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Abstract

Abstract

The proliferation of micro- and nanoplastic particles in the environment is a global problem.
However, not only the particles alone can cause problems, but also contaminants present in the
environment that sorb onto the particles, such as pesticides, insecticides or pharmaceuticals. Until
now, the investigation of micro- and nanoplastic particles with sorbed TOrCs has only been
possible with complex extraction procedures. In this work, a novel analytical technique named
TD-Pyr-GC/MS was established and validated for the identification and quantification of sorbed
TOrCs and the polymer type.

This dissertation initially addresses method development and validation of TD-Pyr-GC/MS. Using
selected reference substances (phenanthrene, triclosan and a-cypermethrin) and defined
reference particles of polystyrene (PS), polyethylene (PE), and polymethyl methacrylate (PMMA),
controlled sorption experiments were performed. The method development was comprised of not
only specifying the appropriate choice of sample preparation but also the identification of the
optimal thermodesorption (TD) conditions. Thereby the temperature has to be chosen in such a
way that the selected TOrCs desorb in the first step. During the TD step, almost no decomposition
of the polymers occurred. The subsequent pyrolysis step is used for polymer identification. For
optimal conditions, the TD temperature was set at 200 °C and the pyrolysis temperature at 800
°C. In conclusion, a method was developed to identify TOrCs on patrticles, regardless of particle

size (both micro- and nanoparticles).

In the second part of this dissertation, the focus was on sorption as a function of particle size,
polymer type, mixture of TOrCs used, and aging of the particles. Based on the previously
developed TD-Pyr-GC/MS method, sorption experiments were conducted with the selected
TOrCs and reference particles. For a comprehensive analysis, these studies were the first to
examine TOrC concentrations in both phases, aqueous and particulate. Findings suggest that
sorption is polymer- and size-dependent. PE particles exhibited the highest sorption rate
compared to PS and PMMA particles, with approximately the same patrticle size. The high sorption
on PS nanoparticles is mainly due to the high number of particles and the higher specific surface
area. At the same time, it was demonstrated that quantification of TOrCs directly from
nanoparticles by TD-Pyr-GC/MS is possible. Simultaneous sorption of the TOrCs phenathrene,
triclosan and a-cypermethrin onto PS nanoparticles and PE micropaticles, showed no competing
effects for PS nanoparticles. Thus, phenanthrene sorbed more strongly to PE microparticles in

the presence of triclosan and a-cypermethrin.



Abstract

In the third part, the application of TD-GC/MS was used to determine the concentration of
phenanthrene in the aqueous phase of an ecotoxicological experiment. This study was conducted
in collaboration with the Chair of Aquatic Systems Biology. Using the freshwater organism G.
roeseli, it has been shown that the presence of microplastic particles (polyamides) as well as
sediment particles did not negatively affect the organism considering sublethal and lethal effects.
Thus, microplastics and sediment particles significantly reduced phenanthrene levels by their
presence, so that the lethal effect for G. roeseli was solely caused by higher phenanthrene

concentrations.

The application of TD-Pyr-GC/MS in the field of micro- and nanoplastic analysis showed that
identification and quantification of TOrCs directly from the particle is possible after validation of
the appropriate method. No complex extraction steps are necessary in advance, so that an
analysis can be performed in less than two hours. Combining a new analytical technique for micro-
and nanoplastic particles and analytical sorption research, this work offers new and fast analytical
methods, which could be effectively employed for instance in fate studies using laboratory-scale

wastewater treatment plants or in ecotoxicological experiments.
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Zusammenfassung

Die Verbreitung von Mikro- und Nanopartikeln aus Kunststoff in der Umwelt ist ein globales
Problem. Nicht nur die Partikel selbst kbnnen Probleme verursachen, sondern auch in der Umwelt
vorhandene Schadstoffe, die an die Partikel sorbiert werden, wie z.B. Pestizide, Insektizide oder
Pharmazeutika. Die Untersuchung von Mikro- und Nanoplastikpartikeln mit sorbierten TOrCs war
bisher nur mit aufwendigen Extraktionsverfahren maoglich. In dieser Arbeit wurde eine neue
Analysentechnik (TD-Pyr-GC/MS) zur Identifizierung und ggf. Quantifizierung der sorbierten
TOrCs und des Polymertyps etabliert und validiert.

Diese Dissertation befasst sich zundchst mit der Methodenentwicklung und Validierung der TD-
Pyr-GC/MS. Unter Verwendung ausgewahlter Referenzsubstanzen (Phenanthren, Triclosan und
a-Cypermethrin) und definierter Referenzpartikel aus Polystyrol (PS), Polyethylen (PE) und
Polymethylmethacrylat (PMMA) wurden kontrollierte Sorptionsversuche durchgefuhrt. Die
Methodenentwicklung umfasst neben der Auswahl einer geeigneten Probenvorbereitung auch
die Bestimmung der optimalen Thermodesorptionstemperatur (TD). Die Temperatur muss so
gewahlt werden, dass die ausgewdahlten TOrCs im ersten TD-Schritt desorbiert werden. Wahrend
der Thermodesorption findet noch keine vollstandige Fragmentierung der Polymere statt. Der
anschliel3ende Pyrolyseschritt dient der Polymeridentifizierung. Fir optimale Bedingungen wurde
die TD-Temperatur auf 200 °C und die Pyrolysetemperatur auf 800 °C eingestellt.
Zusammenfassend lasst sich sagen, dass eine Methode zur Identifizierung von TOrCs auf
Partikeln entwickelt wurde, unabhangig von der PartikelgroRe (sowohl Mikro- als auch
Nanopartikel).

Im zweiten Teil dieser Dissertation lag der Schwerpunkt auf der Sorption in Abhangigkeit von der
PartikelgroRe, dem Polymertyp, der Mischung der verwendeten TOrCs und der Alterung der
Partikel. Basierend auf der zuvor entwickelten TD-Pyr-GC/MS Methode wurden
Sorptionsexperimente mit den ausgewéahlten TOrCs und Referenzpartikeln durchgefihrt. Diese
Studien waren die ersten, die TOrC-Konzentrationen in beiden Phasen, wéssrig und auf Partikeln,
untersuchten. Es konnte gezeigt werden, dass die Sorption polymer- und grof3enabhéngig ist.
PE-Partikel zeigten die héchste Sorptionsrate im Vergleich zu PS- und PMMA-Partikeln, die in
etwa die gleiche PartikelgroRe aufwiesen. Eine hohe Sorption auf die PS-Nanopartikel ist
hauptséchlich auf die hohe Partikelanzahl und die héhere spezifische Oberflache zuriickzufihren.
Gleichzeitig konnte jedoch gezeigt werden, dass die Quantifizierung von TOrCs direkt aus
Nanopartikeln mittels TD-Pyr-GC/MS mdoglich ist. Die gleichzeitige Sorption der TOrCs

Phenanthren, Triclosan und a-Cypermethrin an PS-Nanopartikeln und PE-Mikropartikeln zeigte
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keine konkurrierenden Effekte fur die PS-Nanopartikel. Phenanthren wurde in Gegenwart von

Triclosan und a-Cypermethrin starker an PE-Mikropartikel adsorbiert.

Im dritten Teil wurde die TD-GC/MS zur Bestimmung der Konzentration von Phenanthren in der
wassrigen Phase eines Okotoxikologischen Experiments eingesetzt. Diese Studie wurde in
Zusammenarbeit mit dem Lehrstuhl fir Aquatische Systembiologie durchgefiihrt. Anhand des
SiuRwasserorganismus G. roeseli konnte durch subletale, letale und analytische Untersuchungen
gezeigt werden, dass die Anwesenheit von Mikroplastikpartikeln (Polyamid) und
Sedimentpartikeln keine negativen Auswirkungen auf den Organismus hat. Mikroplastik- und
Sedimentpartikel reduzierten die Phenanthrenkonzentration sogar signifikant, so dass G. roeseli

erst bei hoheren Phenanthrenkonzentrationen starb.

Die Anwendung der TD-Pyr-GC/MS auf dem Gebiet der Mikro- und Nanokunststoffanalytik hat
gezeigt, dass die ldentifizierung und Quantifizierung von TOrCs direkt aus dem Partikel nach
Validierung der entsprechenden Methode moglich ist. Es sind keine aufwendigen
Extraktionsschritte notwendig, so dass eine Analyse in weniger als 2 h durchgefihrt werden kann.
Durch die Kombination einer neuartigen Analysetechnik fir Mikro- und Nanopartikel und der
analytischen Sorptionsforschung stellt diese Arbeit eine neue und schnelle Analysemethode zur

Verfligung, die fur Laborklaranlagen oder fur 6kotoxikologische Experimente geeignet ist.
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1 Introduction

The spread of micro- and nanoplastics is considered a global challenge and a recognized risk to
the aquatic and terrestrial environment [1-3]. Commonly, plastic particles in the environment are
considered to be either primary or secondary. Primary plastic particles are produced intentionally
and refer to particles produced in their specific size range. Once synthetic polymers are exposed
to natural processes in the aquatic environment, weathering and mechanical stress lead to
fragmentation of larger plastic parts into more and smaller particles of different shapes and sizes
[4-6]. Thus, large macroplastics are turning into micro- and nanoplastics. The term "microplastics”
was first proposed by Thompson et al. in 2004 [7]. No standard definition of the term "microplastic"
has been defined for a long time [1, 4, 8-11]. In a recently published 1SO standard, an attempt
was made to standardize the terms (DIN CEN ISO/TR 21960). Macroplastics are defined as all
plastic parts larger than 5 mm, microplastics are particles between 1 um and 1,000 pm in size,
and nanoplastics are smaller than 1 um. Plastic particles above 1 mm and smaller than 5 mm are

defined as “large microplastic”.

Micro- and nanoplastic particles could pose a risk to human health [12]. Nanoparticles could
penetrate cells potentially causing adverse effects [13-15]. In addition to the risk of the pure
polymers, their properties determine their bioavailability and potential to sorb toxic pollutants,
especially in aquatic environments [9]. This influences the transport and diffusion of pollutants
which may lead to a transfer of pollutants to biota [1, 16-18]. Relevant pollutants can be divided
into two groups: (i) hydrophobic chemicals adsorbing from the environment due to their affinity for
the hydrophobic surface of plastics and (ii) additives, monomers and oligomers present as
constituents of polymers [19]. The sorption processes depend mainly on the composition of the
polymer and can be categorized into adsorption on the surface or absorption into the polymer
structure [20-22]. Another aspect of particular importance is the size of the plastic particles [16,
23]. Smaller plastic particles show enhanced physicochemical interactions due to an increased
surface area and moreover have a greater potential to be ingested by organisms, bioaccumulate,
and enter the human food chain [1, 9]. Due to the described problems with micro- and nanoplastic

particles, a reliable and reproducible analysis of these is essential.

1.1 Analytical methods for micro- and nanoplastic particles
For the analysis of micro- and nanoplastic particles, there is no specific analytical method that
can determine all relevant parameters such as particle size, composition, mass, sorbed trace

organic compounds (TOrCs), surface area, porosity, or aging effects. Considering the analysis of
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micro- and nanoplastic particles, many challenges arise: the sample should be homogeneous,
microplastic should be free of organic substances (e.g. biofilms) and inorganics (e.g. sand).
Therefore, a costly and time-consuming sample preparation is necessary [24-26]. An initial
standardization was carried out by DIN CEN ISO/TR 21960 (Plastics — Environmental aspects —
State of knowledge and methodologies). A multitude of different techniques is used. However,
the application of several different methods can lead to a lack of comparability of the data [3, 24,
27]. A general method for the analysis of microplastics is the physical examination of the particles

(microscopy), prior to chemical characterization (spectroscopy or thermal analysis) [27].

Visual analysis offers the simplest and cheapest way to identify microplastic particles. However,
the biggest limitation here is the particle size which must be larger than 500 um [6, 24, 27, 28].
Since plastic particles in the environment are often not identifiable as such, it can easily lead to
false positive or false negative results. To enable identification of smaller synthetic polymers, the
current state-of-the-art is the use of Fourier transform infrared spectroscopy (FTIR) and Raman
spectroscopy [4, 7, 24, 29]. Using FTIR, it is possible to distinguish synthetic polymers from other
organic and inorganic particles. In the case of microplastics, micro-FTIR can be used [6, 26, 27,
30, 31].

Another suitable analytical method is Raman spectroscopy for the identification of microplastics
[32, 33]. Polymer particles are identified based on their specific frequencies of backscattered light
after irradiation with a laser beam [24]. Again, the evaluation is performed with the assignment of
spectra to reference databases [34-36]. FTIR and Raman spectroscopy are both non-contact
analytical techniques. However, interference can occur due to the presence of pigments. FTIR
and Raman spectroscopy analyses are very time consuming and costly, however, automated
mapping can reduce the time required for both FTIR and Raman analyses [33, 37]. A newly
developed online coupling of Raman microscopy and Field Flow Fractionation (FFF) analysis with

the aid of optical tweezers also enables nanoplastics analysis (5 um - 200 nm) [38].

Other analytical methods for polymer identification are based on thermal methods [24, 39]. An
established thermal analysis method is thermal extraction-desorption gas chromatography-mass
spectrometry (TED-GC/MS) coupled with thermogravimetric analysis (TGA) [26, 40]. A defined
amount of polymer is heated over a temperature gradient. The volatile substances are collected
with an adsorber material and subsequently analyzed by GC/MS. Another method is pyrolysis
GC/MS (Pyr-GC/MS) [29, 41, 42]. In all pyrolysis methods, the polymers are fragmented using
high temperatures. The resulting characteristic degradation products can then be analyzed by

GC/MS and cross-checked against databases (e.g., NIST) in order to allow polymer identification
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[26, 27, 40, 41]. A new method that allows uncomplicated measurement of sorbed trace
substances and polymers is thermodesorption-pyrolysis gas chromatography mass spectrometry

(TD-Pyr-GC/MS), an application that has been developed as part of this work.

Table 1 summarizes the current analytical techniques (optical and thermal) for micro- and
nanoplastic particles and their limitations regarding particle size, polymer identification and
guantification, and their potential to analyze sorbed TOrCs. Often, multiple methods, e.g.,
microscopic and spectroscopic techniques, are used in parallel to identify plastics in an

environmental sample [27].

Table 1: Overview of potential and limitations of optical [6, 7, 26, 27, 29-31, 43] and thermal [16, 20, 21, 24, 26, 27, 29,
40, 41] analytical methods for the detection of micro- and nanoplastics

Method Optical Analysis Thermal Analysis

Parameter FTIR Raman TED-GC/MS Pyr-GC/MS TD-Pyr-GC/MS
Particle Size v 4 - - -

Size Restriction 210um =1pm - - -
Polymer Identification 4 v v v v
Polymer Quantification v v v v - (so far)
Destructive - - v v v

TOrC analysis - - - (so far) - (so far) v

1.2 Current analytical strategies to detect sorbed TOrCs on micro- and nanoplastic

particles in aqueous environment

Recently published reviews have summarized the sorption of TOrCs on micro- and nanoplastics
with a focus on the influence of physical properties (size, surface area, crystallinity) [17, 44-46].
In addition, the interactions between TOrCs and polymers, sorption mechanisms, and

ecotoxicological factors are considered.

The sorption processes depend especially on the nature of the polymer and can be categorized
into adsorption on the surface or absorption into the polymer matrix [20-22]. [47]. In the case of
interaction between polymers and TOrCs, the term sorption is used. This is due to the fact that
the dominant process cannot clearly be identified and both processes can occur simultaneously
[48, 49]. A further classification is made by the type of sorption process. Chemical sorption is the
formation of covalent bonds, which is often irreversible and depends on the ability of the

compounds to interact with each other. Physical sorption processes, on the other hand, are mostly
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non-covalent intermolecular interactions such as van der Waals bonds [48, 50]. Sorption of
persistent TOrCs to plastic debris in aquatic systems is most commonly classified as physical
processes. Nevertheless, more specific compound-dependent binding such as hydrogen bonding
and Tr-1r-surface interactions or cavity formation can occur within the polymeric material [48, 51].
Various parameters such as particle size and surface area, polymer type or hydrophobicity

influence the sorption of TOrCs onto micro- and nanoplastic particles.

1.2.1 Polymer properties that influence the sorption process

Different polymer properties significantly influence the sorption process. In addition to the polymer
type, particle size and particle shape, it is mainly the hydrophobicity of the polymer that influences
the sorption capacity of a hydrophobic TOrC. Hydrophobicity is considered one of the most
important driving mechanisms of organic compounds from water onto solid particles [48, 52].
Decisive for this is the Log D value as a measure of the hydrophobicity of a molecule, for the
distribution of a sorbate in solution for sorbing to a given solid, taking into account the pH influence
of functional groups [53]. In addition, the density of the polymer, its crystallinity and the glass
transition temperature also influence sorption. Table 2 describes the polymer properties and their

influence on the sorption process.

Table 2: Polymer properties and their influence on sorption processes

Polymer Effect on sorption process
property
Crystallinity Higher absorption rates in amorphous regions or amorphous polymers,

lower for crystalline fractions [5, 54, 55]
Density Influences the speed of the sorption process [56]
Glass transition Classification of amorphous regions into rubbery or glassy. Conditioned by
temperature (Tg) this the function of the mobility of the polymer chains [23, 48, 57-59].
Hydrophobicity Affinity of the chemical to sorb onto the particle and affinity of the polymer
to TOrC [48, 52, 53].

Size Influences volume-to-surface ratio, capacity and velocity of sorption [60-
62]

Surface Number of adsorption sites, capacity and speed of sorption [16, 18, 49, 63]

Structure Distance between the individual polymer chains [59, 64]
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1.2.2 General strategies to identify sorbed TOrCs

The analysis of sorbed TOrCs on polymers in a liquid phase can be performed either via the
aqueous phase, the gas phase, or directly via particle analysis [20, 21, 65, 66]. Established
analytical methods include GC/MS, HPLC-DAD, (U)HPLC-MS/MS, UV spectrometer, or liquid

scintillation counting [66-69].

Figure 1 shows the schematic progress of a laboratory test setup for the determination of sorbed
substances. The reference particles are incubated in an aqueous phase with selected TOrCs for
a defined period of time. The aqueous phase can be varied with respect to pH, humic acid content

or salt content in order to simulate specific environmental conditions [70-72].

After incubation, separation of the aqueous and particle phases must take place by centrifugation
or filtration [23, 65, 73]. This is followed by analysis of the sorbed substance by direct particle
analysis or by solvent extraction of the TOrCs from the particle (e.g., n-hexane, dichloromethane)
[74, 75]. Another possibility for the determination of TOrCs is the analysis of the aqueous phase
via liquid/liquid extraction or by a passive sampler [52, 66, 76, 77]. Based on the residual
concentration in the aqueous phase, an indirect statement can be made about the amount of

sorbed substances on the particles [78].
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Figure 1: Workflow of sample preparation of sorption experiments on micro- and nanoplastics for analytical detection
methods. (1) Mixing and (2) incubation of the particles and TOrCs for a specified time in aqueous solution. (3)
Separation of the particles and the aqueous phase. Preparation of either the aqueous phase or the particles, depending
on the analytical technique. (4) Analysis is based on either a gas chromatographic method followed by high
resolution/mass spectrometric (HR/MS), mass spectrometric (MS) or electron capture detection (ECD) analysis, or high
performance liquid chromatography (HPLC) followed by MS/MS, MS, ultraviolet (UV), diode array detector (DAD) or
fluorescence detector (FLD). Other analytical methods include liquid scintillation counter and spectrophotometer.
(Adapted from Reichel et al., 2021 (Appendix 1))
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1.2.2.1 GC/MS analysis

The most established method for the analysis of volatile substances sorbed onto plastic particles
is GC/MS analysis [16, 21, 70, 79]. By means of GC/MS analysis the aqueous, particulate, and
gas phases can be examined regarding sorbed TOrCs [21, 52, 74]. GC/MS analysis of sorbed
substances can usually be performed in a time-saving and automated manner after sample
preparation (2-3 h / sample). Coupling to an MS allows target and non-target analyses of the
sorbed substances [21, 80].

Further developments of the pyrolysis process allow not only an analysis of the polymer, but also
an identification of possible additives or sorbed substances. Processes for this purpose include
sequential pyrolysis, double-shot pyrolysis, thermogravimetric analysis (TGA), solvent extraction,
or a thermodesorption (TD) unit coupled with pyrolysis [41, 42, 65, 81]. A detailed description of
the methods is discussed in the review by Reichel et al. (2021) [80].

1.2.2.2 HPLC analysis

In contrast to GC/MS, high performance liquid chromatography (HPLC) analysis cannot be used
to analyze sorbed TOrCs directly from the particle [82-84]. After separation of the particles by for
instance filtration, the supernatant can be analyzed. Other methods include solvent extractions of
the sorbed TOrCs from the patrticles or solid phase extraction. HPLC is coupled with an ultraviolet
(UV) detector, a diode array detector (DAD), a fluorescence detector (FD), or a mass
spectrometer [73, 82, 85, 86]. An overview of studies performed with HPLC is provided in Table
3.
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Table 3: Summary of GC/MS and HPLC methods for the analysis of sorbed TOrCs on plastic particles adapted from Reichel et al., 2021 [80] (Appendix I)

Particle Type Partéﬁlr]ei)Size Sorbate Analytical Method Analyzed Phase Reference
PE 260 Phenanthrene, Tonalide, Benzophenone GC/MS after Particle (Extraction) [21]
extraction with
cyclohexane
PE, PS PE: 260, PS: Atrazine, Benzotriazole, Caffeine, GC/MS, LC-MS/MS  Particle (Extraction) [70]
250 Carbamazepine, Carbendazim, DEET, Diazinon, after extraction with
Diclofenac, Ibuprofen, MCPA, Mecoprop, 4- cyclohexane
Nonylphenol, Phenanthrene, Propiconazole,
Tris(2-chloroisopropyl)-phosphate (TCPP),
Tebuconazole, Terbutryn, Torasemide, Triclosan
PA, PE, PVC, <250 n-Hexane, Cyclohexane, Benzene, Toluene, Headspace GC/MS Gaseous phase [20]
PS Chlorobenzene, Ethylbenzoate, Naphtalene or in-tube-
microextraction
PS (aged) 125 - 250 Various aliphatics and aromatics GC/MS headspace Gaseous phase [87]
from three-phase
system
PE, PS, PE: 10-180 17 Polychlorinated biphenyls (PCBs) GC/MS after Aqueous phase via [16]
Fullerene, PS: 0.07 extraction with passive sampler
Sediment pentane-
dichloromethane
PE, PP, PS 320 - 440 8 Polycyclic aromatic hydrocarbons (PAHS), 4 GC-ECD after Aqueous phase and [52]
Hexachlorocyclohexanes (HCHSs), 2 Chlorinated extraction with n- PDMS phase
benzenes (CBs) hexane
PP 450 - 850 Tonalide, Musk xylene, Musk ketone GC/MS after Particle (extraction) [79]
extraction with n-
hexane and
dichloromethane
PS, PE, PET PE: 3-16 38 PCB congeners GC-HRMS after Particle (extraction) [88]
PS: 10 soxhlet extraction
PET: < 300 with

dichloromethane



PE, PP
(environmental
samples)

PS

PE, PS, PVC

PE, PP, PS

PP

PS, PE, PMMA

PS

PE, PP, PS,
PVC
PA, PE, PET,
PS, PVC, PP
PBAT, PE, PS

<500

2;1;0.1

< 150

100 - 150

450-850

PS: 40, 41,
0.078 PMMA:
48 PE: 48
0.5, 0.235,
0.80, 30, 50,
102, 170
<200

100, 150

PBAT: 2338 +
486,

PE: 2628
+623 /
Reference
Particles: PE:
400

PS: 250

PCBs (IUPAC nos. 28, 52, 101, 118, 138, 153,

180)

Eighteen unsubstituted hydrophobic organic

chemicals (HOCs)

Five polyhalogenated carbazoles (PHCs)

9-Nitroanthracene

3,6-Dibromocarbazole and 1,3,6,8-

Tetrabromocarbazole

Phenanthrene, Triclosan, a-Cypermethrin

Phenanthrene, Nitrobenzene

Tylosin
Sulfamethoxazole

Phenanthrene

GC-ECD after
soxhlet extraction
with
dichloromethane
GC/MS after liquid /
liquid extraction
GC/MS after
washing with n-
hexane and
dichloromethane
GC/MS after
liquid/liquid
extraction
GC/MS after
extraction with n-
hexane and
dichloromethane
TD-Pyr-GC/MS

HPLC

HPLC+DAD
HPLC

HPLC-UV

Particle (extraction)

Aqueous phase via
passive sampler
Particle (extraction)

Aqueous phase

Particle (extraction)

Particle (directly)

Supernatant

Supernatant
Supernatant

Supernatant
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(89]

[76]

[74]

(66]

[75]

(65]

(23]

