and MP identification using FTIR is
time-consuming and demands well-trained operators, which has limited the characterisation
of large sample sets. Despite these limitations, FTIR remains a robust and reliable technique
and is currently the most commonly applied method for the environmental characterisation
of MP (Chen et al., 2020).
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Scanning Electron Microscopy

Scanning electron microscopy (SEM) is another widely used technique for the identification
of MP. A high-intensity electron beam is generated and scanned across the surface of the
sample. High-resolution images, with a resolution of up to 0.5 nm, are produced through
interactions between the electron beam and the sample surface. MP particles can be distin-
guished from other particulate matter by comparing characteristic surface features.

SEM enables the identification of mechanical degradation features on MP by examining
surface textures such as grooves, pits, fractures and exfoliation. For example, grooves and
pits observed on the surface of airborne MP may indicate collisions and abrasion caused by
atmospheric dynamics, whereas fractures may result from wind-induced mechanical stress.
The combination of SEM with energy-dispersive X-ray spectroscopy (SEM—EDS) addition-
ally provides information on the elemental composition of particles. For instance, the ele-
mental composition of MP present in suspended dust has been determined using SEM-
EDS. Although SEM has been successfully applied for MP identification, it is a time-con-
suming technique in terms of sample preparation and image acquisition and is therefore not

suitable for the analysis of large quantities of MP particles (Chen et al., 2020).

Pyrolysis—Gas Chromatography—Mass Spectrometry

Pyrolysis—gas chromatography—mass spectrometry (Pyr-GC-MS) has so far rarely been ap-
plied in research on atmospheric MP, but it is widely used in studies investigating MP in
other environmental compartments. The chemical composition of MP can be determined
using this method by analysing the thermal degradation products generated during pyroly-
sis. ldentification is achieved by comparing the resulting pyrograms with reference and li-
brary databases.

Because the analysis is based on characteristic thermal decomposition products of poly-
mers, the shape, size, and colour of MP particles do not influence the results obtained by
Pyr-GC-MS. In contrast to Raman spectroscopy, the method is not affected by additives
present in the plastic material. Instead, Pyr-GC-MS enables the simultaneous identification
of polymer types as well as associated additives and degradation products, which is partic-
ularly advantageous for the analysis of MP from different environmental matrices. Another
key advantage of the method is that only very small amounts of MP material are required
for chemical characterisation.

However, Pyr-GC-MS also has notable limitations. MP particles must have a minimum size

of approximately 100 um, as they need to be manually transferred into the pyrolysis tube.
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Furthermore, only a single MP particle can be analysed per measurement run. A complete
analytical cycle typically takes more than 30 minutes, which severely limits the throughput
and hampers the analysis of large sample numbers. In addition, Pyr-GC-MS is a fully de-
structive technique, meaning that analysed samples cannot be used for subsequent inves-
tigations.

Due to these limitations, Pyr-GC-MS is not suitable as a stand-alone method for compre-
hensive MP characterisation. Instead, it should be applied as a complementary technique
alongside other identification and analytical methods. When combined with imaging or spec-
troscopic approaches, Pyr-GC-MS can provide valuable insights into the chemical compo-
sition of MP and thereby enhance the overall robustness and interpretability of the results.
(Chen et al., 2020).

Recommendations for comprehensive detection

To minimize statistical errors and achieve an integrated assessment, it is recommended that
multiple identification methods be combined in studies monitoring atmospheric MP. Initially,
prepared samples should be sorted and counted based on shape, size, and colour using
visual identification techniques such as stereomicroscopy. High-resolution microscopy and
fluorescence microscopy can be employed for the detection of smaller MP particles, while
SEM is suitable for studies that require detailed examination of particle size and surface
texture.

Following morphological identification, FTIR spectroscopy and Raman spectroscopy are
typically used to characterise MP and identify their polymer types. Pyr-GC-MS further ena-
bles the determination of the chemical composition of MP, including any additives present
(Chen et al., 2020).

4.7 Conclusions and Observations

As demonstrated in this chapter, the implementation of sampling and detection strategies
for MP necessitates meticulous planning tailored to the specific characteristics of each ma-
trix. Furthermore, the implementation of these strategies must be accompanied by rigorous
quality control measures and a coordinated effort with clearly defined target parameters,
including but not limited to the particle count, mass, polymer mix, and size distribution.
Standardised or clearly structured protocols are imperative for the effective management of
liquid systems. These include the EU Delegated Decision 2024/1441 for drinking water and

the ASTM D8332-20 for various water matrices. These protocols delineate the utilisation of
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defined filter cascades, procedural blanks and documented volume determination. In the
context of freshwater systems, network-based, pump-operated and sedimentation-based
approaches have been demonstrated to be effective in addressing diverse size ranges, lo-
gistical requirements and degrees of representativeness.

The present chapter is intended to provide a comprehensive overview of the extant literature
and established practices in this field, as opposed to a complete representation of the avail-
able methods landscape. A plethora of alternative sources, variants and specialised meth-
ods have been developed, including alternative density separation media, nano-specific de-
tection pathways and Al-supported evaluation approaches. The efficacy of these resources
is contingent upon the specific question, matrix, and available resources. The selected
sources have been frequently cited and applied, indicating a high level of acceptance within
the professional community. Alternatively, they represent standards and guidelines (e.g. EU
2024/1441, ASTM D8332-20, soil science guidelines from ESDAC, FAO and the Soil Health
Institute) that should serve as the primary reference for future work.

The work on soil was based on the quality-assured procedure that has been established at
FHNW. The protocol for sampling, extraction and detection described herein aligns with the
methods that are already in use. This ensures that new datasets remain directly comparable
with existing results.

The extraction process is based on a combination of the Fenton reaction and density sepa-
ration, which controls the organic and mineral matrix and reduces polymers gently. The de-
tection process combines mass-based Py-GC/MS with particle-based FTIR microscopy and
is validated by blanks and recovery tests.

The procedure for soil sampling is based on the experience and knowledge of Slaveya Pe-
trova at the University of Agricultural Sciences in Plovdiv, who is responsible for sampling
agricultural soils and will continue to assume this role in future projects. The field protocols
employed by the researcher are closely aligned with international guidelines established by
the European Soil Data Centre, the Food and Agriculture Organization of the United Nations,
and the Soil Health Institute. However, these protocols have been adapted to specific loca-
tions and farming practices, with the aim of generating practical and methodologically com-
parable data. This approach is intended to ensure methodological consistency across pro-
jects without compromising the flexibility required for diverse site conditions.

56



Literature Review on the Reduction of Contamination in Microplastic Samples

5 Literature Review on the Reduction of Contamination in Microplastic

Samples

In the previous chapter, the sampling of different environmental media for MP analysis, their
preparation, and subsequent evaluation were described. One aspect that was only briefly
addressed there is the potential for cross-contamination during sampling and sample prep-
aration, which is, however, crucial for the reliability of the results. The following chapter fo-
cuses specifically on this issue, with reference to the study “Measures to Prevent Cross-
Contamination in the Analysis of Microplastics: A Short Literature Review.” (Cruz-Salas et
al., 2023).

In this review, 1,477 publications were initially identified, of which 115 studies were selected
for detailed analysis after applying defined inclusion and exclusion criteria. The studies cover
various marine compartments (including beaches, the water column, sediments, man-
groves, and marine fauna) and were uniformly analysed regarding the reported measures
to prevent cross-contamination. Figure 11 schematically illustrates the selection steps from

the initial number of hits to the final corpus of 115 studies.