(82]
[90]

(73]



PE, PS, soil

PE, PS, PP, PA,
PVvC
PS

PS

PS (aged)
PET

PP (aged)
PP, LD-PE, HD-
PE, PVC

PS (weathered)

PVC, PLA

nano-PS,

carboxyl-

functionalized
polystyrene

nano-PS-COOH

PE, PS, PP

PE

PE

PE: 225 + 41
PS: 313 + 48
75-180

75.4, 106.9,
150.5, 214.6
0.07

50.4+11.9
<150

<180
63 - 125

139 - 207

PLA: 250 -
550

PVC: 75-150
Nano-PS:
0.05
Nano-PS-
COOH: 0.055

<280
250 - 280

150

Triclosan

Sulfadiazine, Amoxicillin, Tetracycline,
Ciprofloxacin, Trimethoprim
Triclosan

Phenanthrene, Anthracene, Fluoranthene,
Pyrene, Benzo[a]anthracene, Chrysene,
Benzo[b]fluoranthene, Benzo[k]fluoranthene,
Benzo[a]pyrene, Benzo[g,h,i] perylene
Atorvastatin, Amlodipine
4-Chlorophenol, 2,4,6-Trichlorophenol, Fulvic
acid
Triclosan
Enrofloxacin, Ciprofloxacin, Norfloxacin, 5-
Fluorouracil, Methotrexate, Flubendazole,
Fenbendazole, Propranolol, Nadolol
4-Hydroxybenzophenone, Benzophenone-1,
ethylhexyl methoxycinnamate, Octocrylene
Tetracycline, Ciprofloxacin

Norfloxacin, Levofloxacin

Tetracycline
Carbamazepine, 4-
methylbenzylidene camphor, Triclosan, 17a-
ethinyl estradiol
Sulfamethoxazole

HPLC+UV
HPLC+UV
HPLC+UV

HPLC+FD

HPLC+UV
HPLC+UV

HPLC+UV
HPLC+DAD
UHPLC-MS/MS

HPLC

HPLC+FD

HPLC-FD
HPLC-PAD (Solid
phase extraction)

HPLC+UV

Methanol extraction

of the particles
Supernatant

Supernatant
Extraction via
Polyoxymethylene

sheets

Supernatant
Supernatant

Supernatant

Supernatant

Supernatant

Supernatant

Supernatant

Supernatant

Supernatant

Supernatant
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[91]
[92]
(60]

(86]

(93]
(94]

[99]
[96]

[97]

(98]

[99]

(67]
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2 Research significance, goals and hypotheses

Micro- and nanoplastics are considered wide spread contaminants in the environment. However,
current analytical methods are mainly designed for a size range from 1 um to 5 mm. Analytical
methods are still lacking, especially in the sub-u particle range (50 nm - 100 um), to identify sorbed
substances and polymer types. The aim of this dissertation within the BMBF funded project
“Subptrack’™ was to develop a suitable method for the thermal extraction/desorption pyrolysis-
GC/MS (TD-Pyr-GC/MS) in order to allow the identification of sorbed substances and the
identification of polymer types in one analytical step. In addition, sorption processes of selected
trace substances, e.g. pesticides, were investigated on different reference (sub)-microparticles as
well as on real polymer samples. So far, either the sorbed TOrCs on the particles or the
concentration of TOrCs in the aqueous phase have been studied. A mass balance of both phases
was missing so far and is presented in this work. The aim is to investigate the sorption processes
of sorbed TOrC in both phases. In collaboration with project partners, it was also possible to apply
the developed TD-Pyr-GC/MS method for real ecotoxicological samples. To achieve these goals,

three main topics were set for the thesis:

1. The development of a reproducible method for sorbed trace compounds on micro- and
nanoplastic particles using TD-Pyr-GC/MS. The author hypothesized that by coupling
thermodesorption and pyrolysis GC/MS (TD-Pyr-GC/MS) trace substances on reference
micro- and nanoplastic particles can be quantified and polymer types can be identified in
one single analytical step.

2. The application of the developed method to analyze sorption processes and different trace
substance concentration on micro- and nanoplastic particles. In addition, the influence of
various types of polymers on sorption is considered. The author hypothesized that the ad-
and absorption behavior depends on the particle size, particle type, mixture of trace
substances and organic matter and pH of the agueous phase.

3. Application of the developed TD-Pyr-GC/MS method for ecotoxicological samples. The
author hypothesized that sublethal and lethal effects of particles in in vitro and in vivo

assays depends on particle type and size.

Figure 2 summarize the research hypotheses and research tasks for analysis, applications and

publications.
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Research significance, goals and hypotheses

#1: By coupling thermodesorption and
pyrolysis-GC/MS {TD-Pyr-GC/MS) trace
substances on reference micro- and
nanoplastic particles can be quantified and
polymer types can be identified in one single
analytical step.

#2: Ad- and Absorption behavior on reference
particies depends on

a) Particle size and shape = the smaller
the pariicle, the larger the relative
surface, the higher the adsorption rate

b} Particle type
Mixture of trace substances >
competition between substances
depending on their structure (e.g. p-
systems) and hydrophobicity
Aging of particles

#3: Sublethal (e g., behavior of aquatic
organism, changes in biomarkers) and lethal
effects of particles in in vitro and in vivo
assays depend on particle type (plastic or
silica) and size = Ad-, Ab- and Desorption
behavior of trace substances determine
effects by influencing e.g. bioavailability of
trace substances

Figure 2: Comprehensive overview of research hypotheses, research tasks, and publications of this dissertation
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Paper I: “Organic Contaminants and Interactions with Micro- and Nano-Plastics in the
Aqueous Environment: Review of Analytical Methods” (Reichel et al., 2021, Molecules, 26,
1164)

This article provides an overview of current analytical methods (gas chromatography, liquid
chromatography and ultraviolet-visible spectroscopy) for identifying sorbed TOrCs on micro- and
nanoplastic particles, which are addressed in chapters 4 and 5. It also discusses the influences
on sorption, such as polymer properties, particle sizes, and age of the polymers. The paper is
presented in APPENDIX I.

Paper IllI: “Systematic development of a Simultaneous Determination of Plastic Particle
Identity and Adsorbed Organic Compounds by Thermodesorption-Pyrolysis GC/MS (TD-
Pyr-GC/MS)” (Reichel et al., 2020, Molecules, 25, 4985)

This research paper is presented as chapter 4, which addresses the development of a new
method for the analysis of sorbed TOrCs on plastic particles in one analytical setup. In this
context, identification of both TOrCs and polymers is possible with TD-Pyr-GC/MS. The focus of
this study is on the development and validation of the method. For this purpose, defined micro-

and nanoplastic particles and selected TOrCs are used. The paper is presented in APPENDIX II.

Paper lll: “A Novel Analytical Approach Assessing Sorption of Trace Organic Compounds

into Micro- and Nanoplastic Particles” (Reichel et al., 2022, Biomolecules, 12, 953)

In this study, the sorption processes of selected TOrCs and micro- or nanoplastic particles in
aqueous solution were investigated. The TOrCs content in the aqueous phase (TD-GC/MS) as
well as of the particles were determined. It was shown that quantification of the TOrCs content of
nanoplastic particles by TD-Pyr-GC/MS is possible. The topic is presented as chapter 5 of this
dissertation thesis. The paper is presented in APPENDIX IlI.

Paper IV (Co-author): “Validation of Sample Preparation Methods for Microplastic Analysis
in Wastewater Matrices — Reproducibility and Standardization” (Al-Azzawi et al., 2020,
Water, 12, 2445)

During experiments, TD-Pyr-GC/MS was employed to investigate the influence of treatment of
various micoplastic polymers of Fenton reagent and H»O; based on the resulting chromatograms
and pyrograms. These were compared with those of untreated microplastics. The treatment
served an age simulation experiment and is presented in chapter 5. The paper is attached as
APPENDIX IV.
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Paper V (Co-author): “Modulation of PAH toxicity on the freshwater organism G. roeseli by
microplastic” (Bartonitz et al., 2020, Environmental Pollution, 360, 113999)

In this study, quantitative determination of TOrC phenanthrene was performed by TD-GC/MS in
the aqueous phase. In combination with ecotoxicolgical experiments using the organism G.
roeseli, conclusions could be drawn on the toxicity of microplastics in the presence of
phenanthrene. This topic is presented as chapter 6 and the paper is attached as APPENDIX V.
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3 State-of-the-art of analytical methods

Depending on the particle size and type, different analytical methods are available to analyse the
particles themselves and the TOrCs sorbed onto the particles. [80].Optical analysis methods such
as Raman spectroscopy or FTIR can be used to analyse the particles quantitatively and to analyse
the particle size and shape [102, 103]. However, both methods are limited in size [24, 29, 104,
105].Thermal analysis methods such as pyrolysis gas chromatography-mass spectrometry (Pyr-
GC/MS) can be used to analyse TOrCs or additives in polymers [106, 107]. The analysis of TOrCs
sorbed to particles in a liquid phase can be performed either via the aqueous phase, the gas
phase or on the patrticles [20, 21, 66]. Various techniques such as GC/MS, HPLC-DAD, UHPLC-
MS/MS or UV spectrometer are commonly used for this purpose [67, 68, 108]. The sample
preparation for the investigation of sorption kinetics, properties or processes is the same in most
cases [80]: Selected micro- or nanoplastic particles are incubated with defined TOrCs for a certain
period of time. Subsequently, the aqueous phase is separated from the particle phase. The final

analysis of the sorbed TOrCs can be performed either on the filtrate or on the particles.

3 Material and Methods

3.1 Instrumental Systems

Within the scope of this work, the combined TD-Pyr-GC/MS or the TD-GC/MS has been used for
analyses. This is an instrument that can be modified to analyze either trace substances in the
agueous phase using a Gerstel Twister (TD-GC/MS) or trace substances and polymers (TD-Pyr-

GC/MS). The process of a TD-Pyr-GC/MS measurement is shown in Figure 3.
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Figure 3: Flowchart of the TD-Pyr-GC/MS analysis. First, (A) the sample is thermodesorbed (120 — 280 °C), thereby
desorbing the volatile substances and cryofocusing them in the Cooled Injections System (CIS) at =50 -C. This is
followed by a transfer to the GC column with an MS analysis (TD-GC/MS). The same sample (B) is subsequently
pyrolyzed at 800 -C, followed by a GC/MS analysis (Pyr-GC/MS). The evaluations are carried out using the TD-
Chromatogram and the Pyrogram. Adopted from Reichel et al., 2020 [65].

3.1.1 TD-GC/MS

The TD-GC/MS consists of a Gerstel Thermal Desorption Unit (TDU) 2, a Cooled Injections
System (CIS) 4 with Controller C506, and an Agilent 7890B gas chromatograph equipped with a
DB-5MS Ultra Inert column coupled with an electron ion source to an Agilent 5977B MSD mass
spectrometer. TD-GC/MS is used in combination with the stir bar sorptive extraction (SBSE)
method to determine TOrCs concentrations in aqueous matrices. The SBSE materials used are
Gerstel Twister® (Gerstel GmbH & Co. KG, Mihlheim an der Ruhr, Germany) and SorbStars

(Mercury Instruments GmbH, Vohenstraul3, Germany).

3.1.2 TD-Pyr-GC/MS

The setup of the combined TD-Pyr-GC/MS is basically the same as the TD-GC/MS. A pyrolysis
module was integrated into the Gerstel TDU 2 (Figure 4). With the Gerstel MPS robotic™® the
particle samples are directly transferred into the pyrolysis unit. The setup of the further steps of
analysis is the same as for TD-GC/MS. A pre-programmed temperature protocol (see chapter 4)
is executed to evaporate the volatile substances during an initial step. The volatile substances
are trapped in the CIS and then applied to the GC column while increasing the temperature. The
sample is now subjected to pyrolysis and the pyrolysis products are analyzed. The detailed

method parameters and the MS parameters are described in Appendix II.
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Figure 4: Left: structure of the TD-GC/MS (analysis via Gerstel Twister®), right: structure of the coupled TD-GC/MS +
Pyr-GC/MS, adapted from Reichel et al., 2020 (Appendix Il)

3.2 Chemicals
3.2.1 Selection of particles
All reference particles employed were additive-free. The polystyrene (PS), polymethyl

methacrylate (PMMA) and polyethylene (PE) particles were provided by BS Partikel GmbH
(Mainz, Germany). An overview of the polymers and sizes used is shown below in Table 4.

According to the manufacturer BS-Partikel GmbH one drop of particle-ethanol suspension has a

volume of 20 pL. In preliminary tests, the dry mass of one drop was determined for PS 41 pm and

PS 78 nm for further adsorption experiments (Table 5).
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Table 4: Investigated polymer types, structural formula, log D and sizes

Polymer Mean Structural Log D Storage Number of Dry mass Number of
Particle size  formula (pH7) particles per per drop drops for 10
[um] drop [mg] mg
PMMA 48 THS 1.62 Dry, technical
° 0 grade powder
HsC n
PE 48 H H -0.30 Dry, technical
[ | | ] grade powder
T
g
PS 40 -0.2 Dry, technical
n grade powder
41 Suspended in 1.3*10° 1.15+0.08 9
EtOH
0.078 Suspended in 1.9*10% 1.37+0.03 7
EtOH

For the experiment in the Al-Azzawi et al (2020) paper, the following additional polymers were analyzed [109]: polyamide (PA),
polyethylene terephthalate (PET), polylactide (PLA), and polypropylene (PP).
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3.2.2 Selection of TOrCs
Six trace organic substances were selected considering their different structural formula, log D
values, and environmental relevance (Table 5). They were chosen to represent a variety of

sources and degrees of hydrophobicity.

For all TOrCs, standard solutions were prepared by dissolving the solid in methanol (MeOH),
because they are poorly soluble in water [20]. The standard solutions and diluted standards were
stored in the dark at 8 °C as suggested by Wang et al. (2019) [23]. The final MeOH content in the
samples ranged from 0.1 to 3 % (V/v).

18



Table 5: Selected reference TOrCs

State-of-the art of analytical methods

Substance class  Substance Monoisotopic Environmental Structural formula  Log Van der
mass [g/mol] relevance D (pH Waals
* surface
Area [A9]*
Polycyclic aromatic Phenanthrene  178.08 High toxicity, mutagenic 3.95 261
hydrocarbons [110], typical waste water O
pollutant [21] O‘
Pyrethroide Cypermethrin ~ 415.07 Used against pests @/ 544 571
[111], adverse effects in \9
rats regarding fertility YVI\ N\
[112]
Polychlorinated Triclosan 289.54 Added to personal care " 5.80 340
phenoxyphenols products due to its /(5/0;@\
antiseptic property [113]  « o o
Others Benzophenone 182.07 Component of i 3.43 270

sunscreens [114], typical

wastewater pollutant [21]
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3.2.3 Sample preparation of suspended micro- and nanoparticles
The sample preparation in this work can be divided into two main areas: particle analysis (TD-
Pyr-GC/MS) and the analysis of an aqueous phase (TD-GC/MS).

Basically, sample preparation of the particulate samples always proceeds in the same way,
regardless of whether trace substances are sorbed or not. Dry particles that were not previously
in suspension were weighed and applied directly to the pyrolysis tubes. If the particles are in a
suspension, they must be separated from the aqueous phase. For the separation of the patrticles,

centrifugation as well as filtration were tested to identify the most suitable method.
Filtration

Filtration was performed using a vacuum filtration unit (Sartorius, Géttingen, Germany) and
Nucleopore hydrophilic membrane filters with a pore size of 0.03 um (Whatman / GE Healthcare,
Marlborough, USA). This setup was used for filtration of all particle types and sizes. After
separation of the particles and the aqueous phase, the particles were scraped off the filter using
a spatula and placed in a vial and frozen at -8 °C in the refrigerator for a maximum of 4 h. The
particles were then dried for 20 min in the freeze-dryer Alpha 1-2 LDplus (Christ, Osterode am

Hartz, Germany).
Centrifugation

As part of the method optimization, the separation of the agqueous and particle phases by
centrifugation was investigated as an alternative to filtration. Centrifugation was performed with a
multi-application centrifuge (NuAir, Plymouth, USA). Centrifugation was tested with PE 48 pm,
PS 40 um and PMMA 48 pm microplastic particles in an aqueous suspension at 1 g/L. The
samples were centrifuged between 0.5 and 12 h at 3,000 — 5,000 RCF.

Filtrate analysis — TD-GC/MS

There are two options for the filtrate (see Figure 5). Either the filtrate is discarded (2A) or the
filtrate is analyzed for TOrCs concentrations (2B). The adsorption behavior of selected trace
organic substances in aqueous media has been tested with Gerstel Twister® and SorbStars and
analyzed via TD-GC/MS. Both methods are developed for extraction of non-polar compounds,
i.e., the higher the log D value of the trace organic substance, the better it adsorbs and the higher
the recovery rate will be. Since the Gerstel Twisters® are magnetic, it is possible to use the
Gerstel Twister® as a magnetic stirrer. By stirring TOrCs are extracted by means of adsorption of

the trace substances onto the polydimethylsiloxane (PDMS) coating [115, 116]. A Cimarec i Poly
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15 stirrer 100 -240 V (Thermo Scientific, Waltham, USA) is used. By reconditioning the Gerstel
Twister®, it is possible to use the Gerstel Twister® up to 50 times [114, 117]. The reconditioning
is carried out in the Tube Conditioner TC2 (Gerstel GmbH, Mihlheim an der Ruhr, Germany).
The procedure is independent of the GC/MS measurement, which excludes contaminations of
the GC/MS system. SorbStars are disposable products that — in contrast to Gerstel Twisters® —
are to be shaken for the adsorption of trace substances [26]. The SorbStars are intended as a
replacement for the Gerstel Twister®, as these are disposable products that do not require

reconditioning.

For the quantification of TOrCs, calibration curves were created for analysis with Gerstel Twister®
and TD-GC/MS. For GC/MS an isotopically labeled reference was added as an internal mass
spectrometric standard. Stock solutions of standards were produced in methanol. The final
analysis volume for Gerstel Twister® analyses was always 10 mL. Gerstel Twisters® were added
and stirred for 60 min at 1,000 rpm at room temperature. The Gerstel Twisters® were removed,
washed with ultra-pure water (Arium® pro Ultrapure Water System, Sartorius, Gottingen,
Germany) and dried with a lint-free tissue. Subsequently the stir bar was transferred into the

thermodesorption tube for subsequent TD-GC/MS analysis.
Chemical analysis — TD-GC/MS

The Gerstel Twister® and TD-GC/MS analysis were adopted from Ochiai et al. (2005) [118].
However, the temperature for cryofocussing was set to -50 °C instead of -150 °C. Helium was

used as carrier gas.
Particle analysis — TD-Pyr-GC/MS

The weight of 30 - 80 pug was checked with the Cubis® Ultramicro Balance (Sartorius, Géttingen,
Germany) in triplicate determination. Thermodesorption and pyrolysis of polymers was prone to
contamination. Therefore, sources of contamination such as the choice of pyrolysis tubes, the
correct weighing, the pyrolysis adapters and the TD-Pyr-GC/MS itself were optimized in
preliminary tests. A detailed description can be found in chapter 4.1.2. Also experiments to identify

the appropriate thermodesorption temperature were carried out and are described in chapter 4.2.
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Figure 5: Incubation of the TOrCs and the polymers over a period of time. The particles (1) are scraped from the particle
after filtration and freeze-dried. Then a maximum amount of 80 pug is weighed into a pyrolysis tube and analyzed via
TD-Pyr-GC/MS. This is followed by an evaluation of the TOrCs via the TD chromatogram and the polymers via the
pyrogram. The filtrate (2) is either discarded (A) or a deuterated standard is added for further analysis (B). The filtrate
is then mixed with a Gerstel Twister® and stirred for 1 h and then placed in a thermodesorption (TD) tube. The analysis
is performed via TD-GC/MS. The TOrC is evaluated via the TD chromatogram, adapted from Reichel et al, 2022
(Appendix III)

3.2.4 Verification of TOrCs via the Alkanes Calibration Standard
By using an alkane calibration standard, retention times (RT) can be normalized to obtain Kovats
retention indices (RI). These are independent of the chromatographic method and can be used
to identify a substance. The Rl is calculated by intrapolation between two adjacent alkanes eluting
before and after the substance of interest. For temperature-programmed GC, the Kovats retention
index was calculated as follows [119]:

I" =100 [M + z]

tR(z+1) ~ tRz

e |IT: Kovats index
e tk: retention time
e z: number of carbon atoms that elutes before the compound of interest

e i: compound itself

Rearranging the equation allowed calculation of the predicted retention time for a compound with
a known RI. A calibration standard for C8 to C40 alkanes (Supelco / Merck, Darmstadt, Germany)
was used to calculate the RI for phenanthrene, a-cypermethrin, and triclosan for TD-GC/MS
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analysis. In addition, the RI for phenanthrene in Pyr-GC/MS analysis was calculated. The RI

values obtained were then compared with the NIST database (Table 6).

Table 6: RI for phenanthrene, a-cypermethrin and triclosan calculated from the RT. RI from NIST database are shown
as comparison

TOrC RI (calculated) RI (NIST)
TD-GC/MS phenanthrene 1,791 1,775+14
a-cypermethrin 1 2,824 2,780+24
a-cypermethrin 2 2,846 2,780+24
Triclosan 2,104 2,214+N/A
Pyr-GC/MS phenanthrene 1,810 1,775+14

Based on these data, the selected TOrCs could be identified using the alkane standard in

combination with MS spectra and NIST data base.

3.2.5 Data evaluation of the TD-Pyr-GC/MS

Polymers

In the conducted experiments, the polymer types PS, PE and PMMA were mainly used for method
development and sorption tests. Based on their respective characteristic substances, the

polymers can be identified:

PS: Characteristic substances that can be used to identify PS are the styrene mono-, di- and
trimer. However, the monomer is also found in environmental samples as it is also present in
biogenic polymers such as chitin or wool fibers [29]. It is also found as a pyrolysis product in other
polymers such as PVC and in the quartz wool used [120]. Depending on the radical initiator used
in the production of PMMA, the pyrolysis of PMMA may also release the styrene monomer.
Therefore, only the dimer and trimer serve as final indicator substances for PS samples (Table
7).

PE: Decomposition into small aliphatic chains (saturated, monounsaturated and diunsaturated
hydrocarbons) is typical for PE [40, 121, 122]. Monounsaturated and saturated hydrocarbons also
occur naturally in environmental matrices, as they result, for example, from the degradation of
fatty acids and lipids [123]. Therefore, only the diunsaturated hydrocarbons are used for the
identification of PE [26] (Table 7).

PMMA: The only pyrolysis product that could be reproducibly detected for PMMA was methyl

methacrylate (Table 7). While a clearly defined peak is seen in the pyrogram of methyl
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methacrylate, the peak in the thermodesorption is broad and elongated with several local maxima.

This could indicate overloading of the GC column. Therefore, for the evaluation of PMMA over

methyl methacrylate, only the peak in the pyrogram is considered.

Table 7:Characteristic pyrolysis fragments of selected polymers for identification

Polymer Characteristic ~ Formula Molecular m/z Structure
type pyrolysis weight (intensity
fragments [g/mol] ratio [%])*
PS 3-butene-1,3- Ci6H1s6 208 91 (100),
diyldibenzene 104 (27), ‘ ‘
(styrene 130 (23),
dimer) 208 (30)
5-hexene-1,3,5- CaHas 312 91 (100), O
triyltribenzene 117 (32),
(styrene trimer) 194 (19), O O
207 (25)
PE 1,12- CuisH24 180 55(52),81 N
tridecadiene (44), 67
(38), 95
(26)
1,13- C14H2s 194 81(42),95 _~~
tetradecadiene (27), 109
(13)
1,15- Ci6H30 222 55(63),81 -~~~
hexadecadiene (50), 96
(45), 69
(37)
PMMA  Methyl CsHgO2 100 41(77), 69
methacrylate (100), 100 0\
(57)
o

* intensity ratio to largest peak in spectra
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TOrCs

In the same way as the polymers, the TOrCs were determined on the basis of characteristic

signals in the chromatograms (Table 8).

Table 8:Characteristic signals of selected TOrCs for identification

Substance Characteristic signals Boiling point [°C] at 760 Structure

[m/z] mmHg
Phenanthrene 178 337.4+9.0 O

a-Cypermethrin 163, 184, 209 511.3 £50 ©/°

Triclosan 290, 288, 218, 63 344.6+42.0 I i
0]

Benzophenone 182

The mass spectrometer was operated in full-scan mode (m/z range 40 to 550) with electron impact

ionization (70V) for non-target analysis. For target analysis the TOrCs were measured with
characteristic signals in SIM Mode. For phenanthrene, e.g., the m/z value was set to 178. Data
analysis of the TD-Chromatogram was conducted with Mass Hunter Workstation Software
(Ver.B.08.000, Agilent). The identification of the substances was ensured via the MS spectra and

comparison with the NIST database, the Rl and comparison with external standards.