Keywords and Microplastics + Microplastics + Microplastics + Microplastics + Microplastics + Microplastics + Microplastics + Microplastics +
boolean surface seawater sea bottom mangroves: beaches: 1,765 marine fauna: marine phytoplankton:
operator seawater: 1,899 column: 1,139 sediment: 956 384 600 vegetation: 367 596

After applying o2 57 94

search criteria | 382 l | 235 J ‘ 200 | | 83 | | 325 | | } | I |

After applying
inclusion | | w || 3 | | 15 | 10 | | 35 || 6 | 2 | | 0
criteria

Total articles

After deletion 115

by duplicity
Figure 11: Overview of the Selected Studies (Cruz-Salas et al., 2023)
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Of these 115 studies, 61 explicitly report at least one measure to reduce cross-contamina-
tion during sampling, while 54 studies do not report any measures. The three most frequently
described preventive steps in the field are the use of non-plastic sample containers (25 stud-
ies), non-plastic sampling tools (24 studies), and non-plastic samplers (21 studies). Nearly
one third of the evaluated studies implement more than one measure during sampling, which

is illustrated in Figure 12, differentiated by the number of measures applied.
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Number or measures taken to prevent
cross-contamination at the sampling stage
Figure 12: Overview of the Number of Measures Implemented to Reduce Cross-Contamination During Field Sampling (Cruz-Salas

et al., 2023)
The following Figure 13 summarizes which specific measures were implemented in the field

and by how many studies to prevent or reduce contamination. In addition to the choice of
materials, these measures include rinsing equipment with filtered water, using procedural
blanks, and covering samples and equipment. Overall, despite the ubiquitous presence of
MP, it is evident that nearly half of the studies in the field documented either very few or no

measures for contamination control.
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Sampling of objets as MP source 7
Gloves 8
Cotton clohes 9

Other measures 10
Blank test 10

Rinse of material 11

Non-plastic sampler 21
Non-plastic collection utensils 24

Non-plastic containers 25
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Figure 13: Frequency of Measures applied to Minimize Cross-Contamination during Microplastic Sampling in the Field (Cruz-Salas
et al., 2023)

In the laboratory, by contrast, cross-contamination receives significantly more attention. All
115 evaluated studies describe at least one measure to prevent cross-contamination during
sample processing, with the majority implementing more than five different measures. Fig-
ure 14 shows the distribution of studies based on the number of measures implemented in

the laboratory.
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Number or measures taken to prevent
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Figure 14: Number of Measures taken in the Laboratory when Sample Processing (Cruz-Salas et al., 2023)
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In total, 98 different approaches to reducing contamination were described across the 115
studies. Laboratory blanks were used most frequently (72 studies), followed by rinsing of
equipment and glassware (56 studies) and the use of cotton lab coats (56 studies). The

most used measures and their prevalence are summarized in Figure 15.

Washing of glass material with acid 10
Cleaning of equipment / apparatus 11
Coverage of equipment / apparatus 19
Cleaning of work surfaces 25
Fume hood 29
Gloves 36
Filtering of work solutions 37
Coverage of samples 39
Non-plastic material 44
Others* 47
Rinse of material 56
Cotton lab coats 56
Blank tests 72

0 10 20 30 40 50 60 70 80

Figure 15: Frequency of Measures applied to Minimize Cross-Contamination during Microplastic Sample Processing (Cruz-Salas et
al., 2023)

Although many studies implement extensive contamination prevention measures, only a few
explicitly report on the effectiveness of these measures, such as comparisons between
blanks and samples or between different laboratory environments. From the studies that
provide such information, it can be inferred that the implemented measures can prevent
approximately 4.8 to 69% of contamination in the field and 0.1 to 48.8%in the laboratory,
depending on the setting. The authors conclude that standardized protocols, including de-
fined minimum requirements for contamination control and acceptable levels of contamina-
tion, are essential to ensure the comparability and reliability of MP data.

Based on their systematic evaluation, Cruz-Salas et al. identified five main sources of cross-
contamination during MP analysis: deposition from the air (both in the field and in the labor-
atory), abrasion from plastic sample containers, samplers, and tools, microscopic fibres from
synthetic clothing and textiles (e.g., cleaning cloths or curtains), contamination from rea-

gents, solvents, and water, and cross-contamination between individual samples.
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For each of these contamination sources, the review recommends

measures, which are summarized in Figure 16 below.

specific preventive

Air

Wear of plastic materials

Synthetic clothes and
textiles

Reagents, solutions, and
water

Cross-contamination
between samples

Evaluate blank samples
during sampling and at
cach stage of laboratory
sample processing.

Subtract, from the total
number of MP, the par-
ticles found in the blank
samples.

Rinse the samplers, con-
tainers, utensils, and gen-
eral material before using
and dry them in an oven.

Cover samplers, contain-
ers, utensils, apparatus,
and work surfaces with
aluminum or cotton cloth
until use.

Process samples in a
closed room, with fans
turned off.

Process the samples in a
fume hood.

Figure 16:

Thoroughly inspect sam-
plers, containers, and plas-
tic utensils before using in
the field and laboratory.

Take samples of burrs
present in plastic mate-
rials.

Discard from the final MP
quantification particles
similar to the burrs of
plastic materials.

Use glass or stainless-
steel samplers, contain-
ers, and utensils.

Wear cotton clothes dur-
ing laboratory sample
sampling and processing.

Wear a cotton gown dur-
ing sampling, only when
wearing synthetic textile
clothing, and at all stages
of sample processing in
the laboratory.

In case of wearing syn-
thetic clothing and using
other synthetic textiles,
carry out a record of
these.

Use cotton flannels to
clean samplers, contain-
ers, utensils, apparatus,
and work surfaces.

Filter water (distilled, de-
ionized, marine, Milli-Q,
or potable) before using.

Filter solutions for sam-
ple digestion or density
separation before using.

Rinse the samplers, con-
tainers, and material in gen-
eral between each sample
taken in the field.

Rinse laboratory supplies
and utensils before pro-
cessing each sample in the
laboratory.

Measures Recommended by Source of Microplastics Contamination (Cruz-Salas et al., 2023)

Building on the main sources of cross-contamination identified by Cruz-Salas et al., more
detailed conclusions can be drawn from recent quantitative studies regarding which
measures are particularly effective in practice and which, despite their widespread use, con-
tribute only limitedly to contamination reduction. In particular, the studies by Jones et al.,
Aminah and lkejima, Bhat et al., Wesch et al., and Munno et al. quantify both the extent of
procedural contamination and the effect of individual measures, thereby allowing a prioriti-
zation of the recommendations summarized in Table X above (Aminah & Ikejima, 2023; Bhat
et al., 2024; Jones et al., 2024; Munno et al., 2023; Wesch et al., 2017).
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The Figure 17 below provide a simplified illustration of the extent to which different methods

contribute to the introduction of MP into the sample.
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Figure 17: Simplified lllustration of the extent to which different Methods contribute to the Introduction of Microplastics into the Sample

(Jones et al., 2024).
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Figure 18: Summary of the Risk of Introducing Detectable Contamination of Plastic Particles when Performing an Experiment to

Quantify Nano or Microplastic Contamination (Jones et al., 2024).

A key finding concerns the contamination source of laboratory water. Jones et al. shows in
Figure 18 that all common laboratory water sources contain measurable amounts of MP,
with Milli-Q water being the least contaminated at an average of 21.7 particles/ml
(95% Cl 4.7-64.4), followed by reverse osmosis water with 29.9 particles/ml (95% CI 9.6—
77.3) and tap water with 151.7 particles/ml (95% CIl 62.2—-387.0). These results support the

use of high-purity, filtered water, as already recommended in many protocols, but also high-
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light that Milli-Q water cannot be considered “particle-free.” Furthermore, the design of pro-
cedural blanks must explicitly take into account which type of water is used at each stage of
the procedure (Jones et al., 2024).

Similarly pronounced are the differences between various consumables. While the literature
review by Cruz-Salas et al. describes the replacement of plastic equipment with glassware
as a standard measure to prevent contamination, the experimental study by Jones et al.
reaches the opposite conclusion: In experiments where Milli-Q water was pipetted back and
forth between two vessels for twenty minutes, the particle count in glass vessels averaged
1,356.9 particles/ml (95% Cl 975.3-1,861.1), whereas plastic vessels contained only
6.9 particles/ml (95% CI 0.7-19.2), a difference of nearly two orders of magnitude. The ex-
planation given is that single-use plastic consumables are produced under ISO 13485 and
ISO 9001 standards, individually packaged, and delivered sterile, whereas glassware is of-
ten stored loosely in boxes and is therefore already significantly contaminated with dust and
fibres before use. For practical purposes, this means that the blanket recommendation
“glass instead of plastic” should be critically reconsidered and weighed according to the
research question (particle counting vs. trace chemistry) (Jones et al., 2024).

A particularly critical point concerns the use of aluminium foil, which is recommended in
many protocols. In the study by Jones et al., a dedicated foil control experiment was con-
ducted in which fresh aluminium foil was rinsed with Milli-Q water and the rinse water was
immediately analysed. Even after this very short exposure, an estimated 168.9 particles/ml
(95% CI 93.3-274.7) were detected, identifying aluminium foil itself as a significant source
of contamination. The authors explicitly note that while foil is often recommended as a cover
for glassware, its use in direct contact with samples or reagents (e.g., as a dust-collection
tray or as an interior contact surface during rinsing) leads to a substantial additional particle
input. From the perspective of conservative contamination control, it is therefore advisable
to avoid using fresh aluminium foil as a direct contact surface and, where a cover is required,
to use glass lids or petri dishes instead, or, if foil is used at all, only as a loose, non-wetted
covering (Jones et al., 2024)

Another contamination pathway mentioned in the review is the deposition of particles from
the air. While Cruz-Salas et al. primarily refer to qualitative information on air control and
sample covering, Bhat et al. and Jones et al. quantify both background contamination and
the effect of different working environments. In a laboratory setting without specialized air

filtration, an average of 55.4 + 26.9 MP particles per day were deposited onto open petri
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dishes over seven days, with fibres in the size range of 10—1,000 um being dominant. Jones
et al., in turn, show that in a twenty-minute pipetting experiment, there were no significant
differences in particle numbers in the water between an open bench, a fume hood, and a
biosafety cabinet; however, all three environments were considerably higher than the control
sample taken directly from the Milli-Q system. From this, the authors conclude that during
short-term procedures, the main contribution to contamination comes not from the air but
from pipette tips and centrifuge tubes themselves, whereas air deposition is mainly relevant
during prolonged, uncovered work steps and passive dust accumulation (Bhat et al., 2024;
Jones et al., 2024).

The role of specialized “clean-air devices,” mentioned in the review as one of several
measures, is more precisely quantified by the study of Wesch et al. In an experimental de-
sign where moistened filters were exposed in different environments, a clean workspace
with laminar flow and particle filtration reduced airborne microfiber contamination by 96.5%
compared to a standard laboratory room, whereas a standard fume hood only halved the

contamination relative to an open bench. This is illustrated in the Figure 19 below.
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Figure 19: Number of aerial Microfibres monitored in the Samples in four different Setups (il = indoor laboratory, ml = mobile labora-

tory, th = laboratory fume hood, cb = clean bench with particle filtration) (Wesch et al., 2017)

64



Literature Review on the Reduction of Contamination in Microplastic Samples

These results support the conclusion that laminar-flow workbenches equipped with HEPA
filters are among the most effective technical measures for reducing airborne deposition
and, where available, should be preferred over standard fume hoods. Wesch et al. confirm
this for atmospheric MP samples, showing that laminar flow reduces background contami-
nation in blank samples more effectively than a fume hood or standard laboratory rooms
(Wesch et al., 2017).

In addition to air and equipment, the review by Cruz-Salas et al. also highlights reagents
and solvents as relevant sources of contamination. The detailed study by Aminah and lke-
jima demonstrates that water as well as H,0,, FeSO,, and ZnCl, contain significant num-
bers of particles prior to filtration, some of which were unambiguously identified as polymers
such as polyethylene terephthalate, polyethylene, polystyrene, or polyacrylonitrile using p-
FTIR. Filtration of these solutions through pre-combusted glass fibre filters (400 °C, 2 h) re-
duced the particle counts by 70—-100%, so that no MP particles were detectable in filtered
deionized water and filtered FeSO, and ZnCl, solutions. This quantitatively supports the
recommendation by Cruz-Salas et al. to filter reagents and water, establishing it as one of
the most effective and simultaneously cost-efficient measures for contamination reduction
(Aminah & lkejima, 2023).

The importance of procedural blanks highlighted by Cruz-Salas et al. is further elaborated
in the interlaboratory study by Munno et al. In that study, standard blanks were analysed in
parallel with identically prepared “spiked samples” across 12 laboratories, and the MP par-
ticles found in the blanks were recorded in detail with respect to size, colour, and morphol-
ogy. The number of potential MP particles in the blanks ranged from 7 to 511 particles per
sample, with a median of 45 particles, with black fibres in the size range of 20—212 ym being

dominant. The detailed breakdown of the data is shown in the Figure 20 below.
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Figure 20: Composition of the Particles detected in the Blanks across the Labs (Munno et al., 2023).

Based on these data, the authors discuss different strategies for blank correction and con-
clude that subtraction along combined characteristics (size class, colour, and morphology)
is most likely to remove only those particles that originate from the laboratory background,
while preserving “true” sample particles. This complements the review by adding a method-
ological perspective on how blank data can not only be collected but also meaningfully inte-
grated into data analysis (Munno et al., 2023).

Finally, the experimental studies allow an assessment of which of the measures identified
by Cruz-Salas et al. should be prioritized based on their actual effectiveness. Jones et al.
show that switching from glass to plastic consumables and avoiding the use of aluminium
foil as a cover reduces introduced particles by an order of magnitude more than changing
the working environment from an open bench to a biosafety cabinet alone. Aminah and
Ikejima, as well as Bhat et al., demonstrate that the combination of thermal treatment of
filters, filtration of all reagents, and working in a simple clean booth with a HEPA unit can
reduce background contamination in laboratory blanks to the extent that detection limits be-
low one particle per sample are realistically achievable. Taken together with the systematic
literature review, this suggests that technical measures, consistent filtration of water and
reagents, and deliberate material should be defined as the core of a “minimum standard” for
contamination control, to which additional matrix- or method-specific measures can be
added (Aminah & lkejima, 2023; Bhat et al., 2024; Jones et al., 2024; Munno et al., 2023;
Wesch et al., 2017).
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6 Measurement Principles and Parameters for Microplastic Detection
This chapter introduces the fundamental operating principles of the analytical instruments
discussed in the subsequent sections on spectroscopic, thermoanalytical, imaging, and flu-
orescence-based methods. It outlines the underlying principles of each technique and high-
lights key aspects of their application, including detection limits, throughput, and costs.

In general, three main detection approaches can be distinguished. Spectroscopic methods
identify polymers by analyzing their chemical structure and comparing the results with ref-
erence spectra. Thermoanalytical methods rely on pyrolysis under inert conditions, produc-
ing characteristic degradation products that enable polymer identification. In addition, chem-
ical methods selectively digest plastics to detect specific degradation products or elements.
Methods that dissolve MPs as largely intact polymers for extraction are not considered
chemical methods in this context.

Spectroscopic techniques allow identification of polymer types as well as determination of
particle number, size, size distribution, and shape. In contrast, thermoanalytical and chemi-
cal methods primarily provide information on polymer types and associated MP contents.
These approaches are complementary but, with current technology, their results cannot be
directly converted.

For real samples, exclusive reliance on imaging techniques such as light or electron micros-
copy, or on particle counting methods including light or laser scattering and Coulter counters,
carries a high risk of misinterpretation, as MPs cannot be reliably distinguished from natural
particles. Such measurements therefore require validation using appropriate reference and
blank samples (Dr. Ulrike Braun, 2020).

6.1 Spectroscopic Methods

In this section, the spectroscopic methods FTIR and Raman are examined and presented,
as they are among the most important techniques for identifying MP based on their material
specific signals. Spectroscopic methods capture chemical structural features and assign
them by comparison with reference spectra. They allow the simultaneous determination of
polymer type as well as particle number, size, and shape.
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6.1.1 Fourier Transform Infrared Spectroscopy (FTIR/u-FTIR/ATR-FTIR)
Operating principle:

FTIR is a widely used method for non-destructive determination of chemical structures via
covalent bonds. Mid-infrared (MIR) radiation excites molecular vibrations, producing char-
acteristic spectra that can be compared with reference spectra. Samples must be water-

free, as water’s IR spectrum overlaps with the analyte and complicates interpretation.

FTIR variants differ in spatial resolution, sample preparation, and measurement geometry.
Conventional FTIR measures larger areas and suits bigger particles. y-FTIR, combined with
a microscope, achieves micrometer resolution, allowing analysis of smaller particles and
automated chemical mapping. ATR-FTIR generates the signal at the sample surface, re-
quires minimal preparation, works well for uneven or solid samples, but has lower resolution
than y-FTIR (Dr. Ulrike Braun, 2020).

Measurement principle:
Depending on sample properties and particle size, different reflection and transmission

modes are applied:

Transmission measurements:

The IR beam passes completely through the sample. The main advantage is the acquisition
of complete spectra representing the entire particle. Disadvantages include susceptibility to
total absorption above a certain particle or layer thickness and for materials with high carbon
content, which can lead to the loss of spectral details.