Calibration curves were constructed using the respective TOrCs for quantification of TOrCs
concentrations in the aqueous phase. In each case, a fixed internal deuterated standard was
added as a control. The samples were also spiked with the internal standards in each case to
avoid measurement fluctuations. For the evaluation, the peak area of the trace substance was
divided by the peak area of the internal standard. All aqueous analyses via Gerstel Twister and

TD-GC/MS were performed at least in duplicate.
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For normalization of the data obtained by TD-Pyr-GC/MS analysis, the peak areas obtained after

specific extraction were divided by the weighed weight of the sample.

26



Analysis — Coupling of thermodesorption- and pyrolysis-GC/MS in one analytical setup

4 Analysis — Coupling of thermodesorption- and pyrolysis-GC/MS

In one analytical setup

Hypothesis #1: By coupling thermodesorption and pyrolysis-GC/MS trace substances
on reference micro- and nanoplastic particles can be quantified and polymer types can

be identified in one analytical setup

Established methods to analyze TOrCs on micro- and nanoplastic particles were based on
extracting the TOrCs from the particles [21] with subsequent headspace analysis [20, 87] or using
radioisotopic marked TOrCs [80, 108, 124]. The goal of this work was to develop an innovative
application of thermodesorption-pyrolysis-gas chromatography/mass spectrometry (TD-Pyr-
GC/MS) in order to enable identification of potentially sorbed pollutants, the type of polymer, and
even additives in one analytical setup. For doing so, initially the trace substances were desorbed
from the particles by thermodesorption and analyzed using GC/MS. Subsequently the polymers
were decomposed by pyrolysis and the decompaosition products and by this the type of polymer
and contained additives were identified via GC/MS analysis. Thus, it was hypothesized that by
coupling thermodesorption and pyrolysis-GC/MS trace substances on reference micro- and
nanoplastic particles can be quantified and polymer types can be identified in one analytical setup.
To test this hypothesis, three different polymer types (PE, PS and PMMA) and three TOrCs
(phenanthrene, a-cypermethrin and triclosan) were selected. After detailed sample preparation
development (e.qg., filtration, freeze — drying and application into the pyrolysis tubes) of the micro-
and nanoplastic particles, method development was performed for TD-Pyr-GC/MS. For this
purpose, pure reference particles were measured to find an optimal thermal desorption method
and to ensure reliable identification of the polymers. In the TD step, complete disintegration of the
polymers does not yet take place. In the second step, the individual TOrCs were sorbed onto the
particles and then analyzed by TD-Pyr-GC/MS. The process steps of a sample preparation

including measurement are illustrated in Figure 6.
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Figure 6: Sample analysis procedure: Filtration of the sample to separate particles and aqueous phase. Subsequent
application of the particles into the pyrolysis tubes. Depending on the test setup, a non-target analysis (SCAN mode)
or a target analysis (SIM mode) can be performed. Finally, a TD-Pyr-GC/MS analysis is performed. Adapted from
Reichel et al., 2020 (Appendix II)

4.1 Sample preparation, method development and validation for a TD-Pyr-GC/MS
method

4.1.1 Rationale

Micro- and submicro- and nanoplastics may potentially not only be harmful by themselves but
also serve as vectors due to ad- or absorbed contaminants. Analysis of these sorbed
contaminants is challenging and requires several analytical steps [4, 20, 21, 70]. Particles in an
agueous solution must be separated from the liquid phase by e.g., centrifugation or filtration [23,
65]. After separation of the two phases, the TOrCs can now be determined indirectly via the
aqueous phase using liquid/liquid extraction or a passive sampler [52, 76, 77]. An analysis of the
gas phase can also be performed [52, 87]. An analysis of the sorbed TOrCs from the particles
can be achieved via solvent extraction (e.g., n-hexane, dichloromethane) [21, 74, 75]. Another
method is the direct analysis of TOrCs from the particle without further preparation or extraction
steps using TD-Pyr-GC/MS. This allows identification or quantification of the TOrCs and
determination of the polymer type in one analytical setup. The final analysis is performed by
GC/MS or GC/ECD [4, 65].
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Table 9 summarizes various studies and their analytical methods that have investigated the
sorption of TOrCs onto micro- and nanoplastics. An overview of further analytical methods is given
in the review article by Reichel et al. (2021).

There are methods that have been developed specifically for polymer analysis, such as thermal
extraction-desorption gas chromatography-mass spectrometry (TED-GC/MS), analytical double-
shot pyrolysis and sequential pyrolysis. These methods have also shown that the detection of

additives and the identification of polymers is possible with one analytical setup [41, 42, 81, 125].
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Table 9: Summary of GC/MS-methods to analyze sorbed substances on various microplastic particles like polyethylene (PE), polystyrene (PS), polyamide (PA),
polyvinyl chloride (PVC), polypropylene (PP), polyethylene terephthalate (PET) and polymethyl methacrylate (PMMA), adopted from Reichel et al., 2021

) Particle i Analyzed
Particle Type ) Sorbate Analytical Method Reference
Size (UmM) Phase
) GC/MS after extraction Particle
PE 260 Phenanthrene, Tonalide, Benzophenone ) ] [13]
with cyclohexane (Extraction)
Atrazine, Benzotriazole, Caffeine, Carbamazepine,
Carbendazim, DEET, Diazinon, Diclofenac, Ibuprofen, MCPA, GC/MS, LC-MS/MS
PE, PS PE: 260, _ _ o Particle
Mecoprop, 4-Nonylphenol, Phenanthrene, Propiconazole, Tris(2- after extraction with ) [26]
PS: 250 _ (Extraction)
chloroisopropyl)-phosphate (TCPP), Tebuconazole, Terbutryn, cyclohexane
Torasemide, Triclosan
n-Hexane, Cyclohexane, Benzene, Toluene, Chlorobenzene, Headspace GC/MS or Gaseous
PA, PE, PVC, PS <250 _ _ _ [5]
Ethylbenzoate, Naphtalene in-tube-microextraction phase
GC/MS headspace
] ) ) ) Gaseous
PS (aged) 125-250 Various aliphatics and aromatics from three-phase h [44]
phase
system
PE, PS GC/MS af jon | aueous
S PE:- 10-180 17 Polychlorinated biphenyls (PCBs) _ AllEREXIacion phase via
Fullerene, with pentane- ] [45]
) PS: 0.07 ) passive
Sediment dichloromethane
sampler
. ) GC-ECD after Aqueous
8 Polycyclic aromatic hydrocarbons (PAHS), 4 ) )
PE, PP, PS 320-440 ) extraction with n- phase and [4]
Hexachlorocyclohexanes (HCHSs), 2 Chlorinated benzenes (CBs)
hexane PDMS phase
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PP 450-850
PE: 3-16

PS, PE, PET PS:10
PET: <300

PE, PP

(environmental <500

samples)

PS 2;1;01

PE, PS, PVC <150

PE, PP, PS 100-150

PP 450-850

Tonalide, Musk xylene, Musk ketone

38 PCB congeners

PCBs (IUPAC nos. 28, 52, 101, 118, 138, 153, 180)

Eighteen unsubstituted hydrophobic organic chemicals (HOCSs)

Five polyhalogenated carbazoles (PHCs)

9-Nitroanthracene

3,6-Dibromocarbazole and 1,3,6,8- Tetrabromocarbazole

GC/MS after extraction )

) Particle
with n-hexane and )

) (extraction)
dichloromethane

GC-HRMS after soxhlet

. . Particle
extraction with )
) (extraction)
dichloromethane
GC-ECD after soxhlet )
) . Particle
extraction with ]
) (extraction)
dichloromethane
Agqueous
GC/MS after liquid /  phase via
liquid extraction passive
sampler
GC/MS after washing )
) Particle
with n-hexane and )
) (extraction)
dichloromethane
GC/MS after Aqueous

liquid/liquid extraction phase

GC/MS after extraction )
Particle
with n-hexane and ]
) (extraction)
dichloromethane

[46]

[65]

[66]

[41]

[39]

[21]

[40]
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PS: 40, 41,
0.078 . ) Particle
PS, PE, PMMA Phenanthrene, Triclosan, a-Cypermethrin TD-Pyr-GC/MS ] [20]
PMMA: 48 (directly)
PE: 48
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4.1.2 Experimental Section

Prior to actual method development on the TD-Pyr GC/MS instrument (Figure 7d), optimizations
had to be made on the choice of pyrolysis tubes (Figure 7a), particle application and weighing
(Figure 7b), and cleaning of the transport adapters (Figure 7d), to minimize contamination and
carryover. The detailed steps of those optimizations are described in chapter 4.2. In the following

the final method parameters are presented.

Pyrolysis
o module

\ . GC

T
a) b) c) d)
Choice of the Application and .
pyrolysis tube Pyrolysis adapter TD-Pyr-GC/MS

Figure 7: Steps to develop an optimized method: a) pyrolysis tubes, b) application of particles into pyrolysis tubes and
weighing, c) pyrolysis adapter d) during analysis in TD-Pyr-GC/MS.

a) Choice of the pyrolysis tube

One of the first tasks was to determine the most suitable type of pyrolysis tube for application and
analysis of polymer particles, Figure 1. Three different pyrolysis tubes were tested. The weight of
the pyrolysis tubes ranged from 90 to 110 mg. All were made of quartz glass and were purchased
from Gerstel GmbH (Mihlheim an der Ruhr, Germany). The design of the pyrolysis tube is an
essential aspect regarding possible carryover [126] as well as accurate analysis. Therefore, the
following tube types were tested (Figure 7a): pyrolysis tubes (A) with one open and one closed
end with a length of 17 mm, (B) with one open and one closed end with an additional slot of 17 mm
length and (C) with two open ends and a length of 25 mm sealed with quartz wool. Quartz wool
is thus used only in type (C) and is in contact with the sample. After application of the quartz wool

into the pyrolysis tubes, it was heated at 100 °C for 30 min to remove possible contamination.
b) Application and weighing of micro- subp- and nanoparticles

In order to measure the particles with TD-Pyr-GC/MS, they have to be applied into pyrolysis tubes.
For the development of the appropriate TD method, the dry particles were applied without
filtration; for all sorption experiments in agueous suspension, the particles were filtered out. For
this purpose, the particles are scraped off the filters after filtration and applied to a glass vial.
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Since moist particles are easier to handle than dry ones, in the first preliminary tests the particles
were weighed directly into the prepared pyrolysis tubes (type C) after filtration and freeze-dried.
For the final method, the particles were first freeze-dried for 15 min and either applied directly into
the pyrolysis tubes or stored for a maximum of 24 h in the refrigerator at 4 °C. Subsequently, the
particles are weighed into the baked pyrolysis tubes. Flattened cannula tips are used for transfer
into the pyrolysis tubes (Figure 7b). By using an ultra-fine balance, it is ensured that between 20
and 80 pg of particles are weighed to avoid overloading of the GC/MS system. Each sample is
weighed three times and the mean value is then taken. Each sample is also run at least in

duplicate.

c) Pyrolysis adapters
During preliminary tests, the pyrolysis adapters turn out to be a source of polymer contamination.
Therefore, a cleaning protocol was established, which was carried out with the adapters after
each measurement. For this, the lower part of each adapter was submerged in 0.5 mL
dichloromethane in a glass vial and placed in an ultrasonic bath for 15 min. The adapters were

then rinsed with ultra-pure water and dried at 100 °C for 15 min.
d) TD-Pyr-GC/MS — Temperature optimization

The aim of this study is to develop an innovative analytical method of combined thermodesorption
and pyrolysis gas chromatography/mass spectrometry (TD-GC/MS + Pyr-GC/MS) to enable the
identification of sorbed TOrCs and polymer type in a single analytical setup. In the first step, the
TOrCs are desorbed from the particles by thermodesorption and analyzed by GC/MS. In the
second step, the polymers are decomposed by pyrolysis and the characteristic decomposition
products and thus the type of polymer and additives contained are identified by GC/MS analysis.
The analytical procedure is visualized in Figure 8. In order to find a suitable thermodesorption
temperature, three different temperatures were selected: 120/ 200 / 280°C. For the temperature
optimization, preliminary tests were first performed without sorbed TOrCs. The aim is that the
thermodesorption temperature is high enough to desorb the volatile substances. At the same
time, however, the temperature must be low enough to prevent degradation of the polymers.
These are analyzed in the second pyrolysis step. The detailed method development is described
in the article Reichel et al. (2020) (Appendix II).
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Figure 8: Flowchart of a TD-Pyr-GC/MS analysis. The sample (A) is thermodesorbed (120 / 200 280°C) to desorb the
volatile TOrCs. The substances are cryofocused in the Cooled Injection System (CIS) at -50°C. The analysis is
performed by GC/MS (TD-GC/MS). The same sample (B) is pyrolyzed at 800°C and analyzed by GC/MS (Pyr-GC/MS).
The evaluations are performed with the TD chromatogram and the pyrogram. Adapted from Reichel et al., 2020
(Appendix I1)

TD-GC/MS: In the first step of thermal desorption (TD-GC/MS), samples are heated to a pre-
programmed temperature to desorb the volatile substances. The optimal TD temperature was

determined during method development and set at 200 °C [65].

Pyr-GC/MS: In the second step, pyrolysis (Pyr-GC/MS) is performed to pyrolyze all substances.
Sufficient depolymerization of all tested micro- and nanoplastic particles was achieved with a

temperature of 320 °C. Contamination can be avoided with this temperature selection.
Preliminary sorption experiments
Sample preparation of Micro- and Nanopatrticles

The samples were analyzed by TD-Pyr-GC/MS (Figure 8). The subsequent sorption experiments
with the TOrCs phenanthrene, a-cypermethrin and triclosan were performed analogously. The
particle concentration was kept constant at 1 g/L, and the trace substance concentration was
varied between 100 ug/L and 1,000 ug/L. The stock solution of all trace compounds was prepared
at a concentration of 1,000 mg/L in methanol (MeOH) and diluted in MeOH in further dilution
steps. The experiments for the SCAN and SIM mode measurements were performed on PS
78 nm particles. All experiments were performed in triplicate on two different days, i.e., a total of

six replicates.
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In another preliminary test for sorption analysis, two TOrCs (benzophenone and phenanthrene)
were used without particles. Therefore, calibration solutions with different concentrations of
benzophenone and phenanthrene, respectively, were prepared and analyzed by TD-Pyr-GC/MS
using the pyrolysis quartz tubes. 10 mL of the respective TOrC solution was added to a closed
glass test tube. The solution was shaken for 1 h at room temperature (Vortex-Mixer Genie 2,
Scientific Industries, New York, USA). From this solution, 10 pL was pipetted into a pyrolysis tube.
All assays were performed in duplicate. In order to avoid contamination, the pyrolysis tubes were
stored in individual glass vials for each concentration. The vials containing the tubes were then
placed in a freeze dryer where the sample was frozen at -60 °C for 15 min and then dried at -
60 °C and 0.3 mbar for 30 min. In a second step, the samples were analyzed by TD-GC/MS only.

Samples were placed directly into a TDU glass tube.

4.2 Results and Discussion

The application of TD-Pyr-GC/MS is of advantage in the rapid analysis of samples, since no
extraction steps are necessary and a direct particle analysis can be performed. Sorbed TOrCs
and the polymer type can be identified in one analytical set-up. This is mainly useful for e.g.,
ecotoxicological investigations or spiked samples of wastewater treatment processes at

laboratory or pilot scale.

4.2.1 Preliminary results — analysis of the aqueous phase

Centrifugation and filtration methods were tested to separate the particulate from the aqueous
phase. Centrifugation was performed with a multi-application centrifuge (NuAir, Plymouth, USA).
Centrifugation was tested with PE 48 um, PS 40 um and PMMA 48 um microplastic particles in
an aqueous suspension at 1 g/L. The samples were centrifuged between 0.5 and 12 h at 3,000 —
5,000 RCF. However, no permanent separation of the aqueous phase and the particles was
observed even when applying longer centrifugations. For this reason, filtration was used for all

further experiments.

Analysis of the filtrate was performed using passive samplers. The Gerstel Twister® and the
SorbStars were tested. In preliminary tests the extraction capacity of SorbStar in ultra-pure water
was tested with phenanthrene. However, no reproducible measurements could be carried out with
the SorbStar. If the SorbStar is used in large sample vessels, it floats on the surface. The
consecutive measurements show results that are tenfold lower than those of the Gerstel Twister®.
If the SorbStar is shaken in test tubes so that it is completely immersed in solution, the subsequent

measurement is aborted by the device. Most likely, a too high water content penetrated into the
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SorbStar leading to this aborting due to freezing of the tubings. Therefore, the SorbStars were

discarded subsequently as an alternative to the Gerstel Twisters®.

4.2.2 Sources of contaminations and sample preparation

Summary of the study published in Reichel et al., 2020

Sample carryover is a well-known problem in Pyr-GC/MS of synthetic polymers [39]. To avoid
those contamination, the choice of the pyrolysis tube is crucial (see Figure 7a, type C). In the
closed tube of type (A), the carrier gas flow is non-uniform, while in the slotted tube of type (B), a
more uniform carrier gas flow is ensured [126]. (C) is open at both ends, which should improve
the carrier gas flow. Since carryover was observed with type A and B pyrolysis tubes, but
measurements with tube type C showed good results and significantly reduced the problem of
contamination. Type C tubes were used for all further temperature optimization experiments and
sorption experiments. After each measurement, the pyrolysis adapters (Figure 7c) should be
cleaned with dichloromethane for 15 min in an ultrasonic bath. In addition, in order to identify
possible contamination at an early stage, an empty pyrolysis tube was measured as a blank after
each sample measurement. In this way, carryovers can be detected and eliminated at an early
stage. Overloading of the GC column must be avoided to produce reproducible and evaluable
peaks. This was achieved by accurately weighing and discarding samples with weights of above
80 pg.

After each TD-Pyr-GC/MS analysis run, an empty pyrolysis tube was measured to check the
system for contamination. Especially during polystyrene measurements, carryover of the styrene
trimer occurred, which could also be detected in the following measurements. Since the sequence
of sample analysis consisted not only of PS samples but also of other polymer types (PE, PMMA),
it could be established that the styrene trimer peaks were not induced by the actual samples.
Rather, they can be characterized as impurities in the system. These results indicate occasional
detachment or formation of the trimer due to accumulation of analytes in the system. Upon closer
inspection of the pyrolysis module, black dots and soot discoloration were visible on the filament.
Figure 9 shows the peak size identified as styrene trimer desorbed in blank tube measurements
at 280 °C. The measurements with the contaminated filament 1 exhibited a clear increase in the
peak area of the styrene trimer. Therefore, the filament was replaced by a new one (filament 2).
Subsequent sample analysis improved substantially in terms of the detection of styrene trimers in
the blank tubes. According to the experience gained from these measurements, the filament life

can be estimated to about 300 - 350 runs for the pyrolysis of polymer particles.
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Figure 9: Increase of styrene dimer during blank measurements with filament 1 and decrease after changing the
filament

4.2.3 Choice of the final thermal desorption temperature

Summary of the study published in Reichel et al., 2020

The final thermal desorption (TD) temperature was set at 200 -C. 120 °C is too low to achieve
guantitative desorption of most TOrCs. However, a TD temperature of 280 °C is too high for the
analysis of thermolabile substances. For the reference PMMA patrticles, a noticeable increase in
the characteristic substances already occurred in the thermodesorption with the increase of TD
temperature. The results of the PS microplastic particles indicate that the storage of the particles
also plays a role. Compared to the PS41 pm particles suspended in ethanol, the dry stored
PS40 um particles show a larger amount of characteristic substances already in the thermal
desorption. The characteristic substances for the PE particles are independent of the choice of

TD temperature. They are only visible in the pyrogram.

4.2.4 Desorption behavior of the TOrCs phenanthrenes, a-cypermethrin and triclosan.
Summary of the study published in Reichel et al., 2020

In the current study, the trace compounds phenanthrene, a-cypermethrin, and triclosan were
sorbed onto the reference particles PMMA 48 pm, PE 48 um, PS 78 nm, PS 41 um, and PS 40 pm
(1 g/L each) for 1 h at the two final concentrations of 1,000 pg/L and 100 pg/L, respectively.

The highest sorption for the selected TOrCs occurred onto the PS 78 nm nanoparticles.
Phenanthrene (1000 pg/L) sorbed onto the particles as follows: PMMA << PS 40 um < PS 41 pm
< PE 48 pm < PS 78 nm. For phenanthrene at a concentration of 100 pg/L, sorption was observed
only on PS (78 nm) and PE particles. Sorption of a-cypermethrin on particles was generally lower

compared to phenanthrene and followed order: PS 41 pym < PS 40 pym < PE 48 pm < PMMA
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48 um < PS78 nm. When a-cypermethrin was applied at a concentration of 100 pg/L, sorption
was observed only on PS 78 nm and PE particles. Triclosan at the concentration of 1,000 ug/L
sorbed only on PS 78 nm and PE 48 um particles. When triclosan was applied at a concentration
of 100 ug/L, sorption was not observed on any particle type. However, identifying sorption kinetics

and individual detection limits of the selected TOrCs are beyond the scope of this study.

4.2.5 Sorption of TOrCs on reference patrticles

Summary of the study published in Reichel et al., 2020

In order to assess the tendency of TOrCs to desorb from particles, the percentage of
phenanthrene desorption during TD was considered. On the PE particles nearly 100% of the
phenanthrene desorbed during thermodesorption. The PS 78 nm particles also showed a
desorption of 90%. The PS particles (41 and 40 um) present a desorption between 25 and 60%.
These clear differences may be due to the different storage of the particles. The PS 41 pm
particles were suspended in ethanol, while the PS 40 um particles were stored dry. Comparing
the different concentrations (1,000 pg/L and 100 ug/L) of phenanthrene applied, the concentration
does not seem to significantly affect desorption for PE, PS 40 um, and PS 78 nm particles. These
results suggest that desorption behavior depends on both particle size and particle type. The

TOrCs a-cypermethrin and triclosan were both completely desorbed within TD.

It is recommended to measure the substances in SIM mode for target analysis. The peak areas
and thus the sensitivity increased in the SIM mode for all trace substances: phenanthrene (+33%
1 2%), a-cypermethrin (+54% + 12%), and triclosan (+58% * 12%).

4.2.6 Quantification of micro- and nanoplastic particles by TD-Pyr-GC/MS

In order to find out whether a quantification of the polymers by TD-Pyr-GC/MS is possible, to
normalize the data, the peak areas of the characteristic substance fragments (Table 8) of the
respective polymer were added and divided by the mass weighed-in. For example, for PS, the
peak areas of the dimer and trimer in the TD and Pyr were added and divided by the weighed
particle mass. Figure 10 shows boxplots for all polymer particles analyzed. Outliers were
eliminated by applying Grubbs test. For PMMA 48 um there was the highest signal of peak area
/ mass, while for PE 48 um it was the lowest. This could be due in part to the peaks obtained for
methyl methacrylate. The peaks are very large and wide, which is unfavorable for the automatic
integration of the Masshunter evaluation program. On the other hand, it could be due to the
different patterns of thermal desorption for the polymers. While PMMA exclusively forms methyl

methacrylate as a characteristic substance, both PE and PS form a range of pyrolysis products

39



Analysis — Coupling of thermodesorption- and pyrolysis-GC/MS in one analytical setup

[120]. In addition to the selected characteristic PS fragments, a large amount of styrene
(monomer) is obtained during thermal decomposition. The PS monomer was not included in the
characteristic PS fragments because it can also be formed in natural matrices, e.g., by
decomposition of chitin [29]. While PS forms only three significant decomposition products, PE
exhibits a variety of alkanes, alkenes, and dienes [120]. This could be a reason for the
comparatively low signal when only three characteristic polymer fragments are considered. If only
the three PS particles (40 um, 41 ym, 78 nm) are considered, an approximate estimate of the
amount of polymer contained is possible. In summary, the results indicate that this type of
evaluation is only useful when the same polymer type is to be compared. However, this would still

have to be verified in mixed samples with other polymers.
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Figure 10: Boxplots of peak areas normalized to polymer mass versus weighed-in mass for all polymers. The peak
area values include the signals of all selected characteristic polymer fragments in both TD and Pyr.

One reason for the high deviations may be the weighing-in process: On the one hand, there may
be invisible particles on the upper and outer rim of the pyrolysis tube, which are weighed in but
not pyrolyzed. Second, after weighing, the pyrolysis transport adapters are placed on the pyrolysis
tubes. This process may result in additional loss of particles, especially if the particles were placed
close to the edge of the capillary tube. Since only a small amount of <80 pg is weighed in, any

smallest patrticle loss can result in large outliers.
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At the current state, quantification of the amount of polymer by TD-Pyr-GC/MS is not feasible.

However, a reliable identification of the polymer is possible.