Reflection measurements:

The IR beam is directed onto the sample, and the reflected radiation is detected. This mode
requires highly reflective samples and is therefore typically applied to strongly reflecting sur-

faces, such as gold coated filters.

Attenuated total reflection (ATR):

A crystal is pressed against the particles, and the spectrum is recorded at the interface be-

tween the crystal and the sample. This method primarily captures the surface structure of
the particle but may be problematic due to adhesion effects or mechanical damage to the

crystal caused by hard particles (Dr. Ulrike Braun, 2020).
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Variants by particle size:
As already indicated, the different FTIR approaches differ in their spatial resolution, which

determines the particle sizes that can be analysed.

ATR-FTIR (particles > 500 um):

Larger particles are analysed directly. Particle selection is performed either manually or by

image analysis algorithms. A disadvantage of this approach is the potential for contamina-

tion due to particle transfer or damage to the crystal surface.

u-FTIR (particles < 500 um):

Measurements in reflection and transmission are carried out using confocal FTIR micro-

scopes. The use of focal plane array (FPA) detectors significantly increases measurement
throughput. Depending on detector size and manufacturer, areas of approximately
0.7 mm x 0.7 mm can be analysed in a single measurement (around 1 minute, up to
16,384 spectra). A filter area of 14.8 mm x 14.8 mm can be analysed in approximately 4

hours.

Laser based IR systems (u-IR):

These newer systems provide substantially higher radiation power compared to conven-
tional IR sources. Each wavenumber is tuned individually, which is more computationally
intensive than Fourier transformation but nevertheless enables faster measurement times.
A key advantage is that detector cooling with liquid nitrogen is no longer required. In combi-
nation with FPA detectors, short measurement times for large areas can be achieved, for
example an area of 12 mm x 12 mm in approximately 36 minutes at a pixel resolution of
4.2 ym (Dr. Ulrike Braun, 2020).

Filter materials and measurement range:
IR-transparent filter materials allow for rapid sample preparation. Aluminium oxide is the
most used filter substrate, but it has a limited measurement range (3600—1250 cm™). Alter-

natives include silicon or metal-coated polycarbonate filters (Dr. Ulrike Braun, 2020).

Data processing:

Imaging-based measurement methods generate large volumes of data, which are pro-
cessed using specialized software. Commonly used tools include R, Python, or MATLAB,
as well as commercial solutions offering various algorithms for spectral assignment. The
freely available software siMPle (www.simple-plastics.eu) is capable of analysing both large
datasets and individual spectra (Dr. Ulrike Braun, 2020).
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Detection limit and quantification thresholds:

The detection limit of u-IR spectroscopy depends on the instrument, measurement settings,
and optics, with particles down to ~10 um reliably identified, representing the practical
threshold for routine environmental monitoring. The method can be affected by residual wa-
ter, biofilms, mineral deposits, and pigments, requiring careful drying, pretreatment, or en-
zymatic cleaning. Very small particles (<10 um) are difficult to detect outside specialized
labs (Dr. Ulrike Braun, 2020).

Sample preparation and blanks:

To apply this method effectively to particles <600 ym, chemical or enzymatic sample prep-
aration is often required. For partial analyses, at least 50 particles (>500 um) or 50 % of the
filter area (<500 pym) should be examined.

Reliable FTIR results require systematic blank determinations. Process blanks capture con-
tamination arising from sampling, preparation, and detection; at least one process blank per
five samples is recommended. Laboratory blanks assess internally induced contamination;
a minimum of three, and ideally up to ten, laboratory blanks are recommended for determin-
ing the limit of detection (LOD) (Dr. Ulrike Braun, 2020).

Data integration and evaluation:

Modern analysis software, such as siMPle/MPAPP or the BPF platform, automates particle
detection, classification, and statistical evaluation. This enables the efficient use of large
datasets for life cycle assessments, long-term studies, and source identification (Dr. Ulrike
Braun, 2020).

6.1.2 Near-Infrared Spectroscopy (NIR)

Operating principle:

Near-infrared (NIR) spectroscopy covers the spectral region adjacent to the mid-infrared,
where overtones and combination bands occur. In NIR spectroscopy, molecules are excited
to vibrate by electromagnetic radiation, and the absorbed energy appears as missing inten-
sity in reflection or transmission spectra. Because these spectral regions are molecule-spe-
cific, the position, shape, and intensity of the absorption bands enable substance identifica-
tion and quantification using chemometric methods and comparison with reference
databases (Dr. Ulrike Braun, 2020).
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Measurement types:

Point spectrometers:

In contact measurements such as ATR in the MIR range, measurements can be performed
on individual particles. However, the optical lens system produces a blurred measurement
area, so this method is generally suitable only for MP (>1 mm). Alternatively, increasing the
measurement distance allows integration over a larger area, yielding a single spectrum for
the measured surface. Using statistical methods, the coverage of the target material or its

content in mass percent can be determined.

Imaqing spectrometers:

These systems spatially resolve the measurement area into numerous individual measure-
ments, similar to FPA-based FTIR spectrometers. Each pixel in the resulting image contains
its own spectrum. Depending on the optical lens, pixel sizes are typically around 50 um or
larger, corresponding approximately to the diameter of the smallest detectable MP particle.
Image processing methods enable automated particle detection and size determination (Dr.
Ulrike Braun, 2020).

Field applicability and applications:
Since portable, field-ready NIR spectrometers are available, quantification can also be per-
formed in situ. Additionally, NIR spectrometers can be inserted into samples, such as sail,

using a measurement probe (Dr. Ulrike Braun, 2020).

Detection limits and advantages:

The practical detection limit of NIR spectroscopy for microplastics in soil is about 1 wt%
plastic or 5 % coverage of the measurement area, below which polymer signals are masked
by the matrix or individual particles cannot be reliably distinguished. Sensitivity also depends
on soil composition, background material, and polymer optical properties. NIR allows very
high sample throughput due to its rapid measurement (e.g., 10 minutes for a 47 mm filter)
and is relatively robust against contamination, such as biofilms. It has long been used for
online quality control in the food industry and automated plastic sorting, with applications for

microplastic analysis in soil and water emerging only recently (Dr. Ulrike Braun, 2020).
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Sample preparation and limitations:
In all cases, samples must be filtered onto glass fibre filters without organic binders and
dried in an oven at a maximum of 50 °C. For NIR measurements, no established protocols

currently exist for determining process or laboratory blanks (Dr. Ulrike Braun, 2020).

6.1.3 Raman-Spectroscopy (u-Raman)

Operating principle:

Raman spectroscopy is a non-destructive method based on the inelastic scattering of light,
producing “fingerprint” spectra for polymer identification and characterization of additives,
pigments, and inorganic or organic constituents. Coupling with confocal microscopy (u-Ra-
man) provides high spatial resolution in the submicrometer range, typically around 300 nm
(Dr. Ulrike Braun, 2020).

Swiss research institutions, such as Eawag, have conducted extensive studies on Raman
spectroscopy for MP analysis and provide methodological guidelines and standard protocols
(Eawag, 2024).

Advantages over FTIR:

This technique is particularly relevant for very small, transparent, or pigment-laden particles
that are difficult to analyse using FTIR. Raman spectroscopy also enables the characteriza-
tion of aged or weathered particles, as well as the identification of polymer mixtures and

chemical additives in plastics (Dr. Ulrike Braun, 2020).

Automated measurement and throughput:

With automated particle counting, one or more filters can be measured in a batch, typically,
2-5 hours are required per filter. Individual measurements take 10—30 seconds per particle.
Modern software enables simultaneous morphology analysis and polymer classification in a
single workflow. (Dr. Ulrike Braun, 2020).

Limitations:

A key challenge of Raman spectroscopy is its susceptibility to fluorescence interference
from organic matrices, biofilms, or colour pigments. Specialized excitation wavelengths
(e.g., 785 nm lasers) or pretreatments such as oxidation or enzymatic cleaning can mitigate
these effects. The detection limit is approximately 1 um, but analyses are restricted to small

filter areas, resulting in a significantly lower sample throughput (Dr. Ulrike Braun, 2020).
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Software and costs:

Several analysis programs are available, including GEPARD and the TUM Particle Typer
for automated analysis. Costs and personnel requirements are comparable to FTIR imaging
for comprehensive environmental samples, however, the sample throughput is significantly

lower due to the small measurable filter areas (Dr. Ulrike Braun, 2020).

Application spectrum:
Raman spectroscopy is primarily used for drinking water, air samples, and industrial efflu-
ents, where small and diverse MP fractions are expected. It is particularly suitable for (Dr.
Ulrike Braun, 2020):

e Investigation of nanoplastics

« Analysis of pigment-laden particles

« Identification of aged or weathered polymers (e.g., heavily oxidized PE/PP)

o Characterization of polymer mixtures
6.2 Thermoanalytical Methods

Thermoanalytical methods determine polymer types and MP content, but they are comple-
mentary to spectroscopic techniques, as they do not provide information on particle number,

size, or shape (Dr. Ulrike Braun, 2020).

6.2.1 Pyrolysis—Gas Chromatography—Mass Spectrometry (Py-GC/MS)

Operating principle:
The method is based on the thermal decomposition of the sample under oxygen-free condi-
tions at temperatures of 500-700 °C. Polymer degradation products are separated by gas

chromatography and detected by mass spectrometry (Dr. Ulrike Braun, 2020).

Advantages and robustness:

The technique is robust against matrix interferences such as humus, sediment, or biological
components (Dr. Ulrike Braun, 2020). This makes it particularly suitable for complex envi-
ronmental samples, such as sewage sludge, sediments, or soil, where spectroscopic meth-

ods are limited by matrix overlap (Wasser 3.0, 2025).
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Sample amount and analysis time:

Typically, only a few milligrams of sample are required to accurately quantify both the total
mass and the distribution of individual polymer types. In routine laboratory practice, a com-
plete analysis takes approximately 2 hours, a timeframe that can accommodate multiple
samples in a batch (Dr. Ulrike Braun, 2020).

Limitations:

The method does not provide information on particle size, shape, or number; it only
measures the total mass fraction per polymer. This is a disadvantage for epidemiological
studies or environmental assessments, as toxicological effects are often size-fraction de-
pendent rather than substance-based. Additionally, additives, plasticizers, and certain co-
polymers can interfere with the pyrogram, making careful calibration essential (Dr. Ulrike
Braun, 2020).

Application scope:
Thermoanalytical methods are primarily applied to samples with complex matrices, as well
as in cases where mass flows need to be documented, such as in wastewater treatment

balances or industrial process control (Dr. Ulrike Braun, 2020).

6.2.2 Thermal Extraction—Desorption Gas Chromatography—Mass Spectrometry
(TED-GC-MS)

Operating principle and sample amounts:

The method is similar to Py-GC-MS but employs specialized sample introduction systems
for thermal extraction and desorption. With TED-GC-MS, the sample amount can be in-
creased up to 100 mg without contaminating the analytical system, enabling the analysis of
samples with very low MP content (Dr. Ulrike Braun, 2020; GERSTEL, 2025).

According to the manufacturer GERSTEL, TED-GC-MS provides automated sample intro-
duction with thermal extraction and desorption, which significantly improves the quantifica-
tion of very small particle amounts.(GERSTEL, 2025).

Analysis time:
The analysis takes approximately 2 hours per sample, similar to conventional Py-GC-MS
(Dr. Ulrike Braun, 2020).
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6.2.3 Calorimetric Methods (DSC - Differential Scanning Calorimetry)

Operating principle:

Differential Scanning Calorimetry (DSC) is a thermoanalytical technique that allows precise
determination of the thermal properties of polymers under continuously controlled tempera-
ture conditions. In a DSC measurement, a sample and a reference are simultaneously
heated or cooled, and the amount of heat absorbed or released by the sample during the
temperature change is recorded.

Polymers exhibit characteristic phase transitions with increasing temperature, such as the
melting of crystalline regions or glass transitions in amorphous fractions. Each polymer type
has a specific melting temperature, which appears as a peak in the DSC thermogram. Ad-
ditionally, the melting enthalpy, the energy absorbed during melting, can be quantified, en-
abling the determination of the mass and type of the polymer.

By analysing the DSC thermogram, different polymer types can be clearly identified, and
their proportions in mixed samples can be reliably quantified. The method is particularly
advantageous for the analysis of crystalline polymers, such as polyethylene, polypropylene,
or PET; amorphous materials, by contrast, exhibit no pronounced melting peaks and are
only partially detectable by DSC (Dr. Ulrike Braun, 2020).

Detection limits:

The detection limit of Differential Scanning Calorimetry (DSC) for MP is typically around
50 ug of sample, representing the minimum polymer amount that can be reliably detected.
This limit is somewhat higher than for Pyrolysis-GC-MS, which can quantify smaller polymer
quantities.

A major advantage of DSC is its low sensitivity to contamination: because the method di-
rectly measures the specific melting energy and thermal transitions of target plastics, foreign
substances, mineral particles, or organic matrix components generally have minimal impact
on the analysis. In contrast, chemical methods can be significantly affected or obscured by
such contaminants. Consequently, DSC is particularly suitable for complex samples and
mixed materials, enabling reliable quantitative and qualitative determination of crystalline

polymer fractions (Dr. Ulrike Braun, 2020).

Limitations:
A major limitation of DSC is its unsuitability for amorphous plastics, such as polyvinyl chlo-

ride (PVC) or polystyrene (PS), which do not exhibit clearly defined or characteristic melting
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temperatures. Upon heating, amorphous polymers generally do not transition abruptly from
solid to liquid but instead display a glass transition, a broad and diffuse temperature range
without a pronounced peak in the DSC thermogram. As a result, they cannot be unambigu-
ously identified or reliably quantified.

Furthermore, DSC provides no information on the number of individual MP particles. The
technique measures only the total mass and thermal properties of the polymer in the sample,
regardless of the number of particles present. Therefore, DSC is suitable for determining the
overall content of crystalline plastics, but not for detecting, counting, or characterizing indi-
vidual MP particles. Differentiation by particle size, shape, or quantity is not possible with

this method, unlike spectroscopic or imaging techniques (Dr. Ulrike Braun, 2020).

6.3 Imaging Methods

This subchapter addresses imaging methods, which are based on the optical or electronic
visualization of MP particles in a sample. These techniques enable direct visualization, mor-
phological analysis, and particle size determination, and are essential for the preparation
and preselection of particles for subsequent chemical identification. The following sections

describe the most important technologies and their specific applications.

6.3.1 Light Microscopy

Operating principle and application:

Light microscopy is a fundamental method for the initial inspection and pre-selection of po-
tential microplastic particles in environmental samples. Filters or sample preparations are
systematically examined, and particles are visually assessed based on shape (fibres, frag-
ments, beads), surface texture, and colour. Conspicuous or unusual particles are marked
as potential microplastics. The method is easy to implement and allows rapid preliminary

classification in routine analyses and educational contexts. (Dr. Ulrike Braun, 2020).

Fundamental limitation:

International studies, notably Hidalgo-Ruz et al. (2012), show that visual assessment alone
is insufficient for reliable microplastic identification. Natural materials such as cellulose, chi-
tin, or mineral fragments can resemble plastics, leading to frequent misidentifications. Com-
plementary chemical confirmation using FTIR or Raman spectroscopy is therefore essential.
Light microscopy primarily serves as a pre-screening tool and preparatory step for subse-

quent substance-specific analyses (Hidalgo-Ruz et al., 2012a).
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Detection limit:

Microscopic analyses are particularly suitable for larger sample volumes and as a prelimi-
nary step for automated spectroscopic or fluorescence-based methods. Modern light micro-
scopes can achieve resolutions between 10 and 50 ym; below this range, uncertainty in-

creases significantly (Dr. Ulrike Braun, 2020).

6.3.2 Scanning Electron Microscopy (SEM)

Operating principle:

Scanning Electron Microscopy (SEM) is a high-resolution imaging technique in which a fo-
cused electron beam is scanned line by line across the sample surface. The interactions of
the electrons with the surface are detected, producing a detailed image at the nanometre
scale. When coupled with Energy Dispersive X-ray Spectroscopy (EDX), elemental compo-
sition of or within the MP particles can be determined simultaneously, allowing for both mor-

phological and chemical characterization (Dr. Ulrike Braun, 2020).