4.2.7 Quantification of TOrCs (preliminary experiments)

In the initial quantification experiments, an attempt was made to reproduce a calibration curve of
benzophenone without particles using the established parameters of TD-Pyr-GC/MS. For this
purpose, the TOrCs solution was filled directly to the pyrolysis tubes.

However, it was concluded that no reproducible data could be measured. Furthermore, impurities
were also found in the blank samples without benzophenone. In addition, the peak areas obtained

were much lower than for TOrCs sorbed to polymer patrticles.
In order to overcome these inaccuracies, several strategies were used:

e The pyrolysis tubes were placed in individual glass vials for freeze-drying according to the
concentration they contained to avoid cross-contamination during drying.

e The transport adapters were cleaned with dichloromethane before use, although they
were not exposed to polymer particles.

o Additional pyrolysis steps after TD, as well as steps to measure empty pyrolysis tubes,
were introduced to exclude signal accumulation.

e The GC instrument was baked out at 320 °C prior to measurements to exclude
accumulation of TOrCs in the instrument.

e Thus, to achieve higher reproducibility, the pyrolysis module was disassembled for some
measurements. For these, the samples were placed directly into the TDU glass tubes
connected to the TDU adapters. The glass tubes were cleaned with acetonitrile and
ultrapure water and dried at 100 °C. However, this resulted in signal accumulation.

o A higher TD temperature (280 °C instead of 200 °C) was used to increase the vapor
pressure of the TOrCs. This change resulted in lower signals with high blank values and
low reproducibility.

¢ In the pyrolysis tubes, the TOrC sorb directly onto the smooth glass surface. To obtain a
more comparable surface to the polymer particles, the samples were pipetted onto the
quartz wool. However, it was not possible to always reproducibly apply the solution
droplets only to the quartz wool or only to the glass tube wall. For future experiments,

inertized (e.g., with hydrofluoric acid) pyrolysis tubes should be tested.

However, even considering this strategy, reproducible data could not be generated. This method

of quantification was therefore discarded.
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4.3 Conclusion

Until now, double-shot pyrolysis or sequential pyrolysis GC/MS could detect additives in polymers,
but not organic trace compounds [41, 42]. The results of this study confirm that TD-Pyr-GC/MS
can identify both TOrCs and polymers in one analytical setup. Within a very short experimental
time (<2 h), individual samples can be analyzed without the need for complex and contaminating
steps of TOrCs extraction. The micro- or nanoplastic particles are separated by filtration from the
liquid phase and then freeze-dried. For analysis, the samples are placed in pyrolysis tubes.
Depending on the assay, a target analysis (SIM mode) or a non-target analysis (SCAN mode)

can be performed.
The following goals were achieved by the TD-Pyr-GC/MS method development and validation:

¢ Identification of sorbed TOrCs on micro- and nanoparticles is possible, regardless of
polymer type and size. Therefore, TD-Pyr-GC/MS is one of the few analytical methods
that is also practical for nanopatrticles.

e The optimum TD temperature was identified at 200 -C. This temperature ensures that the
volatiles elute in the TD step while generating few pyrolysis products.

e The optimum pyrolysis temperature is 800 °C. All reference polymers (PS, PE, PMMA)
were able to fragmentate completely at this temperature without leaving residues in the
system.

e Possible applications of the TD-Pyr-GC/MS are for rapid qualitative analysis of e.g.,
ecotoxicological studies or fate studies of evaluating wastewater treatment processes at

laboratory or pilot scale.

Thus, the hypothesis that by ‘coupling thermodesorption and pyrolysis-GC/MS trace substances
on reference micro- and nanoplastic particles can be quantified and polymer types can be
identified in one analytical setup’ can partially be accepted. In further experiments (see chapter

5) also quantification was successfully established.
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5 Ad- and Absorption behavior on reference particles depends on
particle size and shape / particle type / mixture of TOrCs / aging of

particles

Hypothesis #2: Ad- and Absorption behavior on reference particles depends on

a) Particle size and shape - the smaller the particle, the larger the relative surface,
the higher the adsorption rate

b) Particle type

c) Mixture of trace substances - competition between substances depending on
their structure (e.g. p-systems) and hydrophobicity

d) Aging of particles

In general, sorption of TOrCs on particles can be distinguished into chemical and physical
sorption. Chemical sorption is the name given to the formation of covalent bonds, which is often
irreversible and depends on the ability of the components to interact with each other. Physical
sorption processes, on the other hand, are usually non-covalent intermolecular interactions such
as van der Waals bonds with hyprophobic surfaces on particles [48, 50]. Due to a porous polymer
structure and the resulting large surface area of micro- and nanoplastic particles, both adsorption
to the particle surface and absorption of TOrCs into the particle are relevant [20]. In most cases,
the dominant process (adsorption or absorption) cannot be clearly identified, since both processes
can occur simultaneously [48, 49]. Due to the hydrophobicity of plastics and their high surface-to-
volume ratio, hydrophobic organic compounds readily sorb to micro- and nanoplastics. Persistent
organic trace substances can thereby be transported into the environment and accumulate there
[9, 11, 127, 128]. To enable evaluation of those accumulation detailed knowledge about sorption
processes on particles and how are they influenced is crucial. Thus, it was hypothesized that ad-
and absorption behavior depend on particle size and shape, patrticle type, the mixture of trace
substances, and organic matter and pH of the aqueous phase. To test this hypothesis, three
different polymer types (PS, PE, PMMA) and different polymer sizes at the micro- and nanoscale
were selected. In addition, three TOrCs (phenanthrene, triclosan, a-cypermethrin) were chosen
for the sorption studies. TD-Pyr-GC/MS and TD-GC/MS methods developed in Chapter 4 were
used to determine the TOrCs concentrations as well on the particles and in the aqueous phase.
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5.1 Rationale
Micro- and nanoplastic particles can serve as both a source and a sink for TOrCs in the
environment (Figure 11). Microplastic particle itself must be considered a pollutant, since
monomers, additives, plasticizers and others can be desorbed. On the other hand, the sorption
of TOrCs on the particles may pose a risk to the environment, due to sorbed antibiotics, heavy
metals und polycyclic aromatic hydrocarbons and other TOrCs [4, 54, 63, 64, 87, 129, 130].

Colorants Fillers
Additives ]

Plasticizers

Stabilizers Flame retardants
L — Adsorption
Antibiotics

Neonicotinoids

Heavy metals Pyrethroide

Polycyclic aromatic hydrocarbons

Figure 11: Pollutants which interact via de- and adsorption with micro- and nanoplastic particles

Sorption analysis is a challenge because sorption is influenced by many different parameters
such as pH, temperature, and salinity of the liquid phase or the polymer type or age of the
polymers [16, 131].

Therefore, in the following section sorption behavior of selected reference particles are analyzed

and discussed as a function of their size and shape, particle type, and TOrCs mixture (Figure 12).
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Figure 12: Sorption of TOrCs is influenced by polymer and particle type (1), size (2), shape (3) and mixture of TOrCs
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Ad- and Absorption behavior on reference particles depends on particle size and shape

Micro- and nanoplastic particles can result from the fragmentation of larger plastic pieces through
photolytic, mechanical, and biological degradation without significant chemical degradation [8,
132, 133]. The smaller the particles, the greater the surface area, thus, smaller particles are
expected to be of greater ecotoxicological relevance and cell wall mobility increases as the
capacity to adsorb TOrCs increases [18, 49, 63]. However, the effective surface area of nano-
sized particles can be limited by aggregation by increasing the hydrodynamic diameter [9, 49,
134]. Aggregation can occur between two similar (homoaggregation) or two different
(heteroaggregation) particles [4]. Aggregation is usually controlled by the ionic strength and
valence of the electrolytes in the surrounding medium, but the polymer coating of the particles

can also play a role [4, 135].

By means of nanofragmentation, microplastic particles can further disintegrate into nanoplastic
[9, 49, 134]. Already with other particle types (e.g., titanium particles or magnesium oxide
particles) it could be shown that the relative sorption increases, the smaller the particle becomes
[136, 137]. These statements could be supported by research with micro- and nanoplastics: the
sorption of polychlorinated biphenyls on nano-PS is 1-2 orders of magnitude higher than on micro-
PE. However, it is questionable to what extent those data can be transferred to nanoplastics [138].
To enable comparison of data, the methods for detection, analysis and toxicological assessment

of nanoplastics, which are currently still in their initial stages, must first be improved [139].
Ad- and Absorption behavior on reference particles depends on particle type

Various previous studies showed that the sorption is polymer dependent. Plastic polymers can be
categorized as either crystalline, semi-crystalline or amorphous, which describes their structure.
Amorphous polymers consist of randomly arranged polymer chains. In contrast, semi-crystalline
describes portions of rigidly arranged crystalline moieties that are located in looser amorphous

regions [5, 51]. Compared to amorphous polymers or regions of polymers, the crystalline fractions
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have a lower affinity and rate for incorporation into a polymer matrix [5, 54]. The hydrophobic
bonds are less stable in amorphous materials than in crystalline materials [140]. TOrCs require a
high amount of energy to break and absorb the lattice structure of polymer chains associated with
crystalline domains [48]. The amorphous region within polymers can be classified as either glassy

or rubbery, which is also an indication of sorption capacity [19].

Hydrophobicity is considered one of the most important driving mechanisms of organic
compounds from water into solid particles [48, 52]. Decisive for this is the Log D value as a
measure of the hydrophobicity of a molecule, for the distribution of a sorbate in solution for sorbing
to a given solid, taking into account the pH influence of functional groups [53].

Prior studies have noted that the density increase of the polymer decreases the velocity of
diffusion into the polymer [22]. The study was set up to compare sorption of different molecular
weight PAHs to Low-Density Polyethylene (LDPE) and High-Density Polyethylene (HDPE). It is
possible that this characteristic is not limited to LDPE and HDPE, thus can be transferred to
polymers of different types. However, the density of polymers with crystalline and amorphous
components, such as HDPE, is determined by the ratio of crystallinity. As stated above, the
amorphous region within polymers can be classified as either glassy or rubbery, which is also an
indication of sorption capability [19]. The surface appearance is also important. Napper et al.
(2015) showed that rough PE microplastic particles adsorbed more DDT and phenanthrene than

smooth ones [141].

The glass transition temperature defines whether a polymeric rubber-like or glass-like material is
present. Rubber-like polymers are normally above their glass transition temperature (Tg) values if
they are not plasticized. At room temperature this results in greater flexibility, which facilitates
sorption of impurities. Glassy polymers are usually below their Tg and are also referred to as
condensed (glasslike) [64]. In general, rubbery polymers (such as HDPE, LDPE or PP) are
expected to allow greater diffusion of impurities into the polymer than glassy polymers (such as
PET or PVC) [53, 54]. Some polymer types, like PMMA and PS, are glassy at ambient
temperature. Once they surpass the glass transition temperature, the amorphous fractions
change into a rubbery state. In contrast, sorption to glassy polymers occurs through dissolution
(absorption) and pore-filing mechanisms [58, 59]. However, there are exceptions such as
polystyrene. The average sorption capacity is higher than the Tgpredicts [4, 20, 52, 64]. A possible
explanation for this is the presence of benzene. The benzene ring increases the distance between
the polymer chains and can facilitate the adhesion and integration of impurities into the polymer
[20, 64, 142]
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Ad- and Absorption behavior on reference particles depends on mixture of trace substances

During the sorption process, fluid chemicals are transferred to solids [143, 144]. In adsorption,
chemical molecules are bound at the solid-liquid interface, while in absorption they penetrate the
solid matrix of the particle [48, 144]. Adsorption to the particle surface includes ionic and van der
Waals interactions, as well as covalent bonds. Absorption occurs due to the distribution of TOrCs
within the polymer matrix, which is held by weak van-der-Waals forces. In this process, absorption
is strongly dependent on various factors such as the hydrophobic properties of the TOrCs, the
polymer type, and particle size. The interactions between the particles and the TOrCs depending
on their specific properties are shown in Figure 13.

Concentration Van-der Waals interaction
Functional groups
TOrCs J Electrostatic interaction
Hydrophobicity — /
Structure B
Hydrophobicity
Particle size
Additives
. ' _ _ Age |
Hydrophobic  —— Micro-/Nanoplastic «— Porefilling
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Polymer type
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Specific surface area

Va. &N

Hydrogen bonding interaction TI-TT interaction

Figure 13: Interactions of micro- and nanoplastic particles and TOrCs depending on their specific properties.

Ad- and Absorption behavior on reference particles depends on aging of particles

One of the main challenge of microplastics in the environment is their low rate of degradation by
means of natural processes [145]. Microplastics age due to UV irradiation, heat, chemical
oxidation and physical abrasion, or biotic effects [11, 146]. In the aging process of microplastic,
the physical integrity is lost and the polymer degrades at the weak points such as unsaturated
double bonds, branched chains, carbonyl groups or hydroxyl groups at the ends [147]. As aresult,
the physicochemical properties of microplastics change: the average molecular weight and

surface roughness increase, added additives are leached out, the particle size decreases, and
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the specific surface area increases, which promotes the adsorption of TOrCs [148-154]. In the
laboratory, the aging processes can be simulated, e.g., by heat treatment or chemical oxidations
[148].

The aging of particles in this work was done with chemical treatment based on Fenton reaction,
hydrogen peroxide (H>O2) and potassium hydroxide (KOH). The effects of the chemical treatment
are studied by TD-Pyr-GC/MS. The chromatograms and pyrograms of selected untreated
microplastic reference particles (PS, PE, polylactic acid (PLA), polyethylene terephthalate (PET),
polyamide (PA) and polypropylene (PP)) are compared with those after simulated aging
processes.
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5.2 Experimental section

The experiments to investigate the adsorption and absorption behavior of the selected TOrCs on

the reference particle were performed based on the results obtained in Chapter 4.

In individual studies, after preliminary tests, the analyses were performed including the
determination of TOrCs concentration in the aqueous phase and on the particles. PS (78 nm,
41 um), PMMA (48 um) and PE (48 um) were used as reference particles, and phenanthrene,
triclosan and a-cypermethrin were chosen as environmentally relevant TOrCs. At a concentration
of 1 mg/mL, the particles were shaken in ultrapure water for 1 h at room temperature. TOrCs were

added at variable concentrations of 0.1 mg/L, 1 mg/L, 5 mg/L and 10 mg/L, respectively.

Nanoplastic particles (PS 78 nm) and microplastic particles (PE 48 um) at a concentration of 1 g/L
were used to analyze the sorption of the mixture of TOrCs. The TOrCs concentration was 1 mg/L
and 10 mg/L, respectively. These particles were selected because sorption equilibrium was
quickly established after 1 hour in the sorption experiments. The general procedure and sample
preparation workflow is shown in Figure 14.

Filtrate +
deuterated
standard

TD-
Chromatogram

o) 2 3
incubation with

i A
Gerstel Twister®: Transfer in TD-tubes O
1 h, 1000 rpm

— Pyrogram

@

Application in
pyrolysis tubes
(<80 pg)

Freeze drying for
20 min

Figure 14: Sample preparation workflow: First, the TOrCs and microplastic particles are incubated in aqueous solution.
Subsequently, the sample is filtered. The filtrate (1) is mixed with the deuterated standard and stirred for 1 h with the
Twister. The Twister is added to the TD tube and analyzed via TD-GC/MS. The TOrC is analyzed via the TD
chromatogram (A). The particles (2) are scraped off the filter with a spatula, placed in a vial and freeze dried. The dried
particles are weighed directly into the pyrolysis tube and analyzed by TD-Pyr-GC/MS. The TD chromatogram is used
to evaluate the volatiles (A), and the pyrogram is used for the polymers (B). Adapted from Reichel et al., 2022 (Appendix
1)

Analysis of the aqueous phase via TD-GC/MS

For the quantification of TOrCs in the aqueous phase, calibration curves are created with Gerstel

Twister® and TD-GC/MS. For GC/MS, an isotopically labeled reference is added as an internal

49



Ad- and Absorption behavior on reference particles depends on particle size and shape /
particle type / mixture of TOrCs / aging of particles

mass spectrometric standard for the specific TOrC (phenanthrene-d10 (50 ng/L), cypermethrin-
(phenoxy-d5) (0.1 mg/L), and triclosan-d3 (0.01 mg/L)). Stock solutions of poorly water-soluble
pollutants are produced in methanol. The dilution is carried out in tap water to a final volume of
10 mL. Gerstel Twisters® are added and stirred on a Thermo Fisher (USA) magnetic stirrer (15
positions) for 60 min at 1,000 rpm at room temperature. The Gerstel Twisters® are removed,
washed with ultra-pure water and dried with a lint-free tissue. Subsequently, the stir bar is

transferred into the thermodesorption tube for subsequent TD-GC/MS analysis.

The Gerstel Twister® and TD-GC/MS analysis are adopted from Ochiai et al. (2005) [118].
However, the temperature for cryofocussing is set to -50 °C instead of -150 °C. Helium is used as
carrier gas. The mass spectrometer is operated in full-scan mode (m/z range 40 to 550) with
electron impact ionization (70 V). Data analysis is conducted with Mass Hunter Workstation
Software (Ver.B.08.000, Agilent). The identification of the substances is ensured via the MS
spectra and comparison with the NIST database, the retention index (RI) and comparison with

external standards.
Analysis of the particles via TD-Pyr-GC/MS

In order to analyze the sorbed TOrCs on the particles, particles were scraped off the filter after
filtration using a spatula. After freeze-drying for 20 min, they were stored for a maximum of 24 h
at 4 °C. Subsequently, they were weighed directly into the pyrolysis tubes with a maximum weight

of 80 pug. Analysis was performed by TD-Pyr-GC/MS using the method finalized in Chapter 4.
Evaluation of TD-GC/MS and TD-Pyr-GC/MS data

The focus of the analysis via TD-GC/MS and TD-Pyr-GC/MS was on the identification of the
selected TOrCs based on their characteristic signals (Table 10).
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Table 10: Characteristic signals for MS analysis and properties of selected TOrCs

Substance Characteristic Molecular Van der Waals  Structure
Signals (m/z)  weight (g/mol)  surface * (A?)

a-Cypermethrin 163, 184,209 416 571 @/
YV‘\O C\\
Phenanthrene 178 178 261 O

Triclosan 290, 288, 218, 290 319

= ol

TD-GC/MS analysis: MS analysis of the selected TOrCs (Table 1) was performed in SIM mode.
The TOrCs phenanthrene (m/z 178), triclosan (m/z 290), and a-cypermethrin (m/z 163) and their
corresponding deuterated standards were determined based on their characteristic signals.

TD-Pyr-GC/MS: In the first step, i.e. thermal desorption, MS analysis was performed using a
combined SIM/full scan mode. The SIM mode was used to analyze the characteristic signals of
the selected TOrCs. With the full scan mode, it is additionally possible to identify the characteristic
signals of the polymers. The MS analysis of the subsequent pyrolysis was performed in full scan

mode to identify potential contaminations.

TD-GC/MS and TD-Pyr-GC/MS data were performed using Mass Hunter Workstation software
(Ver.B.08.000, Agilent). Primary identification of individual compounds was performed using the
MS spectrum and the NIST database. The data obtained were statistically analyzed for outliers
using the Dixon' Q-test and Grubbs test (level 0.05). Significant outliers were not used for the final

data evaluation.
Experimental setup for analysis of aging of particles

The experiments were performed with ultrapure water prepared on an arium® pro VF (Sartorius,
Germany) with an ultrafilter. Hydrogen peroxide (H20. (30%)) was purchased from Merck,
Germany, and Carl Roth, Germany. Potassium hydroxide (KOH, 10 wt%) was prepared from pure
KOH (Merck, Germany) in Ultra-Pure Water. In order to minimize contamination by foreign
particles, all reagents were filtered with 0.2 um polycarbonate syringe filters prior to use. The

following protocols (Table 11) were applied to the aging of the micro- and nanoplastic particles.
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Table 11: Protocols applied to the aging of micro- and nanoplastic particles

Protocols Temperature Time

No treatment None None
Fenton (30 % H20, + 20 g/L FeSO.)
HzOz

KOH (10 %)

Unregulated
60 °C
60 °C

10 min + 10 min cooling
24 h
24 h

Analysis of aged microplastic particles via TD-Pyr-GC/MS

The reference particles of the polymers PS, PE (Ineos, London, UK), PLA (Nature Works,
Minnetonka, MN, USA), PET (TPL, Zurich, Switzerland), PA (Lanxess, Cologne, Germany) and
PP (Borealis, Vienna, Austria) were analyzed without treatment and each after treatment with
Fenton reagent, KOH or H>O; using TD-Pyr-GC/MS. TD-Pyr-GC/MS analyses were performed
according to the method validated in Chapter 4. The particle sizes of the microplastic ranged from
80 — 330 um. All experiments were performed in duplicate. The chromatograms or pyrograms
were compared in order to detect possible changes in the untreated and treated polymers,
regarding the characteristic pyrolysis products. The following characteristic pyrolysis products of
the individual polymers were used for identification (Table 12).

Table 12: Characteristic pyrolysis products of the selected polymers for identification

Polymer  Characteristic Formula m/z (intensity Structure
type pyrolysis products ratio [%])*
PLA Lactide CeHsOs 28 (75), 45 (34), 0 0
56 (100), 144(1)
(0}
PET Vinyl benzoate CoHgO, 51 (15), 77 (62), o Ov/

105 (100)
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Benzoic acid C7HeO>

1,1-Biphenyl Ci2H10
PA Caprolactam CeH11NO
PP 2,4-Dimethylhept-1- CgHis

ene

2,4,6-trimethy|-1- C1oHos

nonene

particle type / mixture of TOrCs / aging of particles

51 (18), 122 (99),  HO o

77 (57)

O~

28 (100), 76 (12),
154 (92) ‘\‘
55 (79), 67 (11), 0

85 (61), 113 (100)

43 (97), 70 (100),
83 (27), 126 (18)

28 (100), 43 (59),
69 (88), 111 (33),
125 (13)

1

* intensity ratio to largest peak in spectra

53



Ad- and Absorption behavior on reference particles depends on particle size and shape /
particle type / mixture of TOrCs / aging of particles

5.3 Results and Discussion
In the following section, the sorption of the selected TOrCs from micro- and nanoplastic particles
is discussed, depending on the particle size, polymer type, and TOrCs mixture. Aged patrticles

are also compared with unaged ones by TD-Pyr-GC/MS analysis.

5.3.1 Sorption onto PS micro- and nanoplastic particles
Summary of the study published in Reichel et al., 2020

In order to compare whether the sorption rate increases the smaller the particle and the larger the
relative surface area are, spherical PS particles of different sizes (78 nm, 40 pum, 41 pum) were
used. For the comparative study, the TOrCs phenanthrene, triclosan and a-cypermethrin were
used at concentrations of 1 pg/mL and 0.1 pg/mL. After a sorption time of 1 h, sorbed TOrCs were
measured by TD-Pyr-GC/MS. Based on this data, the sorption efficiency of TOrCs as a function
of peak area per particle surface was determined (Reichel et al., 2020/ Figure 8). Sorption onto
nanoplastic particles (PS 78 nm) was highest in all sorption experiments (phenanthrene: PS
40 um < PS 41 pm < PS 78 nm; a-cypermethrin (PS 41 um < PS 40 um < PS 78 nm). Sorption
of triclosan on PS 41 pm and PS 40 pum could not be detected.

The results show that the higher sorption efficiency of nanoparticles is mainly due to the high
particle number and higher specific surface area. In addition, it was shown that sorption performed

better on 41 um PS particles suspended in ethanol than on dry 40 um particles.

5.3.2 Quantification — Sorption of different TOrCs concentrations onto PS nanoparticles

Summary of the study published in Reichel et al., 2022

Nanoplastics are shown to have strong hydrophobicity and increased sorption capacity for TorCs
due to their increasing surface ratio associated with fragmentation and other weathering
processes [4, 113]. The aim of this experiment was to investigate whether a quantitative
determination of sorbed TOrCs directly from the particle by TD-Pyr-GC/MS is possible. Already
after 1 h the concentration of 1 mg/L phenanthrene is completely sorbed onto the particles, for
the concentrations of 5 mg/L and 10 mg/L only concentrations less than 0.2 mg/L can be detected
in the aqueous phase. For all initial concentrations of triclosan, the final concentration after 1 h
incubation is below 1 mg/L in the aqueous phase. Observing the particle analysis (TD-Pyr-
GC/MS), a clear increase of the triclosan concentration on the particles can also be seen.
Compared to phenanthrene and triclosan, the remaining concentrations of a-cypermethrin and
the deviations in the aqueous phase are significantly higher. However, a clear increase of the

concentrations in the particulate phase can be demonstrated. For all three selected TOrCs a

54



Ad- and Absorption behavior on reference particles depends on particle size and shape /
particle type / mixture of TOrCs / aging of particles

possible quantification could be shown (Reichel et al., 2022/ Figure 5). A quantification of sorbed

TOrCs could be shown here for the first time.

5.3.3 Ad- and Absorption behavior on reference particles depends on patrticle type

Summary of the study published in Reichel et al., 2020
Phenanthrene

Phenanthrene is a non-polar chemical and readily sorbs to non-polar polymers. The sorption
results show that phenanthrene is no longer detectable in the aqueous filtrate of PE 48 um and
PS 78 nm particles after an exposure time of 1 h. The concentration of phenanthrene in the
aqueous filtrate decreases with time (Reichel et al., 2022/Figure 2). The sorption results of the
particle phase analysis (TD-Pyr-GC/MS) are confirmed by the aqueous phase results (TD-
GC/MS). Deviations may occur due to the weight of the particles or incomplete pyrolysis of the
particles. Substances with high hydrophobicity are generally readily adsorbed on PE [155]. PE is
the least polar polymer of the studied polymers, thus the rapid sorption of the non-polar chemical
is to be expected. The high sorption capacity of PE is also due to its increased diffusivity, which
is based on its larger free volume, greater flexibility and mobility. This allows TOrCs to diffuse
quickly into the material [64]. Prior studies have noted that next to hydrophobic interactions, for
example PS can also engage in Tr-1r-interactions [16, 20, 156]. These interactions are present in
polymers, such as PS, which have benzene rings in their structure [131]. For example, a study by
Huffer and Hofmann (2016) reported that the enhanced adsorption of pharmaceuticals on PS
microplastic particles is related to the strong interaction between the aromatic part of the polymer
particles and the conjugated t-cloud of the aromatic structure of the adsorbed pharmaceuticals
[20]. Nevertheless, sorption onto the PS 41 um particles shows only a slight increase within 1 h
to 48 h. The concentration in the aqueous phase decreases. PMMA is relatively polar. Even after
48 h, hardly any sorption was noticed both in the aqueous phase and in the particle analysis. The
order of sorption after 48 h (sampling 1 h, 24 h, 48 h) is as follows: PMMA 48 um < PS 41 pm <
PE 48 um < PS 78 nm.

Triclosan

Triclosan is symmetrical and therefore exhibits only low polarity. On the PS 78 nm patrticles,
triclosan sorbed within 1 h, as evidenced by both the analysis of the particles and the aqueous
phase (Reichel et al., 2022/Figure 3a). In contrast to the PS nanopatrticles, sorption to the PS
microparticles (PS 41 um) and to the PMMA 48 um particles is not complete even after 48 h

(Reichel et al., 2022/Figure 3c, d). Due to the benzene rings in the structure of triclosan, it can
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form 11-17 interactions with those of PS [26]. This confirms the results of Li et al. (2019) and Ma et
al. (2019) that increased sorption capacity is associated with decreasing particle size [60, 61].
The sorption of triclosan to the polymers is mainly due to hydrophobic, hydrogen-bonding and -
m-bonding interactions [157, 158]. Hydrophobicity is considered to be an important mechanism
for sorption of organic compounds from water onto solid particles [48, 52]. Usually, to measure
the hydrophobicity, the octanol-water partition coefficient (Kow Or l0og Kow) is used as a parameter
[44]. Therefore, materials with high log Kow values tend to be more readily absorbed by organic
material due to their low affinity for water. The hydrophobic nature of microplastic particles
contributes significantly to the sorption of TOrCs to microplastics [131]. The results of a study by
Huffer & Hoffmann, (2016) suggest that the molecular interactions between microplastics and
organic compounds are mainly caused by hydrophobicity [20]. The sorption of triclosan to the PE
particles is not completed within 48 h. However, the concentration in the aqueous phase
decreases constantly (Reichel et al., 2022/Figure 3b). Analysis of the concentration of triclosan in
the aqueous phase showed the following order: PMMA 48 um < PS 41 ym < PE 48 pym <
PS78 nm. The particle phase gave the following results: PMMA 48 um = PS 41 ym < PE 48 um
<PS78 nm.

a-Cypermethrin

The concentration of a-cypermethrin in the aqueous phase is consistently very low for all polymers
(Reichel et al., 2022/Figure 4a-d). The deuterated standard cypermethrin-(phenoxy-d5) was used
as the reference substance for the aqueous phase. This may have influenced the measurements
due to the presence of four isomers. Based on the particle data, the highest sorption to the PS
78 nm particles was found (Reichel et al., 2022/Figure 4a). a-Cypermethrin does not have a
planar structure, which makes it difficult to bind to the benzene rings of the PS 41 um patrticles. A
decrease in the measured concentration in the aqueous phase can nevertheless be seen (Reichel
et al., 2022/Figure 4d). The benzene rings of a-cypermethrin cannot bind as effectively to the
hydrogen groups of PE due to additional structural elements. Thus, the concentration on the
particles remains relatively constant within the 48 h, while the concentration in the aqueous phase
decreases slightly (Reichel et al., 2022/Figure 4b). PMMA has an amorphous structure into which
the a-cypermethrin can absorb. The concentration in the aqueous phase decreases within the
48 h (Reichel et al., 2022/Figure 4c). Considering only the particulate phase, the sorption order is
as follows: PE 48 pm = PMMA 48 pm < PS 41 pym < PS 78 nm.

5.3.4 Ad- and absorption behavior on reference particles depends on mixture of TOrCs

Summary of the study published in Reichel et al., 2022
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Considering the sorption of the selected TOrCs onto the PS 78 nm particles, only minor
differences of the mixed TOrCs measurements compared to the single measurements can be
seen. Thereby, the differences are still within the measurement deviations. One reason for this
could be that after calculating the particle surface area of the total PS 78 nm particles used, there
is still capacity. Thus, there is no competition for the occupancy of the particle surface (Reichel et
al., 2022/Figure 6a).

In comparison, the single substances and the mixed TOrCs were sorbed on PE 48 pum.
Phenanthrene sorbed more strongly onto the particles in the substance mixture than as a single
substance (Reichel et al., 2022/Figure 6b). This could indicate an antagonistic effect, which was
also found in the study by Bakir et al. (2012) with phenanthrene and DDT [58]. The sorption of
triclosan and a-cypermethrin is not affected by the presence of the other TOrCs.

Comparing the sorption on PS 78 nm and PE 48 um with an initial TOrCs concentration of
10 mg/L, the sorption on the nanopatrticles is higher (Reichel et al., 2022/Figure 6c). This could

be due to the higher particle surface to volume ratio.

5.3.5 Ad- and absorption behavior on reference particles depends on aging of particles
Summary of the study published in Al-Azzawi et al., 2020 (Co-Author)

Aging with KOH resulted in degradation of PLA and PET particles. Therefore, this method was
excluded for subsequent analyses. Regarding the polymers PA and PS, the treatment with Fenton
and H20- had an influence on their thermal stability. During the thermal desorption step at 200 °C,
the ratio between the volatile pyrolysis products observed and the stable pyrolysis products at
800 °C was decreased after the treatment, especially for PA (Table 13). The amount of pyrolysis
products that were volatile at 200 °C was reduced after applying the treatment and more pyrolysis
products were stable until the second pyrolysis step at 800 °C. However, all polymers were still

clearly identifiable in all cases.
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Table 13: Influence on the partial pyrolysis (TD) products at 200°C for PA and PS particles during thermal desorption,
Adapted by Al-Azzawi et al., 2020 (Appendix 1V)

Polymer type Particle treatment Pyrolysis products in TD
(%) / Standard deviation (%)
PA No treatment 74.5/19.0
Fenton 17.1/12.7
H20> 3.0/3.7
PS No treatment 79.3/12.5
Fenton 78.8/16.9
H20> 71.9/10.9

The results indicate that a changes in particle surface area occur as a result of treatment with the
selected reagents. Research indicates that the sorption capacity of trace substances increases
on aged microplastics [150]. Experiments about sorption capacities with TOrCs analyzed via TD-
Pyr-GC/MS should be considered in the future.

5.4 Conclusion

Based on the following results, it could be concluded that the sorption of the selected TOrCs onto
micro- or nanoplastic particles is dependent on particle size, polymer type and mixture of TOrCs.
In addition, TD-Pyr-GC/MS analysis showed differences in aged particles compared to unaged
ones. It was demonstrated with the use of various polymers, PMMA (48 um), PS (78 nm, 40 and
41 um), PE (48 um) and selected TOrCs (phenanthrene, triclosan, a-cypermethrin) that sorption
is polymer dependent. Sorption measurements in a time period of 48 h (measuring points: 1 h,
24 h, 48 h) showed the generally highest sorption to PE particles. The sorption on PMMA and PS

was significantly lower. Briefly, the sorption behaviors are as follows:

e Phenanthrene: PMMA 48 pm << PS 40 um < PS 41 pm < PE 48 pm < PS 78 nm
e a-Cypermethrin: PS 41 pm < PS 40 pm < PE 48 pm < PMMA 48 pm < PS 78 nm
e Triclosan: PE 48 um < PS 78 nm. No sorption on PS 41 um, PS 40 pm and PMMA 48 pm

was detected.

With the patrticle surface area calculations performed and the sorption experiments conducted on
PS micro- and nanoplastic particles, it was shown that the higher sorption on the PS nanopatrticles

(78 nm) was mainly due to the higher number of particles and the higher specific surface area.
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An overview of the specific surface areas of the PS particles used as a function of particle size
and number is shown in Table 14.

Table 14: Mass and number of polystyrene particles, adapted from Reichel et al., 2020 (Appendix 1)

Particle size Particle Mass Number of Surface particles

[um] type (o] particles [m?]

41 PS 22-63 586 — 1679 3.10*10° - 8.86*10°

40 PS 23-64 660 — 1837 3.32*10° - 9.23*10°

0.078 PS 29-69 1.12*10%" - 2.14*10° - 5.10*103
2.67*101

At the same time, it was demonstrated for the first time that the newly developed technique of TD-
Pyr-GC/MS is feasible to quantify sorbed TOrCs directly from nanoplastic particles. The
guantification of TOrCs may be of particular interest for ecotoxicological and particle aging

laboratory experiments.

Considering substance mixtures sorbed onto micro- and nanoplastic particles, agonistic and
antagonistic effects are expected compared to single substances. In general, sorption in
substance mixtures is dependent on particle size, polymer type, and surface-to-volume ratio.
There were no competing effects within TOrCs for the PS 78 nm nanoparticles, while

phenanthrene sorbed more strongly on PE 48 pum in the presence of triclosan and a-cypermethrin.

In laboratory experiments, pure microplastic particles were treated with H.O- to simulate aging of
the particles. The treated particles were subsequently analyzed by TD-Pyr-GC/MS. Based on the
chromatograms and pyrograms, a change in PS and PA particles was observed. Since a previous
study already indicated that the sorption capacity of aged microplastics is increased, this should

be quantified during further experiments using TD-Pyr-GC/MS [150].

Thus, the hypothesis that Ad- and Absorption behavior on reference particles depends
on particle size and shape / particle type / mixture of TOrCs / aging of particles can

be accepted.
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6 Sublethal and lethal effects of particles in in vitro and in vivo

assays depend on particle type and size

Micro- and nanoplastic particles not only constitute environmental pollution, but can also have
effects on aquatic organisms. Recent studies show negative effects on freshwater organisms
[159-161]. For example, inhibition of reproduction or chronic toxicity and genotoxicity were found
in the presence of PS particles (1 um) in the organism C. dubia [161]. Due to the non-polar
properties of microplastic particles, additional synergistic effects with TOrCs can occur. Thus, the
presence alone of microplastics can significantly increase the presence of co-contaminants [159].
A study by Na et al. (2021) showed that the combination of microplastics and the TOrC
benzophenone posed an synergistically amplified ecological risk to the organism Daphnia magna
[162]. Thus, it was hypothesized that sublethal (e.g., behavior of aguatic organisms, changes in
biomarkers) and lethal effects of particles in in vitro and in vivo assays depend on patrticle type
(plastic or silica) and size (ad-. ab- and desorption behavior of trace substances determine effects
by influencing e.g., bioavailability of TOrCs). To test this hypothesis, ecotoxicological experiments
with the freshwater organism Gammarus roeseli were conducted in collaboration with the Chair
of Aquatic Systems Biology at TUM. Phenanthrene was used as a reference trace material, which
was exposed to G. roeseli in combination with polyamide (PA) particles (40 — 63 um) or sediment
microparticles (45 — 53 um). The remaining residual phenanthrene concentration in the aqueous
phase was thereby analytically investigated by TD-GC/MS.

6.1 Rationale

Plastic particles smaller than 5 mm have reached a high occurrence (e.g., 100,000 articles per
m?) in waters and sediments and interact in many ways with organisms and the environment
[163]. In about 50 % of all small aquatic freshwater organisms (macroinvertebrate samples)
microplastic was found in concentrations up to 0.14 microplastic particles per mg tissue™ [164].
Effects of microplastic accumulation may include toxic effects such as, disruption of the endocrine
system, alterations in food intake and reproductive behavior, reduction in energy levels, and
initiation of inflammatory responses [165-167]. As the size of the microplastic decreases, its
availability and its potential to accumulate in the entire food network of freshwater invertebrates
increases [168]. It is assumed that especially nanoparticles may penetrate into cells and by this
provoke harmful effects [13-15]. For example, nanoplastic particles (100 nm) can be taken up by
human gastric cells [14]. Scherer et al. (2017) proved that all freshwater invertebrates examined

in the study have taken up microplastic. For Daphnia magna, for example, up to 6,180 particles
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h were recorded. The particle size that were offered had a size of 1 — 90 um [168]. However, the
particles are also excreted to a high degree [169]. Recent studies that deal with aquatic organisms

and the effect of microplastics on these are summarized in Table 15.

It should be noted that microplastics can also serve as a vector for other substances [17]. TOrCs
can be adsorbed on the plastic and ingested by organisms. Plastics may contain high levels of
potentially bioavailable toxic substances such as TOrCs, which may pose a high ecotoxicological
risk, especially in the early life stages of aquatic animals [170]. With regard to plastics and
hydrophobic organic chemicals, it is argued that they can even form a complex cocktail that
increases bioavailability for aquatic organisms and thus for humans [171]. A study by Horton et
al., (2018) investigated the influence of microplastic particles in the presence of two pesticides
[172].

Table 15: Overview: current literature regarding aquatic organsims and microplastics (MP) and TOrCs

Polymer Particle size Investigated Main outcome Reference

Type [um] organism

PS 0.07 Daphnia magna e Population growth was [173]
reduced

reduced body size
number and body size of
neonated were lower
1 Daphnia magna e Exposed to two pesticides [172]
(dimethoate, deltamethrin)
with or without PS particles
e PS particles alone: no
effects
e Increasing pesticide
concentrations: decreased
mobility and increased
mortality
e PSreduced the
concentration of one
pesticide (deltamethrin)
20-250 Daphnia magna, e MP were found inside the [174]

(powder), 0.02-  Artemia guts . .
_ e Exponential correlation
200 pm franciscana between MP uptake in the

(suspension intestine and size of MP

1 C. dubia e Inhibition of reproduction

and DNA damage

e Chronic toxicity and
genotoxicity

PE 1 and 100 Daphnia magna e 1 um particles are ingested  [175]

and cause immobilization

e 100 pm particles had no
visible effects
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PE, PP 10-27 Hyalella azteca e PP: were significantly more [160]
toxic than PE
e Chronic exposure to PE and
PP: led to a significant
decrease in growth and to a
decrease in the reproduction

6.1.1 Experimental Section

In collaboration with the Chair of Aquatic Systems Biology (TUM), microplastic experiments were
carried out with the aquatic organisms G. roeseli and the TOrC phenanthrene. The aim of the
experiment was to investigate the influence of microplastic particles or natural sediment particles
on G. roeseli in the presence of phenanthrene. For this purpose, the aqueous phase of the
preparation was analyzed with the Gerstel Twister® and TD-GC/MS. The procedure was
analogous to the method described in Chapter 5.2. Instead of tap water, however, ISO medium
was used (Table 16).

Table 16: Composition of the ISO medium for a 20 L approach; substances dissolved in water

Amount (g)
CaCl;*2H,O  5.880
MgSO4*7H,O 2.460
NaHCOs 1.296
KCI 0.115

First, a calibration curve was generated for the measurements of phenanthrene in ISO-medium.
Second, the measured and nominal concentrations of the exposure experiments were compared.
A concentration of 0.5 ng/ml phenanthrene-d10 was added to each sample as an internal
standard for correction. The concentrations for the calibration line started at 50 pg/mL and went
up to 5 ng/mL. The sample solutions consisted of varying concentrations of phenanthrene,

0.5 ng/mL phenanthrene-d10 and ISO-medium. Measurements were performed in triplicates.

Animal experiments on G. roeseli were conducted at the Chair of Aquatic Systems Biology. The
analytical concentration determination in the aqueous phase was carried out at the Chair of Urban
Water Systems Engineering (TUM). For these measurements, solution mixtures of 50 pL of
sample with 50 pL of phenanthrene-d10 (0.1 mg/L) and 9.9 mL ISO-Medium were prepared.
Table 17 summarizes the phenanthrene concentration range to which the gammarids were

exposed. Each concentration was applied to an environmental sample with microplastic particles,
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sediment, and a solvent control environment for comparison. The microplastic particles consisted
of 40 — 63 um sized PA particles with a particle concentration of 0.5 mg/L in each assay. The

sediment was taken from the river Moosach.

Table 17: Phenanthrene concentration range in the gammarids experiment with the environmental sample without
additives (Control), PMMA microplastic particles (MP) and sediment

Sample name Time [h] Concentration Sample
phenanthrene environment
[mg/L]
Solvent control 0+ 48 0 0
Control 0 + 48 0 0
MP control 0 + 48 0 0
Sediment control 0+48h 0 0
A 0+ 48 0.05 Control, MP &
Sediment
B 0+ 48 0.075 Control, MP &
Sediment
C 0+48 0.1 Control, MP &
Sediment
D 0+ 48 0.25 Control, MP &
Sediment
E 0 + 48 0.5 Control, MP &
Sediment

Samples were taken at the beginning and after 48 hours of the experiment. 10 mL samples were
transferred by pipette from each sample environment and frozen for storage. The frozen samples
were thawed at 20 °C; 6 mL were taken. The samples were centrifuged with NuWind (NuAire,
Plymouth, USA) at 1,000 rpm for 5 minutes. This was done to avoid a disturbance of the two-
phase system (Gerstel Twister® and medium) by sediments or microplastics. From the
centrifuged sample, 50 pL was transferred by pipette three times for a threefold concentration
measurement with the Gerstel Twister®. This corresponded to a 200-fold dilution of the samples,
which was necessary to avoid overloading the GC column. The samples were analyzed via TD-
GC/MS.
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6.2 Results and Discussion
Summary of the study published in Bartonitz et al., 2020 (Co-Author)

Particle exposure alone did not result in any effects in G. roeseli. The toxicity of phenanthrene
regarding G. roeseli was reduced by the presence of sediment particles or PA particles after 24 h
and 48 h. Also in the control samples, which contained neither sediment nor microplastic, a
decrease in phenanthrene concentration after 48 h in agueous medium was detected. Sorption
to the glass surface of the containers cannot be excluded. Comparing the particle samples, the
sorption of phenanthrene after 48 hours on the PA particles is slightly stronger compared to the
sediment, as shown by TD-GC/MS analyses. Contrary to expectations, the presence of PA
microparticles shows a reduction in mortality as well as changes in sublethal endpoints such as
swimming behavior. These results can most likely be explained by similar sorption of
phenanthrene to both particle types, resulting in lower bioavailability. These results are supported
by Horton et al. (2018) [172]. The presence of PS microparticles alone showed no negative effect
on the organism Daphnia magna. However, negative effects on mobility were observed in the

presence of TOrCs dimethoate, which were independent of microplastic presence.

6.3 Conclusion

In the collaborative experiment with the Chair of Aquatic Systems Biology, initial conclusions can
already be drawn about the influence on the toxicity of TOrCs in the presence of microplastics or
sediment. The presence of both the sorption materials microplastics and sediment significantly
reduced the phenanthrene content in the samples and by this lethal effects on G. roeseli so that

G. roeseli died only at a higher phenanthrene concentration of 0.5 mg/L.

However, only the residual phenanthrene concentration in the aqueous phase was investigated
in the current study. It has not yet been investigated how much phenanthrene is lost into the gas
phase through the continuous mixing of the assays alone and whether phenanthrene also settles
on the glass materials used. This could influence the available phenanthrene concentration and

thus the toxicity to the target organism.

Thus, the hypothesis that
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7 Overall conclusions, prospects and future research challenges

Since the global pollution by micro- and nanoplastics is increasing, there is a growing interest in
validated methods to enable a better classification of the extent of pollution. In this context the
high sorption potential of different plastic particles and the determination of sorbed substances
have to be taken into account. However, up to now, mainly time-consuming and laborious
analytical techniques have been used to identify type of plastic particles and to identify and
guantify sorbed TOrCs. In order to increase efficiency of analytical methods, TD-Pyr-GC/MS

offers a valuable alternative.

7.1 Impacts and Conclusions of the Research Results
This work provides a validated method development of an analytical procedure for the
identification or quantification of sorbed TOrCs on micro- or nanoplastic particles and also the

polymer determination of the particles and addresses three main parts:

() The development of a method for the analysis of TOrCs and polymers in a single

analytical setup using TD-Pyr-GC/MS.

The analysis of sorbed TOrCs for micro- and nanoplastics is very laborious with current analytical
methods due to e.g., extraction steps and time-consuming analytical procedures. TD-Pyr-GC/MS
offers an alternative and potential for improvement. With reference particles (PS, PE, PMMA) and
selected TOrCs (phenanthrene, triclosan, a-cypermethrin) a suitable method was developed. In
the first step, the volatile substances were desorbed from the particle applying TD. Subsequently,
the polymer was subjected to pyrolysis and by this disintegrated into characteristic fragments.
GC/MS was used to analyze the desorbed molecules and the pyrolysis products. The method
development and validation included the selection of the optimal TD temperature of 200 °C,
ensuring the analysis of the highly volatile compounds (TOrCs) and simultaneously producing as
few pyrolysis products as possible. The subsequent optimum pyrolysis temperature was set at

800 °C. This ensured complete fragmentation of the selected reference patrticles.

(i) The application of the developed TD-Pyr-GC/MS method to define sorption
processes and their dependencies on particle size and polymer type, the

mixture of sorbed TOrCs and particle aging.

The novel TD-Pyr-GC/MS method was subsequently applied to examine the dependence of
TOrCs sorption on particle size and type, mixture of sorbed TOrCs and particle age. For this

purpose, different micro- and nanoplastic particles (PS 40 um, PS41 um, PS 78 nm;

65



Overall conclusions, prospects and future research challenges

PMMA 48 um; PE 48 um) were treated with selected TOrCs (phenanthrene, triclosan, a-
cypermethrin). Samples were taken over a period of 48 h (sampling after 1 h, 24 h, 48 h) and
sorption of the TOrCs was analyzed. Calculating the particle surface area, it was found that the
high sorption on the PS 78 nm nanoparticles resulted mainly from the high number of particles
and the therefrom resulting higher specific surface area. Taking this factor into account, the
highest sorption was shown on the PE 48 um particles. In further experiments, a mixture of TOrCs
(phenanthrene, triclosan, a-cypermethrin) was simultaneously sorbed on PS 78 nm and 48 yum.
In summary, sorption onto the PS nanoparticles was higher, which was evident in both the
aqueous and particulate phases. In laboratory experiments, untreated PS and PA microplastic
particles were treated with H.O- to simulate aging of the particles. The treated particles were then
analyzed by TD-Pyr-GC/MS. Based on the chromatograms and pyrograms, a change in the PS
and PA particles was observed. In additional experiments, different TOrCs concentrations
(2 mg/L, 5 mg/L, 10 mg/L) were used and by this it could be proven that quantification of TOrCs

on nanoplastic particles (PS 78 nm) is possible.

(i)  The application of TD-GC/MS method to determine the residual TOrCs

concentration in an ecotoxicological experiment.

In cooperation with the Chair of Aquatic Systems Biology, the first experiment demonstrated the
relationship and effect between the presence of microplastic particles (PMMA) and a TOrC
(phenanthrene) using the aquatic organism G. roeseli. The presence of microplastics or, in the
control, sediment, significantly reduced the lethal effect. In addition to reducing mortality, the
presence of the microplastic particles led to changes in sublethal endpoints such as swimming
behavior. However, so far the TOrCs concentration could only be determined in the aqueous
solution by TD-GC/MS and Gerstel Twister®. Phenanthrene concentration ranges of 0.05 -
0.5 mg/L were thus quantified. Quantification of the sorbed phenanthrene concentration on the

PMMA particles was not performed in this experiment.