Surface analysis:

SEM enables the visualization and measurement of specific surface structures of MP parti-
cles. This includes mechanical weathering marks, the formation or detachment of biofilms,
pigment or metal adsorption, and the detailed examination of structural changes at particle
edges. In environmental analytics, SEM is increasingly used to document weathering pro-
cesses and interactions of MP with other environmental particles (Dr. Ulrike Braun, 2020).
Recent trends, such as those reported by analytik.news (2025), indicate that such studies

are gaining growing scientific significance (analytik.news, 2025).

Practical relevance:

Despite its significant value for research, SEM involves considerable instrumental and or-
ganizational effort. Samples usually require extensive drying and conductive coating, for
example with a thin layer of gold or carbon, prior to measurement. Analyses are time- and
cost-intensive, making SEM unsuitable for routine monitoring of MP. Its greatest benefit lies
in specialized material and environmental studies, as well as in the precise investigation of
MP subjected to long-term environmental exposure or complex aging processes(Dr. Ulrike
Braun, 2020).
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6.4 Fluorescence-Based Methods

Operating principle and labelling:

Fluorescence-based methods use dyes that selectively stain microplastic particles, inducing
fluorescence under UV or blue light. Common markers include Nile Red and the Wasser-
3.0-detect-mix MP-1, which adhere to plastic surfaces and make particles visible. Stained
samples are analyzed with automated image analysis software, enabling digital determina-
tion of particle number, size, and distribution. For recovery studies and method validation,
samples are often spiked with synthetic fluorescent reference particles to track analysis ef-
ficiency and potential losses during preparation (Dr. Ulrike Braun, 2020). Advanced proto-
cols, using Nile Red and Wasser-3.0-detect-mix MP-1, offer significantly improved specificity
for distinguishing different polymer types and are now established in standard studies and

interlaboratory comparison exercises (Olbrich & Schuhen, 2024).

Improvements through new markers:

The development and application of new fluorescent markers have significantly increased
the specificity of these methods for various plastics, such as polyethylene (PE), polypropyl-
ene (PP), and polyethylene terephthalate (PET). Modern markers, such as the Wasser-3.0-
mix MP-1, form more specific interactions with target polymers, thereby enhancing discrim-
ination from other environmental particles and reducing detection errors. In particular, the
previous challenge of black, heavily pigmented plastic particles appearing less visible due
to colour attenuation has been largely overcome through these new markers and improved
protocols (Dr. Ulrike Braun, 2020; Wasser 3.0, 2025).

Detection limit:

The practical detection limit of fluorescence microscopy is approximately 1 ym to 10 ym par-
ticle size. This means that particles at or above this size can be reliably detected and ana-
lysed, whereas smaller particles are generally not unambiguously identifiable using standard
methods (Dr. Ulrike Braun, 2020).

Analysis time and throughput:

Acquisition of a single standard filter with modern fluorescence microscopes typically takes
25-30 minutes, while the required sample preparation, including staining and filtration of MP
particles, takes an additional 15-30 minutes. As a result, under manual or semi-automated
laboratory workflows, it is realistic to process approximately two to four complete samples
per hour (Dr. Ulrike Braun, 2020).
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Applications and limitations:

Fluorescence-based methods are primarily used for rapid screening and routine monitoring
of MP, as they enable the quick and reliable visualization of large particle groups. They are
also well suited for method development and control studies, where fluorescent MP refer-
ence particles are deliberately added to assess measurement accuracy and loss rates.

A central limitation is that polymer identification is not always unambiguous. For example,
Nile Red exhibits reduced affinity for highly polar plastics, such as PVC, which can lead to
false-negative results. In general, fluorescence methods are applicable to a wide range of
polymers, but for certain functionally modified or heavily treated plastics, marker binding,
and thus detection, can be limited. Nile Red remains a well-established standard when com-
patible with the target polymers, while new markers, such as Wasser-3.0-detect-mix, en-

hance method versatility and precision (Dr. Ulrike Braun, 2020).
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6.5 Comparative Overview

Table 9:

Method

FTIR Imaging

Laser y-IR

NIR Spectroscopy

Raman Microscopy

Pyrolysis-GC-MS

TED-GC-MS

DSC

Light Microscopy

SEM

Fluorescence Micros-
copy

Particle size
limit detection

[pm]

>10

>5

>50

1-5

Mass-based

Mass-based

Mass-based

10-50 (visual)

Nano

1-10

Comparative overview of Microplastic Analysis Methods

Particle size limit
sample prepara-
tion [um]

10-20

0.8

50

0.2-1

1

100-300

10-20

0.2-0.45

0.45

Chemical speci-
ficity

Very high

Very high

Medium

Very high + addi-
tives

High

High

Medium
line)

(crystal-

Low (morphology)

Medium
EDX)

(with

Low (type-limited)

Throughput

Low; long measurement (4-6 h) but thousands of
particles simultaneously

Medium; faster point measurements, smaller parti-
cles, more samples in shorter time

Very high; screening method, short measurement
time (<1 h), large particles, low specificity

Medium; very high specificity, but long measure-
ment time (2-5 h) and complex analysis

Medium; runtime ~2 h, but only one sample per run
(serial)

Medium; similar to Py-GC-MS, single samples,
long runtime

Very High; short measurements (0.5-1 h), but not
fully automatable

High/Medium; rapid visual assessment of many
particles simultaneously, but low specificity

Medium; laborious preparation, single particle anal-
ysis, long measurement time

Medium; rapid measurement (<30 min), but type-
dependent and limited automatable

Duration per
sample

4-6h

2-4h

0.5-1h

2-5h

2h

2h

0.5-1h

0.5-3h

1-3h

25-30 min

Automata-
ble

Yes

Partially

Yes

No

Yes

Yes

Partially

No

No

Partially
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The Table 9 above compares all common methods for MP analysis in terms of detection
range, chemical specificity, sample throughput, and analysis duration. It serves as a deci-
sion-making tool to select an appropriate analytical strategy based on sample type, study
objectives, and laboratory context.

For routine monitoring with high sample throughput, imaging and fluorescence-based meth-
ods are particularly suitable. For definitive polymer identification and quantitative analysis of
crystalline polymer fractions, spectroscopic and thermoanalytical techniques are preferred.
Resource-intensive methods, such as SEM, are primarily applied in research and material
aging studies. The information is based on current literature and the key reference values
provided in the BMBF status paper (Dr. Ulrike Braun, 2020). In addition to the method-spe-
cific technical publication, various sources were consulted to determine the practical detec-
tion limit, taking sample preparation into account. In particular, it was taken into account that
the effective lower size limit in microplastic analysis is often determined not by instrumental
resolution, but by filtration, sieving, density separation, and transfer losses during sample
preparation.

For FTIR-based methods, technical application documents from Agilent Technologies and
the 2020 status paper on microplastics analysis from the German Federal Ministry of Edu-
cation and Research were consulted. These sources describe in particular filter-based sam-
ple preparation and the resulting practical size limitations (Agilent Technologies, 2021; Dr.
Ulrike Braun, 2020).

For laser micro-IR and LDIR systems, the Sample Preparation Guide for the 8700 LDIR
System from Agilent Technologies, the work of Whiting et al. (2022), and the status paper
from the German Federal Ministry of Education and Research were taken into account.
These publications focus in particular on the requirements for suitable substrates and the
practical lower limit resulting from filtration and particle transfer (Agilent Technologies, 2022;
Dr. Ulrike Braun, 2020; Whiting & et al., 2022).

In the field of NIR spectroscopy, the SWB MP1 method for analyzing drinking water samples
and the methodological reviews by Loder and Gerdts were consulted, supplemented by the
status paper of the Federal Ministry of Education and Research. These sources show that
in practice, the lower size limit is usually limited by pre-screening and filter pore size(Cali-
fornia State Water Resources Control Board, 2020; Dr. Ulrike Braun, 2020).
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For Raman-based methods, the study by Araujo et al. (2018), recommendations on filter
pore sizes in the range of 0.2 to 1 ym, and the status paper of the Federal Ministry of Edu-
cation and Research were taken into account. It is clear that, despite high instrumental res-
olution, losses below the filter pore size used can occur (Araujo et al., 2018; Dr. Ulrike Braun,
2020).

For pyrolysis GC-MS and TED-GC-MS, the work of Dimichen et al. (2017) and correspond-
ing discussion and status papers from the Federal Ministry of Education and Research were
consulted. Here, the focus is less on a particle size-dependent detection limit and more on
sufficient homogenization of the sample (Dr. Ulrike Braun, 2020; Dimichen et al., 2017).
For thermal analysis using DSC, the discussion and status paper of the Federal Ministry of
Education and Research and review papers on the analysis of aged microplastic particles
were taken into account. In this case, too, the method is not directly limited by particle size,
but requires suitable sample preparation (Dr. Ulrike Braun, 2020).