7.2 Remaining Challenges and Suggestions for Future Research

7.2.1 Screening of different micro- and nanoplastic polymers and TOrCs

In this work, seven different types of polymers (PE, PMMA, PS, PLA, PET, PA, PP) were
investigated by TD-Pyr-GC/MS, sorption experiments were performed with PE, PMMA and PS.
Three selected TOrCs (phenanthrene, triclosan, a-cypermethrin) were used for the sorption
experiments. Based on the developed method of TD-Pyr-GC/MS, further sorption experiments,

especially with nanoplastics, should be performed. Since it was shown that quantification of
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sorbed TOrCs is possible, this provides further options for analysis of environmentally relevant
TOrCs. Since TOrCs usually do not occur singularly in the environment, further mixing TOrCs

experiments are recommended in order to enable environmentally relevant statements.

7.2.2 Application in screening procedures for ecotoxicological and laboratory tests

TD-Pyr-GC/MS could be used in the future to support qualitative and quantitative experiments,
with environmental samples from ecotoxicological or laboratory wastewater treatment plant
assays. However, the sample preparation of the particles has to be considered, which requires a
specific design for each analytical problem. In addition, to validate TOrC concentrations on

particles, the aqueous phase can be analyzed by TD-GC/MS.

7.2.3 Quantification of sorbed TOrCs by TD-Pyr-GC/MS compared with modeling

In order to better predict the sorption mechanisms and capacities, modeling will be used in the
future, such as poly-parameter linear free - energy relationships (pp-LFERS) [144]. The pp-LFER
models can be used to predict the partition coefficients for different environmental phases with
high accuracy [144, 176]. The pp-LFERS between the sample (TOrCs), the air and the sorption
material (polymers) can be calculated using the UFZ database [177]. So far, however, this is only
possible for the polymers PDMS and PA. The combination of TD-GC/MS and TD-Pyr-GC/MS can
be used to validate further models. This can also be applied to generate data on the concentration
in the aqueous phase as well as on the particles. However, to date, these databases have been
based on microplastic particles due to the lack of analytical techniques to validate sorption onto
nanoplastic particles. TD-Pyr-GC/MS could provide the missing link here.
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Organic Contaminants and Interactions with Micro- and Nano-Plastics in the

Agueous Environment: Review of Analytical Methods
Molecules 2021, 26, 1164.

This review article examines the analysis of trace organic chemicals (TOrCs) sorbed onto micro-
and nano-plastic particles. It discusses various analytical methods, including gas chromatography
(GCQ), liguid chromatography (LC), and ultraviolet-visible spectroscopy (UV-VIS). The article also
explores factors influencing sorption, such as particle size, shape, polymer type, and aging
effects. Overall, it provides a comprehensive overview of methods for identifying and quantifying

TOrCs on plastic particles.
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Abstract: Micro- and nanoplastic particles are increasingly seen not only as contaminants themselves,
but also as potential vectors for trace organic chemicals (TOrCs) that might sorb onto these particles.
An analysis of the sorbed TOrCs can either be performed directly from the particle or TOrCs
can be extracted from the particle with a solvent. Another possibility is to analyze the remaining
concentration in the aqueous phase by a differential approach. In this review, the focus is on analytical
methods that are suitable for identifying and quantifying sorbed TOrCs on micro- and nano-plastics.
Specific gas chromatography (GC), liquid chromatography (LC) and ultraviolet-visible spectroscopy
(UV-VIS) methods are considered. The respective advantages of each method are explained in detail.
In addition, influencing factors for sorption in the first place are being discussed including particle
size and shape (especially micro and nanoparticles) and the type of polymer, as well as methods for
determining sorption kinetics. Since the particles are not present in the environment in a virgin state,
the influence of aging on sorption is also considered.

Keywords: sorption; microplastic; nanoplastic; analytic methods; GC; HPLC

1. Introduction

Micro- and nanoplastic particles can serve both as sources and sinks for pollutants
in the environment. Therefore, on the one hand, sorption of pollutants on microplastics
might pose a problem; on the other hand, microplastic itself must be considered as a
contaminant. Monomers, additives, plasticizers, and others can desorb and may cause
additional potential risks [1-7].

In recently published reviews, sorption of trace organic chemicals (TOrCs) on micro-
and nanoplastics has already been examined in detail [8-11]. In these studies, the focus is on
the influence of the physical properties of particles (such as size, surface, crystallinity) and
the resulting interaction properties of TOrCs and polymers. The sorption mechanisms and
ecotoxicological factors are also considered. In contrast to the previously published articles,
the purpose of this article is to provide an overview of suitable analytical approaches for
determining the sorption of TOrCs on particles. The focus is on GC, HPLC, and UV-VIS
methods. Furthermore, typical sorption strategies will be discussed.

Concerns about the possible harmful effects of microplastics relates not only to the
particles themselves but also to their ability to transport pollutants. Those pollutants
can be divided into two groups: (i) hydrophobic chemicals adsorbed from the aquatic
environment due to their affinity for the hydrophobic surface of plastics and (ii) additives,
monomers, and oligomers present as constituents of polymers [12]. Adsorbed hydrophobic
pollutants with low water solubility become more mobile indirectly by binding to plastic
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particles. Thus, their transport on particles can increase their distribution in environmental
matrices and organisms as well as their bioavailability.

The sorption processes depend mainly on the nature of the polymer and can be divided
into adsorption to the surface or absorption into the polymer [5,13,14]. The principle of
both sorption types is to achieve an equilibrium of TOrCs concentrations between the solid
and liquid phases. The sorption equilibrium can be reached either quickly by adsorption
(onto particles) or slower by absorption (into the particle structure) [15]. In recent years,
the analysis of pure micro- and nanoplastics has gained great interest but also the analysis
of sorbed TOrCs on these particles [8,16]. With optical analysis methods like Raman
spectroscopy or Fourier-transform infrared spectroscopy (FTIR) analysis, quantitative
analyses of particles and analyses of particle size as well as shape can be conducted [17,18].
Thermal analysis methods such as pyrolysis gas chromatography-mass spectrometry (Pyr-
GC/MS) can be used to analyze TOrCs or the additives in the polymers [19,20]. This review
summarizes the current state-of-the-art in analyzing the degree of TOrCs sorption on micro-
and nanoparticles.

2. Analysis of TOrCs on Micro- and Nanoplastic Particles: Typical Methods
and Techniques

Analysis of sorbed TOrCs on particles in a liquid phase can be performed in either the
aqueous or gas phase, or on the particles, respectively [5,13,20,21]. Different techniques like
GC/MS, HPLC-DAD, UHPLC-MS/MS, UV spectrometer, or liquid scintillation counting
are commonly used for this purpose [21-24].

2.1. General Experimental Design of Sorption Experiments

Principally, the experimental design studying sorption kinetics or processes in aque-
ous suspensions is identical in all experimental approaches. Selected particles and TOrCs
are added to a liquid phase such as ultrapure water, freshwater, sea water, or synthetic
water containing humic acids to mimic natural organic matter [13,20,25]. Variations in
pH, salinity, or humic substances are made to simulate different environmental condi-
tions [26-28]. Some studies use microparticles, additive-free particles, or extracted particles
from cosmetics covering a certain size range [29,30]. Commonly targeted TOrCs used as sor-
bates in these investigations represent antibiotics, additives, pesticides, biocides, endocrine
disrupting chemicals, hormones, or disinfection byproducts [24,31-36]. A schematic of the
sample preparation is shown in Figure 1. In the aqueous solution, particles and TOrCs
are incubated for a certain period of time and the suspension is subsequently shaken
for various time periods (Tables 1 and 2). Subsequently, the particles must be separated
from the aqueous phase for analysis. This is achieved for instance by filtration or centrifu-
gation [20,37,38]. The analysis of the sorbed substances happens either directly on the
particles or indirectly by solvent extraction (e.g., n-hexane, dichloromethane) decoupled
from the particles [13,20,39,40]. An indirect analysis of the aqueous phase via liquid /liquid
extraction or by a passive sampler is also possible [4,21,41,42]. Due to the remaining con-
centration in the aqueous phase, an assessment can be made on the amount of sorbed
substances on the particles [43]. Furthermore, the gas phase can also be investigated [5,44].

The final analysis can be performed by various analytical techniques, such as
GC/MS, GC/ECD, HPLC/MS, HPLC/UV, liquid scintillation counter, or spectropho-
tometer [4,6,24,30,45-49]. An overview of the workflow from a sample preparation for the
analytical technique is illustrated in Figure 1. A detailed consideration of the different
analytical techniques is presented in the following sections.
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Figure 1. Workflow from a sample preparation of sorption experiments for analytical detection techniques. First, the
particles and the TOrCs are incubated in aqueous solution for a certain period of time. This is followed by the separation of
the particles and the aqueous phase. Depending on the choice of analytical technique, either the aqueous or the particle phase
is processed. The analysis is either based on a gas chromatography method followed by high resolution/mass spectrometry
(HR/MS), mass spectrometry (MS) or electron capture detection (ECD) analysis or based on a high performance liquid
chromatography (HPLC) method followed by MS/MS, MS, ultraviolet (UV), diode-array detector (DAD) or fluorescence
detector (FLD). Further analytical methods are liquid scintillation counter and spectrophotometer.

2.2. GC/MS

With GC/MS, volatile substances can be determined. This method is often used for the
investigation of sorbed substances on polymer particles [13,26,45,46]. Ina GC/MS analysis,
either the aqueous phase, the particles, or the gas phase can be examined for TOrCs [5,13,39].
An overview of different sorption studies of microplastic particles performed with GC/MS
is shown in Table 1. The advantages of GC analysis are that it allows direct analysis of
TOrCs from the particle, requires little sample preparation, and is, thus, quick to perform
(2-3 h per sample) [20,50,51]. By coupling with, e.g., a pyrolysis unit, polymers can be
identified in addition to sorbed TOrCs [50]. In combination with an MS, detailed results
for target and non-target analysis can be provided.

2.2.1. Direct Analysis by Pyrolysis and TED-GC/MS

Currently, GC/MS analysis is mainly used for microplastic analysis and polymer
identification. For this purpose, the GC/MS is coupled with a pyrolysis unit (Pyr) or a
thermal-extraction-desorption (TED)/thermogravimetric (TGA) unit [19,50-54]. A recently
published review provides a good summary of these methods [55]. In general, only the
polymer can be identified and quantified with the thermoanalytical systems. A determi-
nation of size is not possible. An established method for the identification of plastics in
various environmental matrices is Pyrolysis-GC/MS. [52,56-60]. One advantage of this
method is that both micro- and nanoplastics can be analyzed [61]. Recently, pyrolysis
methods have been developed further by coupling with for instance a sequential pyrolysis,
a double shot pyrolysis, or a thermal desorption (TD) unit with pyrolysis [19,20,50,53].
The aim of these methods is to identify not only the polymer itself but also additives or
sorbed substances.

Double shot pyrolysis can be run in two different modes [53]: (1) in desorption mode,
the volatile substances such as additives are desorbed; (2) in pyrolysis mode, the polymers
are degraded. In sequential pyrolysis, several runs with different temperature maxima are
performed in series [50].

TD-Pyr-GC/MS (thermodesorption-pyrolysis-GC/MS) combines these two systems
into one analytical setup to investigate sorbed TOrCs before analyzing the polymer [20].
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After method development, the TOrCs can be identified in the first step and the polymer
type in the second step.

Another method for the determination of polymers and additives is via Thermal-
Extraction-Desorption-GC/MS (TED-GC/MS) coupled with thermogravimetric analysis
(TGA) [54]. In TGA, the polymers are heated and their volatile decomposition products
are trapped on a solid-phase adsorber such as a Gerstel Twister or a Sorb-Star® [62,63].
The trapped substances are heated and then analyzed by GC/MS. An advantage of this
method is that the number of particles can also be quantified.

The benefit of these thermoanalytical systems is that the samples can be analyzed in a
short amount of time (2-3 h) [20]. There is no need for complex extraction procedures, but
the samples can usually be analyzed directly. Often, however, there is a carry-over of the
samples during the Pyr-GC/MS [64]. Therefore, it is recommended to run many blanks to
identify and eliminate them. Analytical reproducibility can also be problematic [64].

2.2.2. GC/MS Analysis after Extraction of Sorbents

For indirect analysis of sorbed substances or additives, these can be extracted from the
microplastic particles with solvents, see Table 1. Table 1 shows the phase that is analyzed
to obtain the concentrations of TOrCs. For this purpose, the trace organic chemical can be
extracted from the particle, for instance by means of soxhlet extraction [65]. The TOrCs are
washed off the particle with a solvent (e.g., dichloromethane), concentrated, purified, and
finally analyzed. Another possibility is the indirect determination of the concentration via
the aqueous phase [21,41]. Therefore, a liquid/liquid extraction is performed. A portion of
the aqueous solution is mixed with a solvent (e.g., hexane), placed in an ultrasonic bath
and then stirred. The upper solution layer is then used for the GC/MS analysis [41].
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Table 1. Summary of GC/MS methods to analyze sorbed substances on various microplastic particles like p

Y

(PE), polystyrene (PS), p

(PA), polyvinyl chloride (PVC),

polypropylenc (PP), poly hthalate (PET) and p ¥l methacrylate (PMMA).
Particle Type Particle Size (um) Sorbate Analytical Method Analyzed Phase Reference
jun 260 Tt Tonalide, P GE/MS ?m‘r St Particle (Extraction) [13]
cyclohexane
Atrazine, Benzotri Caffeine, Carb pine, C: i
DEET, Diazinon, Diclofenac, Ibuprofen, MCPA, Mecoprop, T s
PE,PS PE: 260, PS: 250 ' Nonylphenol, Phenanthrene, Propiconazol GE/MS, LCMS/MS after extraction  partcte (Extraction) (261
Tris(2-chloroisop phate (TCPP), Teb le, Terbutryn, Y
Torasemide, Triclosan
s o - n-Hexane, Cyclohexane, Benzene, Toluene, Chlorobenzene, Headspace GC/MS or 3 . X ”
EAHRENGPS =2 Tthylbenzoate, Naphtalene in-tube-microextraction Gascouy pliass bl
PS (aged) 125-250 Various aliphatics and aromatics CC/Ms m“ds‘;;;fc:‘“m treephase . caous phinse [44]
PE,PS, Fullerene, Lo eone o0 17 Polychiorinated biphenyls (PCBS) GC/MS after extraction with Aqueous phase via -
Sediment ¥ ¥ pentane-dichloromethane passive sampler
g - 8 Polycyclic aromatic hydrocarbons (PALs), 4 GC-ECD after extraction with Aqueous phase and i
Hexachlorocyclohexanes (HCHs), 2 Chlorinated benzenes (CBs) n-hexane PDMS phase
- GC/MS after extraction with : ;
o» ¥ ; ' ; ;
P 450-850 Tonalide, Musk xylene, Musk ketone o horae and dihioromethane  Particle (extraction) (4]
PE:3-16 ;
PS, PE, PE1 Ps:10 38 PCB congeners GCHRMS after soxhlet extraction. 5 1, extraction) [65]
s with dichloromethane
PET: <300
e GC-ECD after soxhlet extraction with
(environmental <300 PCBs (IUPAC nos. 28, 52, 101, 118, 138, 153, 180) i 3 Particle (extraction) (6]
dichloromethane
samples)
re iDL HghIGR e P OBlE GRS gl (HOCS) GC/MS after liquid / liquid Adqueous phase via i
extraction passive sampler
s T ¥ " GC/MS after washing with n-hexane < : 5
DE, PS, PVC <150 Five polyhalogenated carbazoles (PHCs) g Particle (extraction) (3]
PE, PP, PS 100-150 9-Nitroanthracene St/Muafterliquid liquid Aqueous phase P21
extraction
rp 450-850 3,6-Dibromocarbazole and 1,3,6,5- bazole CC/MS after extraction With  pasticle (extraction) 140}

PS: 40, 41, 0.078

PS,PEPMMA  pavA: 48 PE: 48

Phenanthrene, Triclosan, a-Cypermethrin

TD-Pyr-GC/MS

Particle (directly)

[20)
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2.3. HPLC

In addition to GC, high performance liquid chromatography (HPLC) is also an es-
tablished chromatographic method for determining the sorption of TOrCs on micro- and
nanoparticles [67-69]. Samples are usually filtered prior to analysis and the concentration
on the particles is then determined indirectly via the supernatant.

Another method is solvent extraction of the particles or solid phase extraction. The
HPLC is typically coupled to a UV-detector (UV), a diode array detector (DAD), a fluores-
cence detector (FD), or a mass spectrometer [38,47,67,70]. A summary of selected studies
performed by HPLC is shown in Table 2. In most studies, chromatography was performed
with a C-18 column, which captures nonpolar to intermediate polar TOrCs [22,28,34,38,
48,67,70-76]. Advantages of an HPLC analysis are that an individual separation of the
individual molecules takes place and detailed results can be (re)produced [47,70,71].
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on micro- and

Table 2. Summary of HPLC methods to analyze sorbed subsf
high-density polycthylene (HD-PE).

plastic particles like polybutylenadipat-terephthalat (PBAT), low-density polyethylene (LD-PE) or

Particle Type
Ps
PE, PP, PS, PVC
PA, PL, PET, PS, PVC, PP

PBAT, PE, IS

DL, S, soil
PE, PS, PP, PA, PVC
rs

rs

IS (aged)
PET
PP (aged)

PP, LD-PE, HD-PE, PVC

PS (weathered)

PVC,PLA

nano-PS,
carboxyl-functionalized
polystyrenc nano-PS-COOH
PE, PS, PP

PE

PE

Particle Size (um)

0.5, 0.235, 0.80, 30, 50, 102, 170

<200
100, 150
PBAT: 2338 L 486,

DL: 2628 1623 /Reference Particles:
PE: 4

75-180

75.4,106.9, 150.5, 214.6

0.07

504 119
<150
<180

63-125

139-207

250-550
'5-150

PL.
PV

Nano-PS: 0.05
Nano-PS-CQOL: 0.055

<280

250-280

150

Sorbate

Phenanthrene, Nitrobenzene
Tylosin
Sulfamethoxazole

Thenanthrene

Triclosan

Sulfadiazine, Amoxicillin, Tetracycline, Ciprofloxacin,

Trimethoprim

Triclosan
I , Anth Pyrene,
Benzo[a]anthracene, Chrysene, [b] hene,
Benzo[k]fluoranthene, Benzo[alpyrene, Benzo [g,h,i]

perylene

Atorvastatin, Amlodipine
4Chloropheneol, 2,4,6-Trichlorophenol, Fulvic acid
Triclosan
Enrofloxacin, Ciprofloxacin, Norfloxacin, 5-Fluorouracil,

F | P

Nadolol

1. othvlhexyl

+F

methoxycinnamate, Octocrylene

Tetracycline, Ciprofloxacin

Norfloxacin, Levofloxacin

Tetracycline
Carbamazepine, 4-
methylbenzylidene camphor, Triclosan, 17x-ethinyl
estradiol
Sulfamethoxazole

Analytical Method

HPLC
HPLC + DAD
HPLC

HPLC +-UV

HPLC + UV
HPLC + UV
HPLC + UV

HPLC + FD

HPLC + UV
HPLC + UV
HPLC + UV

HPLC + DAD

UHPLC +8/MS

HPLC

HPLC + FD

HPLC + FD

HPLC + PAD (Solid
phase extraction)

HPLC + UV

Analysis

Supernatant
Supernatant
Supernatant

Supernatant

Methanol extraction
of the particles
Supernatant
Supernatant

Extraction via
Polyoxymethylene
sheets

Supernatant
Supernatant
Supernatant

Supernatant

Supernatant

Supernatant

Supernatant
Supernatant
Supernatant

Supernatant

Reference
1371
1671

771

170]
178]
[48]
[73]

[74]

791
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2.4. Further Analytical Techniques for the Determination of Sorbed TOrCs

Besides the GC and LC methods for the identification of sorbed substances, other
methods such as ultraviolet/visible spectroscopy (UV/VIS) or spectrophotometers can
also be used [30,80,81], see Table 3. Here, a direct analysis of the sorbed substances
is not possible; therefore, the supernatant is analyzed. During UV/VIS analysis, the
concentrations of the pollutants were calculated from their absorbance. The advantages of
UV-VIS analysis are the robustness of the system, the easy handling, the short measuring
times, and that it is available in most laboratories.

Table 3. Summary of UV /VIS spectroscopic methods to analyze sorbed substances on micro- and nanoplastic particles.

Polymer Type  Particle Size (um) Sorbate Analytical Method Analysis  Reference
PVC Triclosan UV/VIS (282 nm) Supernatant [30]
PVC, PE.FS; FE Co-existing surfactants UV/VIS (665, 618, 627, 546, 224 nm) ~ Supernatant [80]
PE 710-850 HRidAelOprd, BUprofeziiy UV Spectrophotometer Supernatant  [81]

Difenoconazole

Measurement by liquid scintillation counting is another method for analyzing sorbed
TOrCs in laboratory experiments [6,24-84]. For this purpose, a 14C labeled standard of the
trace substance is used. The concentration of the trace compound is then determined by
counting the decay of the 1*C trace compound using liquid scintillation counting.

3. Analysis of TOrCs on Micro- and Nanoplastic Particles: Typical Sorption Strategies

In the initial microplastic studies, the focus was mainly on detection in environmental
systems to get an overview of the distribution of the plastic [84,85]. A detailed review
by Li et al. (2019) summarizes the occurrence of microplastics in freshwater systems in
terms of microplastic sources, distribution, sampling, and processing methods, as well
as polymer characterization [86]. The difficulties of qualitative and quantitative analyses
are also addressed. In order to investigate the distribution of micro- and nanoplastics in
general, numerous studies have been conducted in fresh water and salt water [87-91]. In
these studies, the analysis of the particles was performed using Raman and pFTIR.

Recently, many reviews have been published dealing with interactions between plas-
tic particles (micro and nano) and TOrCs [8,9,11,92-95]. Firstly, the plastic itself is ex-
amined more closely, including polymer type, the specific surface of the particles with
their functional groups and physicochemical properties, crystallinity, polarity, and addi-
tives [8,16,55,92,96]. The factors of the surrounding matrix, such as salinity, pH, dissolved
organic matter (DOM), coexisting organic contaminants, and ionic strength [9,93] are also
considered. The main retention mechanisms from TOrCs to micro- and nanoplastics are
pore filling, hydrophobic hydrogen bonding, 7-7t-, electrostatic interactions, and van der
Waals forces [9]. A further important issue is the ageing of polymers and the resulting
influence on the sorption of TOrCs [97]. Finally, the influences of the plastic and TOrCs
are examined regarding their toxicological relevance for the aquatic environment and the
possible impact on human health [11,94,95].

3.1. Strategies Characterizing the Polymer Type

Several methods are available to identify the polymer type of the plastic particle, such
as physical characterization (e.g., microscopy) and chemical characterization (e.g., Fourier
transform infrared (FTIR) and Raman spectroscopy) and were summarized in a recent
review by Shim et al., 2017 [16]. Spectroscopic analysis of polymers requires purification
and isolation of environmental samples [97]. FTIR and Raman spectroscopy are non-
destructive and the polymer type can be determined with the help of a database [16].
Thermoanalytical methods such as Pyr-GC/MS, TED-GC/MS can be used to identify and
quantify polymers by their characteristic products, presented by La Nasa et al. (2020)
and Yakovenko et al. (2020) [55,96]. Thermoanalytical methods have no size limitations

Appendix |

85



Molecules 2021, 26, 1164

90of 17

and several polymer types can be identified in parallel. However, a minimum amount of
polymer is required. For example, a minimum of 10 mg is required for a TED-GC/MS
analysis or 60 pg for a Pyr-GC/MS analysis [52,54].

Main characteristics affecting sorption on a plastic particle are crystallinity, density,
structure, hydrophobicity, and the glass transition temperature Tg. These factors were
discussed comprehensively in detail in a recently published short review [8]. In a study
comparing the sorption of different polycyclic aromatic hydrocarbons (PAHs) with low-
density polyethylene (LDPE) and high-density polyethylene (HDPE), the density of the
polymers was observed to have a negative effect on the sorption rate. The sorption capacity
decreased with increasing density of the polymers used [14]. However, the density of
polymers with crystalline and amorphous components, such as HDPE, was determined
by the ratio of crystallinity. In amorphous materials, the hydrophobic bonds are less
stable than in crystalline materials [98]. Since only the amorphous fraction can dissolve
substances, polymers with a high crystallinity content should have a limited absorption
capacity [99,100]. The amorphous region within polymers can be classified as either glassy
or rubbery, which is also an indication of sorption capability [12]. The surface appearance is
also important for sorption processes. Napper et al. (2015) showed that rough polyethylene
(PE) microplastic particles adsorbed more DDT and phenanthrene than smooth ones [29].
The crystallinity of polymers can be measured by X-ray diffraction [101].

Notably, desorption hysteresis was only observed for nonpolar/weakly polar con-
taminants, likely because nonpolar compounds tended to adsorb in the inner matrices
of glassy polymeric structure of polystyrene (resulting in physical entrapment of adsor-
bates), whereas polar compounds favored surface adsorption [32]. The glass transition
temperature (Ty) defines whether a polymeric rubber-like or glass-like material is present.
The Ty can be determined by using a thermogravimetric differential scanning calorimetry
analyzer (TG-DSC) [73]. Rubber-like polymers are normally above their Ty values if they
are not plasticized. At room temperature, this results in greater flexibility, which facilitates
sorption of impurities. Glassy polymers are usually below their Ty and are also referred to
as condensed (glasslike) [2]. In general, rubbery polymers (such as HDPE, LDPE, or PP)
are expected to allow greater diffusion of impurities into the polymer than glassy polymers
(such as polyethylene terephthalate (PET) or polyvinyl chloride (PVC)) [2,3]. However,
there are exceptions, such as polystyrene (PS). The average sorption capacity is higher
than the Ty predicts [1,2,4,5]. A possible explanation for this is the presence of benzene.
The phenyl group increases the distance between the polymer chains and can facilitate
adhesion and integration of impurities into the polymer [2,5]. However, when comparing
polyethylene (PE) and PS in the adsorption and desorption of triclosan, a higher sorption
rate was found on PE particles. Triclosan also desorbed faster from the PE particles [34].

A summary of studies in which the sorption capacity of TOrCs and their mechanisms
were tested on different particle types is shown in Table 4. Here, reference particles were
used in all experiments and were, therefore, not further analyzed in any of the studies.

Table 4. Sorption capacity of different polymers. The following criteria were considered for study selection: particles should

be approximately the same size and sorption mechanisms and capacities should be addressed.

Polymer Type Sorbate Sorbate Analytics Sorption Capacity Mechanisms Reference
PE, PP, PS, PVC Tylosin HPLC + DAD PE < PP < PS < PVC eledrostahiemteractions;siirlace [67]
. complexation and hydrophobic interactions
. - . o~ PS: -7t interactions,
EB;ES) 51l THelsan HPRGEOY PEZ S =is0il PE: liquid-film and intra-particle diffusion B4
Sulfadiazine, Amoxicillin,
PE, PS, PP, PA, PVC Tetracycline, Ciprofloxacin, HPLC + UV PA > PS, PP, PVC, PE Polar-polar interactions [71]
Trimethoprim
PS, PP, PE Tetracycline HPLC-FD PS>PP>PE Polar interactions, 7t-7t interactions [22]
3,6-dibromocarbazole, IS i
3,6-dichlorocarbazole, ("C\{UMSY art.(:l’r\
PE, PP, PVC 3,6-diiodocarbazole, m‘{ex:’fu::‘ 3 PVC >> PP, PE Intraparticle, film diffusion [39]
2,7-dibromocarbazole, &iikloromethane
3-bromocarbazole
PE, PS, soil Triclosan HPLC + UV PE > PS = soil FE:hydiophobicintbactioneBs 7 134]

interactions
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3.2. Strategies Characterizing Particle Size and Shape (Micro vs. Nano)

Micro- and nanoplastic particles may be derived from fragmentation of larger plastic
items by means of photolytic, mechanical, and biological degradation without significant
chemical degradation [85,102,103]. Thereby, microplastic particles can further disintegrate
into nanoplastics [104-106]. As the surface area increases with decreasing particle size, it is
assumed that smaller particles are of greater ecotoxicological relevance since the capacity
for adsorption of TOrCs increases.

Typical methods for particle sizing can be performed by microscope, FTIR, and Raman
spectroscopy [16]. However, there are also limitations. A determination with an optical
microscope is often only possible up to 100 um because smaller particles can also consist of
sediment particles [107]. No distinction is then possible using an optical microscope. A
FTIR analysis is possible up to 10 um, a Raman analysis is limited to 100 nm [108,109]. The
relationship between particle, surface size, and sorption capacity is considered in more
detail in the recently published review by Wang et al., 2020 [9].

In a study by Li et al. using different PS microparticles, it was shown that the sorption
capacity of triclosan increases with decreasing particle size of PS [72]. During sorption
experiments with micro- and nanoplastic particles, aggregation must also be taken into
account. This can happen between two similar (homoaggregation) or two different (het-
eroaggregation) particles [1]. Aggregation is generally controlled by the ionic strength and
valence of the electrolytes in the surrounding media; however, the polymer coating of the
particles may also play a role [1,110]. Wang et al. (2019) also showed that the sorption of
phenanthrene on the particles was reduced by aggregation of the particles [37]. It has also
been shown that nanoparticles agglomerate more and, thus, the specific surface area is
reduced again, which can lead to low sorption [37]. A new study by Sun et al. (2020) shows
that the agglomeration is strongly dependent on the surrounding matrix [111]. Nanoplastic
particles are stable in fresh water due to the Brownian motion and structural layer force,
but aggregate in brackish or seawater. In a study with nano-PS, however, it was also
shown that the aggregation of the nanoparticles does not change the sorption capacity [70].
The sorption isotherms were the same for aggregated and non-aggregated particles. This
indicates that the TOrCs were reaching the sorption sites on the original nanoparticles
regardless of the aggregation state. In order to enable comparison of data, the methods for
detection, analysis and toxicological assessment of nanoplastics, which are currently still in
their initial stages, must first be improved [112].

3.3. Strategies Characterizing Weathered/Aged Particles

Factors that can influence the aging of plastics are, e.g., UV-radiation, temperature, salt
content in the environment, and biofilm formation [113]. These causes the plastic to break
into smaller and smaller pieces and additives can be released. Induced aging of particles
can be carried out for instance by Photo-Fenton oxidation, UV-irradiation, or microbial
degradation [79,97].

Investigating aged and unaged microplastic particles, scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and FTIR can be used to determine
the physical dimensions, morphologies, and chemical compositions [73,78,101,114]. The
specific surface area and micropore volume can be studied with an accelerated surface and
porosimetry system (ASAP) [83].

Differences in the sorption of aged particles compared to untreated particles are evi-
dent in the sorption mechanisms. It was shown that the adsorption of TOrCs in untreated
PS particles is based on -7 interaction, whereas in aged PS particles, electrostatic interac-
tion and hydrogen bonding prevail [78]. The results of this study indicated that aging of
PS significantly changed the adsorption behavior via the changes of oxygen-containing
functional groups and specific surface area. Considering aged and non-aged PP particles
in combination with the trace substance triclosan, the aged ones have a higher adsorption
capacity than pure microplastics [73]. The sorption affinity was increased with the increase
of ionic strength. Study results suggest that particles exposed to weathering processes and
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the simultaneous presence of several organic trace compounds may affect the biological
ecosystem in the natural environment [79]. This is in contrast to a study by Koelmans et al.
(2016) on microplastics and hydrophobic organic chemicals (HOCs). The authors conclude
that more HOCs accumulate in natural prey and, thus, the risks from microplastics are
not increased [10]. Aged PS particles are shown to generally exhibit higher levels of oxy-
genated functionality with lower surface hydrophobicity than unaged particles, which
also influences the sorption capacity [79]. Due to the UV aging of the particles, the surface
becomes rougher. In a study by Fan et al. (2021), it was shown that the surface area of PVC
particles increased by 1.85 times and that of PLA by 2.66 times [31]. At the same time, the
zeta potential decreased and the adsorption capacity of the particles increased due to the
aging process. Charge neutralization is one of the important mechanisms of adsorption.
Studies show that the surface charge of the adsorbent is closely related to its ability to
absorb pollutants [31,115,116].

3.4. TOrC-Microplastics Sorption and Desorption Kinetics

For the determination of the ad- and absorption kinetics, the above-mentioned analyti-
cal approaches can be applied in general [33,67,77]. However, there can be some limitations
for smaller particles concerning the sampling frequency, since filtration for the separation
of particles from the liquid phase requires longer periods of time with decreasing size
of the investigated particles. Hence, if the analytical method requires a separation by
filtration, such a limitation needs to be considered in the experimental design, especially for
particles in the sub-micrometer range. Studies either did not report such limitations since
the particles were either too big (>1 um) to encounter the problem [9,30,39,48,76,77], or a
filtration step was avoided, i.e., by negligible depletion solid phase extraction, the aqueous
boundary layer permeation method, head space extraction techniques, or else [4,5,32,82].

For the investigation of the desorption kinetics, another issue needs to be overcome.
Since the equilibrium of the sorption mechanism is mostly on the side for the polymer
phase, especially for hydrophobic compounds, low aqueous concentration TOrCs must be
expected and slow desorption kinetics must also be assumed [117,118]. For hydrophobic
compounds, a third phase can be included since TOrCs-sink within the experimental
design, such as either virgin polymer particles or another sorptive phase, such as solid-
phase microextraction. Here, the sorbent acting as sink should be available in excess to
ensure the desorption from the loaded polymer particles as the limiting step [32,117,119].

A desorption hysteresis is reported to be higher for hydrophobic compounds than
for polar compounds, but also depends strongly on the polymer. For PE [118], and glassy
polymeric domains of PS [32], a significant hysteresis for hydrophobic compounds has
been reported. Therefore, desorption of hydrophobic compounds even within more com-
plex matrices such as gut fluids is more unlikely than for polar compounds [120]. The
desorption hysteresis is also a critical parameter of TOrC—polymer interaction concerning
bioaccessibility and, therefore, the environmental impact [10].

4. Conclusions and Outlook

Established analytical methods for the determination of micro- and nanoplastic par-
ticles are FTIR, Raman spectroscopy, and thermal methods such as TED-GC/MS and
Pyr-GC/MS. FTIR and Raman spectroscopy can be used to identify polymers, but these
methods are limited in size [52,54,108,109].

Considering sample preparations for the generation of sorption kinetics, properties,
or processes, the experimental set-up is in most cases the same: the selected particles are
incubated with the defined TOrCs over a defined period of time. Afterwards, the aqueous
phase is separated from the particle phase. The following analysis of the sorbed TOrCs can
be performed either via the filtrate or the particles.

For a simple and fast target analysis of TOrCs in the supernatant, a UV-VIS method
is recommended, since this is easy to use and is available in most laboratories. Specific
absorbance of individual trace compounds can be determined. However, this method is
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not as sensitive as separation coupled detections, such as with HPLC and GC. Using HPLC
coupled with a UV, MS, FD, or DAD, this technique provides more detailed results because
the molecules can be separated individually. Direct trace analysis of the particle is not
possible with either UV-VIS or HPLC methods. The most established method for polymer
analysis is a GC based one. By coupling specific systems such as TED-GC/MS, TD-Pyr-
GC/MS, double shot pyrolysis, or sequential pyrolysis the possibility is even offered to
perform a direct TOrCs analysis of the particles followed by polymer analysis.
Considering future research, the focus should be mainly on the following points:

(1)  Up to now, either the sorbed TOrCs on the particles or the supernatant have only
been analyzed. For the preparation of a mass balance, a complete analysis of particles
and aqueous phase would be interesting.

(2) In most conducted studies, the TOrCs are individually adsorbed onto the polymer.
However, it is not to be expected that TOrCs will occur individually in the environ-
ment, but are present in mixtures. Napper et al. (2015) and Velzeboer et al. (2014)
investigated the competitive sorption of phenanthrene and DDT on PE and PVC, re-
spectively, and both found that DDT sorbed slightly more than phenanthrene [29,45].
Future studies should focus more on how TOrCs affect each other regarding sorption
strength and capacity.

(3) The largest challenge in the analysis of TOrCs on micro- and nanoplastic particles will
certainly be the removal of inorganics and larger organics such as biofilms without
adversely affecting the sorbed TOrCs.
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Systematic Development of a Simultaneous Determination of Plastic Particle
Identity and Adsorbed Organic Compounds by Thermodesorption—-Pyrolysis
GC/MS (TD-Pyr-GC/MS)

Molecules, 2020, 25, 4985;

This study introduces a novel thermal desorption pyrolysis gas chromatography mass
spectrometry (TD-Pyr-GC/MS) method for identifying trace organic chemicals adsorbed on micro-
, submicro-, and nanoparticles, along with their associated polymer types. This method
streamlines the analysis process, eliminating the need for complex extraction steps. The study
demonstrates the applicability of this method using reference polymers (polystyrene, polymethyl
methacrylate, and polyethylene) and various particle sizes. Results indicate that the sorption of
specific trace organic chemicals varies significantly depending on the polymer type and particle
size. This innovative approach offers rapid and efficient analysis capabilities, particularly for

nanoplastic particles, with a short 2-hour per-sample analysis time.

Julia Reichel designed, performed, evaluated the experiment and wrote the manuscript. Johanna
Grassmann, Thomas Letzel and Jorg E. Drewes reviewed the manuscript and contributed to the

discussion.
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Abstract: Micro-, submicro- and nanoplastic particles are increasingly regarded as vectors for trace
organic chemicals. In order to determine adsorbed trace organic chemicals on polymers, it has usually
been necessary to carry out complex extraction steps. With the help of a newly designed thermal
desorption pyrolysis gas chromatography mass spectrometry (TD-Pyr-GC/MS) method, it is possible
to identify adsorbed trace organic chemicals on micro-, submicro- and nanoparticles as well as the
particle short chain polymers in one analytical setup without any transfers. This ensures a high sample
throughput for the qualitative analysis of trace substances and polymer type. Since the measuring
time per sample is only 2 h, a high sample throughput is possible. It is one of the few analytical
methods which can be used also for the investigation of nanoplastic particles. Initially adsorbed
substances are desorbed from the particle by thermal desorption (TD); subsequently, the polymer is
fragmented by pyrolysis (PYR). Both particle treatment techniques are directly coupled with the same
GC-MS system analyzing desorbed molecules and pyrolysis products, respectively. In this study,
we developed a systematic and optimized method for this application. For method development,
the trace organic chemicals phenanthrene, x-cypermethrin and triclosan were tested on reference
polymers polystyrene (PS), polymethyl methacrylate (PMMA) and polyethylene (PE). Well-defined
particle fractions were used, including polystyrene (sub)micro- (41 and 40 pm) and nanoparticles
(78 nm) as well as 48-um sized PE and PMMA particles, respectively. The sorption of phenanthrene
(PMMA << PS40 um < 41 um < PE < PS 78 nm) and a-cypermethrin (PS 41 um < PS40 um < PE <
PMMA < PS 78 nm) to the particles was strongly polymer-dependent. Triclosan adsorbed only on PE
and on the nanoparticles of PS (PE < PS78).

Keywords: microplastic; nanoplastic; thermodesorption; pyrolysis; desorption

1. Introduction

More than 300 million tons of plastics are annually produced worldwide and about 8 million
tons migrate from land surfaces into the ocean [1,2]. It is estimated that currently more than five
trillion plastic particles with a total weight of over 250,000 tons float in the oceans [3]. Most of them are
microplastics with a size of less than 5 mm [4]. To date, no uniform definition has been established
to distinguish between micro- and nanoplastics [5]. Plastic particles with a size between 1 mm and
1 pm are usually referred to as microplastics, while plastic particles smaller than 1 um are defined as
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meso- or nanoplastic or submicroparticles [6,7]. Micro-, submicro- and nanoplastics may potentially
not only be harmful by themselves but also serve as vectors due to ad- or absorbed contaminants [5].
Detailed and robust analysis of these sorbed contaminants is challenging and requires several analytical
steps [5,8-10]. Using established analytical methods, such as thermal extraction desorption gas
chromatography mass spectrometry (TED-GC/MS), double-shot analytical pyrolysis and sequential
pyrolysis, it has already been shown that it is possible to detect additives and identify polymers
with one analytical setup [11-14]. Considering established methods to analyze sorbed substances,
initially, trace organic chemicals have to be extracted with solvents such as n-hexane, cyclohexane or
dichloromethane [8,15,16] prior to analysis via GC/MS [10,15,17], LC/MS [8,9], or using radioisotopic
marked trace organic chemicals [18,19]. Simultaneous identification of the polymer is not possible.

So far, several methods exist to identify the polymers. Currently, spectroscopic methods, such as
Raman microscopy (RM) or Fourier transform infrared spectroscopy (FTIR), and thermoanalytical
methods, such as pyrolysis gas chromatography mass spectrometry (Pyr-GC-MS) or thermal
extraction desorption gas chromatography mass spectrometry (TED-GC-MS), are used [14,20-24].
Especially thermoanalytical methods are becoming more important for general identification and
quantification of micro- and nanoplastics [25,26].

As the surface area of plastic particles increases the smaller the particle becomes, it is assumed
that smaller particles are of higher ecotoxicological relevance since the capacity for adsorption of trace
organic chemicals increases [4,27,28]. However, the effective surface area of nano-sized particles can be
limited due to particle aggregation by increased hydrodynamic diameter [29]. Already, with other
particle types (e.g., titanium particles or magnesium oxide particles), it could be shown that the relative
sorption increases, the smaller the particle becomes [30,31]. These observations can be supported by
research with (sub)micro- and nanoplastics, where sorption of polychlorinated biphenyls on nano-PS
is 1-2 orders of magnitude higher than on micro-PE [16].

The aim of this study is to develop an innovative analytical method of combined thermodesorption-
and pyrolysis-gas chromatography/mass spectrometry (TD-GC/MS + Pyr-GC/MS) in order to enable
the identification of sorbed organic chemicals and the type of polymer in one single analytical setup.
For doing so, initially, the trace organic chemicals are desorbed from the particles by thermodesorption
and analyzed using GC/MS. Subsequently, the polymers are decomposed by pyrolysis and the
decomposition products and by this the type of polymer and contained additives are identified via
GC/MS analysis. The fields of application of such a method are mainly directed to environmental
screening studies, e.g., those resulting from ecotoxicological assays employing micro- or nanoplastics
and sorbed organic chemicals, where a quick analytical method is desired that is able to handle
high sample numbers. This method is especially suitable for water samples. After filtration of the
samples, the inorganics should be removed for analysis. For an analysis of the sorbed trace substances,
the samples should also be as free as possible from organic substances, such as biofilms. A quantification
of the trace organic chemicals sorbed on the particles is beyond the scope of this paper and will be
performed in the future.

2. Analytical Systems, Materials and Methods

2.1. Instrumental Systems

The combined thermodesorption- and pyrolysis-gas chromatography/mass spectrometry
(TD-GC/MS + Pyr-GC/MS) analysis was performed using a Gerstel Thermal-Desorption-Unit (TDU)
2 equipped with a TDU pyrolysis module, a Gerstel Multi-Purpose-Sampler (MPS) roboticP™, a Cooled
Injections System (CIS) 4 with Controller C506 and an Agilent 7890B gas chromatograph equipped
with an DB-5MS Ultra Inert column coupled with an electron ion source to an Agilent 5977B MSD
mass spectrometer. The particle samples are directly transferred into the pyrolysis module by the
MPS for further analysis. A preprogrammed temperature protocol is executed to evaporate the
volatile substances in a first step. Subsequently, in the CIS, the substances are trapped and then
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totally transferred to the GC column entry by CIS heating. Due to the direct coupling of the pyrolysis
module, it is possible to execute first a thermodesorption step (TD-GC/MS), subsequently followed by
an independent pyrolysis step (Pyr-GC/MS). The total process is visualized in Figure 1; a more detailed
scheme of the pyrolysis unit is shown in Figure 2a.

A Cryofocusing TD -
12208/0 %OCO / -50°C Chromatogram

N

< Particle®s .
Pyrolysis -.‘ )
& Products =
2

Pyrogram

Figure 1. Flowchart of the thermodesorption- and pyrolysis-gas chromatography/mass spectrometry
(TD-Pyr-GC/MS) analysis. First, (A) the sample is thermodesorbed (120-280 °C), thereby desorbing
the volatile substances and cryofocusing them in the Cooled Injections System (CIS) at =50 °C. This is
followed by a transfer to the GC column with an MS analysis (TD-GC/MS). The same sample (B) is
subsequently pyrolyzed at 800 °C, followed by a GC/MS analysis (Pyr-GC/MS). The evaluations are
carried out using the TD-Chromatogram and the Pyrogram.

Pyrolysis adapter
Pyrolysis module Al |B &

Pyrolysis tube

Total flow
(He)

——TDU
Split line of the TDU

4-4_’_,_,-— (Permanent spiit flow
= = of 3 mLimin)
b)
Split line of c)

the CIS

GC

a)

Figure 2. (a) Structure TD-GC/MS + Pyr-GC/MS; (b) design of different pyrolysis tubes (sample tubes);
(c) drawing of pyrolysis transport adapter.
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TD-GC/MS: The final thermal desorption temperature was set to three endpoints (120 °C, 200 °C
and 280 °C). The initial temperature of the thermal desorption unit (TDU) is set to 20 °C with a delay
of 0.3 min and an initial hold time of 1.0 min. The sample is heated to the respective endpoint
temperature of 120 °C/200 °C/280 °C at 60 °C/min over a gradient and held for 5 min (Figure 1, step A).
The desorption of the sample in the TDU occurs subsequently after the injection into the cooled injection
system (CIS). In the CIS, the substances are trapped at —50 °C and heated to 120 °C/200 °C/280 °C with
a 10 °C/min gradient, in order to transfer the trapped analytes onto the GC column (Figure 1, arrow 1).
The transfer line temperature is 300 °C; the desorption mode is split-less, except for the permanent
split flow. The GC/MS method (Figure 1; line 1 on the right) is adopted from Ochiai et al. (2005) [32].
However, the temperature for cryo-focusing is set to —50 °C instead of —150 °C. The initial temperature
is set to 70 °C and is held for 2 min. The sample is then heated up to 150 °C with a gradient of 25 °C/min,
followed by a heating rate of 3 °C/min to 200 °C. In the last step, the sample is heated by a gradient of
8 °C/min to 300 °C.

Pyr-GC/MS: Next, a pyrolysis step is performed (Figure 1, step B). The initial temperature of the
TDU in the pyrolysis step is set to 50 °C with a hold time of 5.4 min. The sample is heated at 720 °C/min
to 320 °C and this temperature is held for 1.4 min. After 0.3 min, the pyrolysis module heats the sample
to a final temperature of 800 °C with a follow up time of 5 min. The transfer temperature is set to
350 °C and the desorption mode is split-less. The pyrolysis products are trapped in the CIS at 350 °C
(Figure 1, arrow 2). The sample injection in the CIS is operated in split mode, i.e., the inlet ratio into
the column is set to 100:1. The GC/MS method (Figure 1; line 2 on the right) is as follows: the initial
temperature is set to 50 °C and is held for 2 min. The sample is then heated to 320 °C with a 10 °C/min
gradient. This temperature is maintained for 3 min. Helium is used as carrier gas. In order to detect
carry-over or impurities, an empty tube is measured after each sample.

The particle samples to be tested were placed in pyrolysis tubes for subsequent analysis (see
Figure 2a). For the sample transfer into the CIS, three different pyrolysis tubes were tested. All were
made of quartz glass and purchased from Gerstel GmbH (Miihlheim an der Ruhr, Germany). Since the
design of the sample holder is an essential aspect regarding potential carry-over [33], several tube types
were tested (visual setup details, see Figure 2b), including the following: pyrolysis tubes (A) with one
open end and one closed end with a length of 17 mm, (B) with one open end and one closed end with
an additional slot of 17 mm in length and (C) with two open ends and a length of 25 mm sealed with
quartz wool. Thus, quartz wool is only used in type (C) and is contained in the tube and in contact
with the sample. With the closed type (A) tube, the carrier gas flow is non-uniform; in the slotted
type (B) tube, a more uniform carrier gas flow is ensured [33]. (C) is open at both ends, which should
improve the carrier gas flow. The weight of the pyrolysis tubes was between 90 and 110 mg.

2.2. Materials and Methods

The reference particles were free of additives and provided by BS Partikel GmbH (Mainz, Germany).
Polystyrene (PS) suspended in ethanol was supplied in the sizes of 78 nm and 41 um, respectively.
Further dry PS particles were delivered in sizes of 40 pm, and the polymethyl methacrylate (PMMA)
and polyethylene (PE) particles in sizes of 48 pm, respectively. All PS particles were spherical and the
shape of PMMA and PE particles was unknown. Phenanthrene (CAS: 85-01-8) and triclosan (CAS:
3380-34-5) were purchased from Sigma-Aldrich (Taufkirchen, Germany) and a-cypermethrin (CAS:
67375-30-8) from greyhoundchrom (Birkenhead, UK). All chemicals were stored at 4 °C. Methanol
(=99.8%) in HPLC-grade was purchased from VWR (Ismaning, Germany). Ultrapure water with pH
5 was obtained from a Sartorius arium pro ultrapure water system (Gottingen, Germany). For the
weighing of the samples, a Sartorius Cubis ® Ultramicro Balance (Géttingen, Germany) was used.