In the field of light microscopy, WTP studies by the Southern California Coastal Water Re-
search Project, the review by Hidalgo-Ruz et al. (2012), and the status paper by the Federal
Ministry of Education and Research were taken into account. Here, it is clear that the lower
size limit depends heavily on optical separability and the previously used sieve fraction (Dr.
Ulrike Braun, 2020; Hidalgo-Ruz et al., 2012b).

For SEM investigations, work by Mintenig et al., corresponding status papers from the Fed-
eral Ministry of Education and Research, and technical filter guidelines were taken into ac-
count. The practical lower limit here is primarily determined by the membrane filters used
(Dr. Ulrike Braun, 2020; Mintenig et al., 2019).

For fluorescence-based methods, the work of Maes et al. (2017) and technical filter recom-
mendations from Sigma-Aldrich were included. Here, too, the filter pore size used signifi-
cantly determines the effective lower size limit (Maes et al., 2017; Sigma Aldrich, 2020).
However, an important point regarding this table should not be overlooked. The figures given
for the treatment methods only apply if all particle sizes are fully recorded during sampling.
For instance, when sampling water with a net, depending on the pore size of the net, parti-
cles smaller than 41 um are not sampled at all. The detection limit then shifts to 41 um for

all methods.
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7 Creation of a Flow-Chart diagram

Another goal of this work was to create a flowchart based on the literature review, which
should serve as an aid for future projects in determining a suitable approach for the process
of analysing MP. The following flowchart was developed using Miro. For full resolution:
https://drive.google.com/file/d/1ZfKdD-VNB4QznKloSCiXTfgsVrShVK-o/view?usp=sharing
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Figure 21: Flow chart lllustrating a simplified Decision-making Process for selecting the appropriate Methods for Microplastic sam-
pling, sample processing, and detection (own creation)

The Figure 21 above shows the flowchart that has been created. It is also stored in the
appendix under letter A, where it can be viewed in full resolution. It is basically divided into
two parts. On the left-hand side is the actual flow chart, which is structured vertically. This
division serves to better orient the reader and clarify which section of the process they are

in. Specifically, the reader is first guided through the various size categories and then to the
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different media that can be examined. This is followed by the sampling process and sample
preparation for the final analysis.

Colours were also used for the size classification. The reason for this is that only the MP
class is relevant in this work. At the same time, this colour coding makes it easy to expand
the flowchart in the future if additional size classes are to be included in later work.
Targeted questions guide the reader through the flowchart so that an optimal strategy for
answering the respective research question can be determined. Subsequently, all paths
converge again, as the analysis of the sample can be carried out according to the same
basic principle in all media considered. In this section, too, the reader is supported by ques-
tions in order to select the appropriate analysis method in each case.

It should be noted that only a limited number of laboratories possess all the devices shown
in the diagram. For this reason, all devices mentioned in the flowchart can be used to obtain
usable results. An exception arises when the shape and number of particles are of central
importance. In this case, thermoanalytical evaluation is not suitable, as this method can only
determine the polymer type and mass and does not provide information on particle shape
or particle number. Furthermore, not all methods presented in the preceding chapter are
listed. This is because, for example, analysis using SEM can provide highly specific infor-
mation on particle ageing processes, but due to the complex sample preparation it is less
suitable for monitoring analyses.

A simplified quality control concept is shown on the right-hand side of the diagram. This is
intended to draw the reader's attention to the fact that, in addition to the correct procedure
for answering the research question, ensuring reliable results is also of central importance.
However, the points shown do not represent a complete quality control strategy but rather
serve as a guide to the aspects that should generally be considered.

The specific design of the quality control measures may vary depending on the sampling
location, the research question, and the available capabilities of the respective laboratories.
Nevertheless, the diagram shows the most important basic aspects that should be consid-

ered when planning and conducting such investigations.
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8 Discussion
The following chapter reviews the existing literature on classification, sampling and sample
preparation methods, as well as subsequent MP analysis. It then addresses cross-contam-

ination and discusses the developed flow chart.

8.1 Discussion on Classification of MP

The classifications of plastic particles identified through the literature review highlight the
persistent lack of uniformity in terminology. Internationally binding threshold values for the
definition of MP are absent, which limits the comparability of studies and complicates the
interpretation of measurement results.

While many studies define MP as particles <5 mm, others apply narrower size ranges, such
as methodological recommendations from the LabPlas consortium, which defines MP as
particles smaller than 1 mm. These differences directly affect sampling strategies, analytical
procedures, as well as reported concentrations and size distributions.

The 5 mm threshold is primarily ecotoxicologically motivated, yet smaller particles are in-
creasingly in focus because they may exhibit different exposure pathways and mechanisms
of action, for example through penetration of biological barriers or altered surface properties.
Subcategories such as SMP reflect this differentiation.

At the same time, there is a tension between scientific precision and practical comparability:
finely resolved classifications allow more detailed analyses but complicate comparisons with
broader definitions. The use of the 5 mm threshold in this study represents a deliberate com-
promise to maintain compatibility with existing literature and ensure comparability of results.
Overall, the classification of plastic particles is central both terminologically and methodo-
logically. A transparent definition is essential for traceability and scientific validity. In the long
term, advances in analytical techniques and international standardization may promote har-
monization of size classifications, until then, a clear and consistent terminology remains a

prerequisite for robust and comparable research outcomes.

8.2 Discussion Sampling of Microplastics

All media investigated in this study exhibit different sampling procedures, yet a common
feature is the substantial reduction of sample volume. Exceptions include food items and
sedimentation in flowing systems, where either the full volume or a large portion is sampled.
Volume reduction, however, necessitates the collection of multiple subsamples to account
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for the heterogeneity of MP distribution, with the number and size of subsamples potentially
affecting statistical representativeness and comparability between studies.

Water is particularly well documented, as MP were first detected in marine environments,
and sampling strategies are already well established, with existing standards available for
MP sampling. For air samples, existing standards for PM,, and PM,.s particles can be ap-
plied. However, these standards do not provide uniform guidance on sampling duration or
sampled air volume for MP analysis, as demonstrated by the studies in the subsection on
air sampling.

Less-studied media, such as soil or food, currently lack standardised specific MP protocols.
While general quality control and particle analysis protocols exist for soil, these are not tai-
lored only for MP. This is also illustrated by the example of the two subsections on soil.
According to the approach of the FHNW, a sample is taken from a depth of approximately
30 cm, whereas the other source suggests dividing the soil samples. This recommendation
is based on the fact that higher concentrations of MP are present in the upper centimeters
of the soil than in the deeper soil layers and that MP is transported into deeper layers pri-
marily through soil cultivation.

This lack of standardization highlights the need for specific, standardized protocols for MP
sampling to ensure data reliability, reproducibility, and comparability between studies. The
choice of sampling strategy also directly affects analytical outcomes, as variations in sample
volume and collection methods may hinder the detection of MP particles.

During the interim presentation with Prof. Dr. Petar Mandaliev, Fulvio di Lorenza, and
Dr. Ralf Kagi (EAWAG), the question was raised whether volume-based sampling is appro-
priate or whether sample volumes should instead be linked to expected MP concentrations,
for example, by defining that a minimum of X particles or X mg of MP per sample is required.
Such an approach would ensure that sufficient particles are available after sample prepara-
tion for reliable analysis.

Overall, these observations demonstrate that standardized sampling procedures for all me-
dia, particularly for less-studied ones, are essential for generating robust, comparable, and
methodologically consistent MP data. The discussion of volume-based compared to con-
centration-based sampling also shows that further research/investigation is necessary in
order to be able to demonstrate whether a low number of MP can have an influence on the

analyzability of the sample.
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8.3 Discussion Detection of Microplastics

There are numerous methods for detecting MP, which can be broadly categorized into spec-
troscopic, thermoanalytical, imaging, and fluorescence-based techniques. Spectroscopic
methods enable precise polymer identification but provide limited information on particle
number and morphology. Thermoanalytical techniques determine polymer mass and com-
position but do not allow particle counting or shape analysis, while imaging techniques vis-
ualize particle size and morphology but are often time-consuming and less suitable for large
sample volumes. Fluorescence-based methods enable rapid detection; however, they face
limitations, particularly with plant samples, as Chen et al. report interactions between fluo-
rescent cell structures and MP that complicate or even prevent detection.

The choice of the appropriate method depends on the specific research question, the me-
dium under investigation, particle size, available time, and laboratory equipment. Often, a
method is selected based on what is available in the laboratory or can be applied in coop-
erating facilities. This demonstrates that methodological decisions are driven not only by
scientific considerations but also by pragmatic constraints.

The literature further shows that no universal method exists that meets all requirements
equally, which complicates the comparability of studies. To enhance methodological con-
sistency and reproducibility, a critical assessment of the advantages and disadvantages of
each method is therefore required. One approach could be the combination of multiple tech-
niques to leverage the strengths of individual methods while compensating for their limita-
tions. This approach is also adopted in several studies. It ensures, on the one hand, that the
most suitable method is selected for each component of the result, and, on the other hand,
that a robust overall result is obtained through the integration of all partial results.

For future research, the development of standardized recommendations is particularly im-
portant for novel sample types and difficult-to-detect particle sizes. Such guidelines would
improve comparability between studies and increase the validity of MP-specific analyses. At
the same time, methodological decisions should always be transparently documented to

ensure traceability and scientific reliability.
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8.4 Discussion Cross-Contamination

The reviewed studies and literature, particularly Cruz-Salas et al., indicate that cross-con-
tamination is insufficiently addressed, especially during sampling. Their systematic review
shows that nearly half of field studies report no explicit measures to reduce cross-contami-
nation. While basic controls are generally applied in the laboratory, contamination occurring
during sampling cannot be reliably identified or corrected later. This underscores the need
for careful documentation of sampling procedures and the implementation of targeted pre-
ventive measures in the field.

In laboratories, the avoidance of plastic tools is often assumed to reduce contamination.
However, experimental studies show that this alone is insufficient and can even be counter-
productive. Jones et al. demonstrate that glassware and aluminium foil can be significant
particle sources, whereas quality-controlled disposable plastics exhibit substantially lower
contamination. Material choice must therefore consider production, storage, and analytical
objectives. These findings highlight persistent knowledge gaps and the lack of comprehen-
sive studies on cross-contamination.

Laboratory water represents another critical contamination pathway. Even highly purified
Milli-Q water can contain measurable MP, making the consistent use of procedural blanks
essential. Blanks must reflect actual sample handling, including the water used. Airborne
particles are also relevant: consumables dominate during short tasks, while prolonged, open
procedures increase airborne deposition. Laminar flow benches with HEPA filtration effec-
tively reduce airborne contamination, outperforming standard fume hoods, though effective-
ness is context dependent. Blanks remain crucial to quantify background contamination.
The interlaboratory study by Munno et al. confirms the importance of blanks and shows
substantial variability in background contamination across laboratories. Blank correction
based on combined characteristics offers a practical approach to separate background from
sample-specific particles and integrate blank data systematically. The literature, however,
lacks consensus on whether background contamination should be mathematically corrected
or only transparently reported. This underlines the absence of standardised protocols and
the need for careful reporting to ensure study comparability.

Overall, these findings indicate that standardised protocols defining minimum requirements
for contamination control and blank management are still lacking in MP research. Develop-
ing such standards is essential to ensure the comparability and reliability of MP measure-

ments.
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8.5 Discussion Flowchart diagram

The flowchart provides a structured overview of the literature on MP analysis and serves as
a practical tool for methodological decision-making. It guides users systematically through
particle size classification, matrix selection, sampling, sample preparation, and analysis. The
vertical structure and colour coding of particle sizes enhance clarity and facilitate future ex-
tensions to include additional size classes.

The guiding questions in the flowchart support the selection of appropriate methods based
on the specific research question and highlight that many principles are applicable across
different media. At the same time, limitations become apparent: for example, thermoanalyt-
ical methods are unsuitable for research questions where particle count or morphology is
relevant. This demonstrates that methodological decision aids must always be critically
adapted to the objectives of the study.

A simplified quality control concept emphasizes the importance of blanks, contamination
control, and documentation. It serves as a guide rather than a complete protocol and must
be adjusted according to the matrix, research question, and laboratory capabilities. The
quality control measures presented represent universal minimum requirements that should
be applied in all MP analyses to ensure comparability of results.

At the same time, the diagram highlights its limitations: it does not replace detailed planning
of sampling or analysis and cannot capture all methodological details. Rather, it provides an
initial overview of key aspects and necessary steps that must be considered to address the
research question. Once the fundamental steps are defined, materials, procedures, and
control measures must be carefully documented to ensure comparability between studies,
as discussed in the section on cross-contamination.

Overall, the application of the flowchart demonstrates that structured decision aids can en-
hance transparency and methodological consistency in MP research. At the same time, the
analysis emphasizes that standardized protocols are still lacking, and critical reflection on

the applied methods remains essential for producing robust and reliable results.
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9 Conclusion

The discussion of the current literature on the classification, sampling, sample preparation,
detection, and quality control of MP clearly demonstrates that the lack of standardization
remains one of the major challenges in MP research. Inconsistent size definitions, varying
sampling strategies, and method-dependent result reporting hinder comparability between
studies and significantly limit the interpretability of individual investigations.

The analysis of sampling strategies indicates that volume-based approaches are not equally
suitable for all matrices. A systematic evaluation of alternative concepts, such as particle-
or mass-based sampling strategies, could not be conducted within the scope of this work
due to time constraints. Instead, the concept of aligning sampling strategies more closely
with the expected MP load was discussed during the interim presentation. This topic repre-
sents a scientifically relevant aspect that should be specifically addressed and further ex-
plored in future research or follow-up projects in order to improve the statistical robustness
of MP-specific analyses. At the same time, the wide range of available detection methods
highlights that no universal analytical strategy exists. The selection of appropriate tech-
niques must always be adapted to the specific research question, the investigated matrix,
the relevant particle size range, and practical as well as instrumental constraints.

In this context, the recommendations of the BMBF status paper on MP analytics (Braun,
2020) emphasize the central importance of a standardized and transparent presentation of
results. The separate reporting of particle number and particle mass, each normalized to
volume or dry mass and explicitly specifying the investigated particle size range, represents
a fundamental prerequisite for comparability across studies, environmental compartments,
and analytical methods. It must be considered that particle number and particle mass are
complementary but not directly convertible metrics. Due to the assumptions required regard-
ing particle shape, density, and size distribution, such conversions are associated with con-
siderable uncertainty and should therefore generally be avoided.

Another key aspect is comprehensive quality control throughout the entire analytical pro-
cess. Contamination, particularly during sampling, represents a critical and frequently un-
derestimated source of error, as demonstrated, among others, by the study of Cruz-Salas
et al. The consistent implementation and documentation of blank samples, the use of suita-
ble reference materials, and the complete traceability of all analytical steps, from the sam-
pled environmental aliquot through the processed laboratory sample to the actual subsam-
ple analyzed, are essential for the reliable interpretation of measurement results. In addition,
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recovery experiments and stability tests are required to correctly assess method-related
losses, degradation, or fragmentation of MP particles, as also suggested by the relevant

literature.

Against this background, the flowchart developed within the framework of this work provides
structured guidance for methodological decision-making. It supports the systematic selec-
tion of appropriate classifications, sampling and analytical strategies, as well as basic quality
control measures, but does not replace detailed method development. Rather, it contributes

to increased transparency, traceability, and comparability of MP-related investigations.

Overall, this work demonstrates that robust MP analytics depend less on individual highly
specialized techniques than on clearly defined terminology, standardized reporting formats,
and consistent quality control. Until internationally harmonized standards are established,
precise documentation and critical reflection of the applied methods remain essential pre-

requisites for comparable and scientifically reliable results.
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The following tools were used in this project:

Comet from Perplexity was used for summarizing reports and webpages, spell check-
ing and formulating sentences more fluently

ChatGPT was used to formulate thought-like sentences in continuous text

ChatGPT was used to write definitions for the glossary

DeepL was used for spell checking and translation

DeepL Write was used to formulate sentences more fluently
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Appendix
A Flow Chart diagram

Downloadable flow chart of the microplastic analysis workflow.

https://drive.google.com/file/d/1ZfKdD-VNB4QznKloSCiXTfgsVrShVK-o/view?usp=sharing
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