Appendix Il

100



Molecules 2020, 25, 4985 50f 16

2.3. Sample Preparation for Reference and Ecotoxicological Samples

Initial experiments were conducted for TD temperature optimization (with lowest expected
pyrolysis products) and no trace organic chemicals. The final sets of TD temperatures were observed
at 120/200/280 °C to determine that no pyrolysis products occurred during the TD step.

In all experiments, 10 mg of particles were suspended in 10 mL ultrapure water. The suspension
was shaken for 1 h at room temperature at 1000 rpm. The solution was filtered by vacuum filtration to
obtain dry particles. The particles were scraped off the filter with a spatula and directly transferred
into a vial. The particles were freeze-dried for one hour. Subsequently, the particles were weighed into
the pyrolysis tubes with a minimum and maximum weight of 30-80 to ensure reproducible results.
The particles were transferred into the pyrolysis tubes using a syringe cannula. Each sample was
weighed three times and the mean value was calculated to increase reproducibility. This sample
tube was then subjected to TD-Pyr-GC/MS analysis. The entire sample preparation is summarized
in the workflow in Figure 3. For the preparation of environmental samples from, for example,
ecotoxicological assays, the sample preparation was carried out analogously.

TD-GC/MS: SIM

l‘f —1 Target Analytic

Non-Target

SCAN Mode

Figure 3. Workflow of sample analysis: First, the samples to be analyzed are filtered to separate the
solid from the liquid phase. Then, the samples are applied into the pyrolysis tubes. Depending on
the test setup, a non-target analytic (SCAN mode) or a target analytic (SIM mode) can be performed.
Finally, a TD-Pyr-GC/MS analysis is conducted.

In the sorption experiments with the target substances phenanthrene, a-cypermethrin and
triclosan, the principle was the same as described above without trace organic chemicals. In these
studies, the trace organic chemicals were added to the 10-mg particles in concentrations of 1000 ug/L
and 100 pg/L. For the preparation of the stock solution of 1000 mg/L, the trace organic chemicals
were dissolved in methanol and diluted further in methanol. The particles were suspended in 10 mL
ultrapure water and treated as described above. The experiments for the measurements in SCAN and
SIM mode were performed on PS 78 nm particles. The concentration was 1000 pg/L for each trace
organic chemical. All experiments were carried out in triplicate on two different days, i.e., in total,
six replicates.

2.4. Evaluation of the TD-Pyr-GC/MS Data

The mass spectrometer operated in full-scan mode (m/z range 40 to 550) with electron impact
ionization (70 eV) for non-target analysis. For a target analysis, PS 78-nm particles and the trace
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organic chemicals phenanthrene (m/z 178), x-cypermethrin (m/z 163, 181, 165, 91, 77) and triclosan
(my/z 290, 288, 218) were measured as references in SIM mode. Data analysis was conducted with
Mass Hunter Workstation Software (Ver.B.08.000, Agilent). The identification of the substances was
validated via MS spectra, and a NIST database comparison was conducted, as well as the retention
index (RI) comparison [34].

Specific mass spectrometric signals were selected (Tables 1 and 2) to extract and identify the
data of the different polymers or trace organic chemicals (by means of their pyrolysis products). The

data were standardized to make the sorption of trace organic chemicals on the particles comparable.

The peak areas obtained after the specific extraction were divided by the weighed particle amount.

Table 1. Characteristic pyrolysis products of selected polymers for identification.

Pol Characteristic Molecular /= (Intensi
(?rymer Pyrolysis Formula Weight mR:ti i © /n;l:y Structure
ype Fragments (g/mol) o
3-butene-1,3- 91 (100), 104
PS diyldibenzene CieHis 208 (27), 130 (23),
(styrene dimer) 208 (30)
5-hexene-1,3,5- 91 (100), 117 O
PS triyltribenzene C24H24 312 (32), 194 (19),
(styrene trimer) 207 (25) O O
iesidecadisne 55(52),81(44), A~ A~ AAAA
PE 1,12-tridecadiene C13H24 180 67 (38), 95 (26) 7 RS
PE 113-tetradecadiene  C14H26 194 - (9153)(27)' e
st decadione 55(63),81 (50), .~~~
PE 1,15-hexadecadiene  C16H30 222 96 (45), 69 (37) =
Methyl 41(77), 69 (100), o
EMb methacrylate CsHsO, 100 100 (57) ™~
o

* intensity ratio to largest peak in spectra.

Three different polymers (PE, PS and PMMA) were selected for thermodesorption temperature
optimization. Characteristic fragments were chosen for the unique identification of the individual
polymers. Characteristic fragments that can be used for the identification of PS are the styrene
mono-, di- and trimer. However, the monomer is also present in environmental samples because it
also occurs in biogenic polymers, such as chitin or wool fibers [34], thus it can also be detected in
the pyrolysis step. Therefore, solely the dimer and trimer serve as final indicator fragment for PS
samples. The decomposition into small aliphatic chains (saturated, mono-saturated and di-unsaturated
hydrocarbons) is typical for PE [22,35,36]. In environmental matrices, mono-unsaturated and saturated
hydrocarbons also occur naturally since they result, for instance, from the decomposition of fatty acids
and lipids [37]. Therefore, exclusively the di-unsaturated hydrocarbons (C13, C14 and C16) were used
for the identification of PE [38]. The only pyrolysis product that could be detected reproducibly for
PMMA was methyl methacrylate, which was used for identification.

The sorption data were evaluated with respect to sample ‘peak area’ to “particle weight’ ratio and
the ratio of ‘peak area’ to “particle surface’. The evaluation of the ratio of ‘particle area’ to particle
weight’ compares the peak area of the selected trace organic chemicals with the weighed-in particle
mass. This allows conclusions to be drawn about the sorption capacity of the individual polymer types
and sizes. The ratio peak area to particle surface reflects the peak areas of the trace organic chemicals
on the calculated particle surface.
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Table 2. Characteristic signals, properties and structure of chosen substances.

Molecular
Weight
(g/mol)

Characteristic
Signals
(m/z)

Log D
Value (pH
5.5) *

Boiling
Point (°C) at
760 mmHg

Environmental

Substance Relevance

Structure

High toxicity,
mutagenic
[39], typical
waste water

pollutant [9]

The most
widespread
product of
Type II
pyrethroid
pesticide
[9,40]

Antimicrobial
agent which

20,288, 218, 290 527 isusedin 50064 400

63 personal care ﬁ/L
products h
[41,42]

*values from chemspider.com database.

Phenan-

s 178 178 527

337.4+£9.0

-Cyper-

siothii 163, 184, 209 416 6.05

511.3 +50

Triclosan

3. Results and Discussion

The aim of this study was to develop a method for the simultaneous analysis of trace organic
chemicals on micro- and nanoplastic particles and polymer identification using a new analytical
technique combining TD-GC/MS and Pyr-GC/MS. First, it had to be ensured that the method was
reproducible and free of carry-over for the analysis of reference polymers. In anext step, this method was
validated using selected trace organic chemicals that were sorbed onto reference particles. As indicator
chemicals, in this study, we used phenanthrene, x-cypermethrin, and triclosan. The three trace organic
chemicals were selected considering their different structural formulas, hydrophobicities (represented
by different log Kow values) and environmental relevance (Table 2). In this study, PS (41, 40, 0.078 pum),
PE (48 um) and PMMA (48 um) particles were used.

3.1. Scope of Application for TD-Pyr-GC/MS

The application area of TD-Pyr-GC/MS is mainly in the rapid qualitative analysis of
environmental samples targeting interactions of trace organic chemicals and different polymer types,
e.g., ecotoxicological assays or spiked samples of lab- or pilot-scale wastewater treatment processes.
Since no additional extraction steps are required for the analysis of trace organic chemicals, the sample
preparation time is short. The pure measuring time for one sample is 2 h, which allows a high sample
throughput. Figure 3 illustrates a possible workflow of sample analysis. The particles to be analyzed
are separated from the liquid phase by filtration and freeze-drying. For analysis, the samples are
applied to the pyrolysis tubes. Depending on the assay, a target analysis (SIM mode) or a non-target
analysis (SCAN mode) can be performed. Then, the coupled TD-Pyr-GC/MS analysis is carried out
as described in 2.1. The final data analysis results in a quick qualitative overview of possible trace
organic chemicals present and the types of polymers.

3.2. Sources of Contamination in the TD-Pyr-GC/MS System

One aim of this study was to establish an analytical approach by minimizing carry-over.
Preliminary experiments were carried out with PS containing styrene dimers and trimers as characteristic
substances for identification in the MS fragment spectrum. An accumulation of the characteristic
substances in the system was observed with increasing numbers of measurements. This carry-over was
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verified by measuring an empty tube with TD-GC/MS followed by Pyr-GC/MS after each measurement.

The results imply that the analytes are transferred from incomplete pyrolysis of the sample to the
subsequent TD measurement of the empty tube. It is assumed that during pyrolysis, not the whole
content of substances reaches the GC column but accumulates in the system [43].

(a) Sample Inlet Tubes

Carryover was observed using tube types A and B (Figure 2b). Measurements with tube type C
showed good results and significantly reduced the problem of substance transfer. Therefore, type C
tubes were used for all temperature optimization tests and sorption experiments. Pyrolysis tubes type
A and B are closed at the bottom. Therefore, a constant flow of helium cannot be guaranteed.

(b) Transport Adapters

Pyrolysis tubes type C were mounted on transport adapters (Figure 2c) which can also be a source
of contamination. To avoid contamination inside of the adapter, the lower part of the adapter was
cleaned after each measurement for 15 min in dichloromethane and an ultrasonic bath. In addition, the
filament of the pyrolysis unit is another wearing part carrying a risk of contamination.

(c) Filament for pyrolysis

After approximately 300-350 measurements with the same filament, more impurities appeared
during the empty tube measurements. The filament was examined more closely and black dots and
soot discolorations were visible. However, this source of contamination could easily be eliminated by
changing the filament regularly.

3.3. Influence of Different TD Temperature Programs on Pyrolysis of Particles of Different Materials and Size

Reference particles without indicator substances were used to study and optimize the thermal
desorption temperature. Thereby, characteristic pyrolysis products of each polymer were used for
the Pyr-GC/MS data evaluation. Particle samples with adsorbed substances were thermodesorbed
(TD-GC/MS) and subsequently pyrolyzed (Pyr-GC/MS). In this way, already, pyrolysis fragments
eluting in the TD-GC/MS could be identified. The resulting chromatograms and pyrograms of the

individual polymers were extracted according to their characteristic fragments (as shown in Table 1).

As examples, PS chromatograms and pyrograms are shown in Figure 4. These were extracted for the
di- and trimer in TD (Figure 4a) and Pyr (Figure 4b), respectively. The pyrogram shown in Figure 4a
reveals that polystyrene particles (78 nm) are, in large part, already fragmented into the di- and trimer
in the TD. In Figure 4b, the pyrogram is contrasted with the di- and trimer of the polystyrene particle
(78 nm).

For TD temperature optimization, measurements with the selected particles (PMMA, PE and PS)

were performed at the final temperatures of 120, 200 and 280 °C and results are shown in Figure 5.

A significant increase in PMMA pyrolysis products in the thermodesorption step occurred with an
increase in TD temperature. Differences can be seen for the PS microplastic particles (PS40 pm and PS 41
um). Since the PS 40 pm particles were stored dry but the PS 41 um were suspended in ethanol, it seems
that the storage conditions of the particles might have an influence. The TD temperature variation has
no influence on the PE particles, independent of the temperature the characteristic products are only
visible in the pyrogram. The final thermal desorption temperature was chosen at 200 °C, considering
that 120 °C is too low to achieve quantitative desorption of most trace organic chemicals. A TD
temperature of 200 °C is also more suitable than 280 °C for the analysis of thermolabile substances.
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Figure 4. Evaluation of chromatogram/pyrogram of PS 78-nm particles by extracted-ion chromatogram
(EIC) of dimer (I) and Trimer (II) (a) TD-Chromatogram (TD-GC/MS), (b) Pyrogram (Pyr-GC/MS).
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Figure 5. Percentage of the characteristic pyrolysis products of the polymers (Table 1) of the single
polymers (polymethyl methacrylate (PMMA), polyethylene (PE) and polystyrene (PS)) already visible
in the TD Chromatogram calculated from the peak areas. The remaining percentage of the characteristic

pyrolysis products is visible in the Pyrogram.
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3.4. Desorption Behavior of Phenanthrene, a-Cypermethrin and Triclosan

For the validation of the newly developed TD-Pyr-GC/MS method, the sorption behavior of the
target trace organic chemicals (Table 2) at two final concentrations (1000 ug/L and 100 ug/L) on the
different particles was investigated. The boiling points of the trace organic chemicals used in this study
are reported in Table 2. If more polymer products are present in the TD, there is a risk of interference
with trace organic chemicals and that both the trace organic chemicals and the characteristic substances
of the polymers can no longer be clearly identified. Figure 6a—c illustrate the measured peak area of
the trace organic chemicals divided by the weighed mass for the three target trace organic chemicals.
The results are discussed in the following sections.
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Figure 6. Sorption of the selected trace substances on PMMA (48 um), PE (48 pum), PS (78 um),
PS (41 um) and PS (40 pm) particles: (a) 1 pg/mL (left) and 0.1 pg/mL (right) phenanthrene, (b) 1 pg/mL
(left) and 0.1 pug/mL (right) x-cypermethrin and (c) 1 ug/mL triclosan. For evaluation, the peak area of
the trace substance was divided by the weighed mass.

Phenanthrene at a concentration of 1000 pg/L exhibited the highest degree of peak area per mass
on PS nanoparticles (78 nm), followed by PE (48 um), PS (41 um) and PS (40 pm). Almost no sorption
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occurred on PMMA (48 pm) (Figure 6a). These findings suggest a significant influence of particle size
on sorption ability. For phenanthrene at a concentration of 100 ug/L, only sorption on PS 78 nm and PE
particles was observed. The lowest degree of sorption of phenanthrene was noticed on the PMMA
particles. A difference was also observed for the PS particles, although they almost have the same
size (i.e., 40 and 41 pm). The particles suspended in ethanol (PS 41 pm) exhibited a higher degree of
sorption than the dry particles (PS 40 um). Here, ethanol might have served as an adsorption mediator.

The normalized degree of sorption of 1000 ng/L. a-cypermethrin on the particles was in general
lower compared to phenanthrene (Figure 6b). Applying o-cypermethrin at a concentration of 100 ug/L
sorption was only observed on PS 78 nm and PE particles. Due to a more complex structure and the
higher molecular weight of x-cypermethrin compared to phenanthrene, a contact time of 1 h may have
been too short to achieve a higher degree of adsorption. Interestingly, however, sorption is higher on
PMMA and lower on PE. Here, too, the highest degree of sorption was observed on PS 78-nm particles.

Triclosan at a concentration of 1000 pg/L adsorbed only on PS 78-nm and PE 48-pum particles
within a contact time of 1 h (Figure 6¢). Applying triclosan at a concentration of 100 ug/L, no sorption
was observed on any particle type. This contact time was likely too short, since Li et al. (2019) reported
that the sorption equilibrium of triclosan was only reached after 72 h [44]. Nevertheless, also for
triclosan, the highest degree of sorption was observed for the nanoparticles.

Due to the relatively short contact time of 1 h, the sorption equilibrium may not yet have been
reached and further experiments with longer contact times are pending. However, the sorption kinetics
and the individual detection limits of trace substances are beyond the scope of this paper and are
currently under investigation.

3.5. Comparison of the Desorption Behavior of the Selected Trace Organic Chemicals in TD and PYR

In order to assess the tendency of trace organic chemicals to desorb from particles, the percentage
of phenanthrene desorption during TD was considered and is illustrated in Figure 7. Although values
fluctuate, almost 100% of phenanthrene was already desorbing from PE particles during the TD step,
while PS particles (41 and 40 um) exhibited desorption varying between 25 and 60%. These significant
differences may be due to the different pretreatments of the particles. The PS 41-um particles were
suspended in ethanol whereas the PS 40-um particles were stored dry. By comparing different
concentration levels of applied trace organic chemicals, the concentration does not seem to influence
the desorption for PE, PS 40-um, and PS 78-nm particles significantly (Figure 7). These findings suggest
that the desorption behavior depends on both the particle size and the particle type. a-cypermethrin
and triclosan were both completely desorbed within the TD (data not shown).
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Figure 7. Percentage of phenanthrene in the concentrations of 1 ug/mL (a) and 0.1 pg/mL (b) desorbed
during TD from the particles.
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On the basis of these experiments, it is not yet possible to draw any conclusions regarding the
quantity of trace organic chemicals adsorbed on microparticles. However, those conclusions will
potentially be possible in the near future when both the trace organic chemicals on the particles and
the remaining trace organic chemicals in the aqueous phase will be examined. The aqueous phase

is analyzed via stir bar sorptive extraction (SBSE) and TD-GC/MS, the particles via TD-Pyr-GC/MS.
It was demonstrated that desorption behavior depends on both the particle type and the particle size.

In addition to size and shape, the main characteristics that are considered to influence sorption on
a plastic particle are crystallinity, density, structure and hydrophobicity [5,10,45].

3.6. Comparison of SCAN and SIM Mode for Selected Trace Organic Chemicals on PS Nanoparticles

The three target trace organic chemicals were incubated at the concentration of 1000 pg/L on PS
78 nm particles and measured in TD-GC/MS using SIM mode. The SIM mode was optimized for the
respective trace substance; see Section 2.4. The peak areas, and thus the sensitivity, increased in SIM
mode for all trace substances: phenanthrene (+33% + 2%), -cypermethrin (+54% + 12%), and triclosan
(+58% + 12%). For target analysis, it is, therefore, recommended to measure in SIM mode.

3.7. Trace Organic Chemical Sorption in Relation to the Particle Surface

Since the polystyrene particles are assumed to be spherical in shape, their surface area could
be calculated. Subsequently, the calculated surface was divided by the measured peak area in the

chromatogram. The number of particles was calculated on the basis of the weighed mass (Table 3).

As expected, the number of nanoparticles (78 nm) is significantly higher compared to microparticles
(40 and 41 pum). In addition, the calculated surface area of the nanoparticles confirms that the surface
area is significantly larger for almost the same mass, thus providing more opportunities for the trace
organic chemicals to adsorb.

Table 3. Mass and number of polystyrene particles.

Particle Size b ficleType Mass(ug) Number of Particles  Surface Particles (m?)

(um)
41 Ps 2263 586-1679 3.10 x 107°-8.86 x 10~°
40 PS 23-64 660-1837 3.32x 1070923 x 1076
0.078 Ps 29-69 112 x 101267 x 10 2.14 x 1073-510 x 10~3
48 PE Not spherical
48 PMMA Not spherical

The degree of sorption of trace organic chemicals as a function of the peak area per particle surface
is illustrated in Figure 8. Comparing these findings with the results in which the polymers were plotted
as a function of particle per mass reveals that the higher degree of sorption of nanoparticles is mainly
due to the high number of particles and the higher specific surface area. The results also suggest that
the sorption on PS 41-um particles suspended in ethanol works better than on dry 40-pm particles.
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Figure 8. Sorption of the selected trace substances as a function of peak area/particle surface on the
spherical PS particles in sizes 40 um, 41 pm and 78 nm. (a) 1 ug/mL (right) and 0.1 pg/mL (left)
phenanthrene, (b) 1 ug/mL (right) and 0.1 ug/mL (left) a-cypermethrin, (c) 1 ug/mL (right) triclosan.

4. Conclusions and Outlook

The results of this study confirm that a new method can simultaneously identify trace organic
chemicals and polymer type in one analytical setup. This method offers fast sample analysis within
a short time period of 2 h. In comparison to Herrara et al., 2003 and Fries et al., 2013, who use
a double shot pyrolysis or a sequential pyrolysis GC/MS for the characterization of additives in
polymers, the sorption behavior of trace organic substances on different polymers and sizes without
extraction steps could be shown for the first time in this work [12,14]. The method development for the
determination of the optimal TD-temperature for the TD-Pyr-GC/MS also showed that this temperature
significantly influences the desorption behavior. In addition, it could be shown that TD-Pyr-GC/MS is
particularly suitable for the analysis of nanoplastic particles. The following objectives were achieved
through the TD-Pyr-GC/MS method development:
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1. Temperature optimization of the proposed TD-GC/MS method requires that the thermal desorption
temperature should be as high as possible in order to desorb all sorbed substances, and at the same
time, the temperature must be so low that as few pyrolysis products as possible are generated
during the thermal desorption step. In this regard, the optimal TD-temperature was identified to
be 200 °C.

2. A suitable Pyr-GC/MS method was developed which completely depolymerizes all targeted
polymers (i.e., PS, PE and PMMA) without leaving residues in the system and therefore avoiding
carry-over issues. For this purpose, an optimum pyrolysis temperature of 800 °C was determined.

In the experiments carried out, it was confirmed that sorption of trace organic chemicals depends
on both particle size and polymer type. In all sorption tests, it could be shown that the sorption on
nanoplastic particles was highest. Phenanthrene and «-cypermethrin exhibited a higher degree of
sorption on PS nanoparticles and on PS microparticles. For triclosan, no sorption on PMMA and
PS microplastic particles was observed. The sorption of phenanthrene on the particles was strongly
polymer-dependent (PMMA << PS 40 um < 41 um < PE < PS 78 nm). This adsorption trend was also
observed for a-cypermethrin (PS 41 um < PS 40 um < PE < PMMA < PS 78 nm). Triclosan adsorbed
only on PE and PS 78-nm nanoplastic particles (PE < PS78). In this study, however, the contact time was
limited to one hour and the sorption equilibrium might not have been reached after this time period.
The focus of this study, however, was not on sorption kinetics but on the establishment and practical
application of a new method for the analysis of trace organic chemicals on micro- and nanoplastic
particles. In further experiments, the contact time should be extended in order to assure that the
sorption equilibrium between the trace organic chemicals on the particles and the aqueous phase is
reached and to elucidate sorption kinetics.
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A Novel Analytical Approach to Assessing Sorption of Trace Organic Compounds

into Micro- and Nanoplastic Particles
Biomolecules 2022, 12, 953.

This study introduced a new method, combining thermal extraction/desorption—gas
chromatography/mass spectrometry (TD-Pyr-GC/MS), to analyze the sorption of trace organic
compounds (TOrCs) into micro- and nanoplastic particles. It allowed direct TOrC analysis from
the particles without extensive preparation. The study examined different polymer types and
sizes, finding PS nanoparticles (78 nm) showed the highest and fastest sorption. Additionally, it
demonstrated the feasibility of directly quantifying TOrCs from PS nanoparticles and showed that

multiple TOrCs could sorb onto the particles simultaneously in mixed solutions.

Julia Reichel designed, performed, evaluated the experiments and wrote the manuscript. Johanna
Grassmann, Oliver Knoop, Thomas Letzel and Jorg E. Drewes reviewed the manuscript and
contributed to the discussion.
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Abstract: Assessing the sorption of trace organic compounds (TOrCs) into micro- and nanoplastic
particles has traditionally been performed using an aqueous phase analysis or solvent extractions
from the particle. Using thermal extraction/desorption-gas chromatography/mass spectrometry
(TD-Pyr-GC /MS) offers a possibility to analyze the TOrCs directly from the particle without a long
sample preparation. In this study, a combination of two analytical methods is demonstrated. First,
the aqueous phase is quantified for TOrC concentrations using Gerstel Twister® and TD-GC/MS.
Subsequently, the TOrCs on the particles are analyzed. Different polymer types and sizes (polymethyl
methacrylate (PMMA), 48 pum; polyethylene (PE), 48 um; polystyrene (PS), 41 um; and PS, 78 nm)
were analyzed for three selected TOrCs (phenanthrene, triclosan, and a-cypermethrin). The results
revealed that, over a period of 48 h, the highest and fastest sorption occurred for PS 78 nm particles.
This was confirmed with a theoretical calculation of the particle surface area. It was also shown for the
first time that direct quantification of TOrCs from PS 78 nm nanoparticles is possible. Furthermore, in
a mixed solute solution, the three selected TOrCs were sorbed onto the particles simultaneously.

Keywords: microplastic; nanoplastic; desorption; sorption processes; TD-Pyr-GC/MS

1. Introduction

Due to the wide range of beneficial properties of polymers (such as low cost, durability,
and light weight), it is hard to imagine our everyday life without plastics [1,2]. However,
improper disposal of plastic products worldwide is causing more and more plastic waste
to enter the environment [3]. Larger plastic litter is subsequently being converted into
microplastics by the fragmentation of larger plastic pieces through photolytic, mechanical,
and biological degradation processes, while the chemical structure remains intact [4-6].
Microplastic particles can further disintegrate into nanoplastic [7-9]. Recently, micro- and
nanoplastics have been defined by an ISO standard (ISO/TR 21960:2020). According to
this standard, microplastics are water-insoluble particles with a size of 1 um to 1 mm and
nanoplastics are particles smaller than 1 um.

The porous polymer structure and high surface area of micro- and nanoplastics en-
ables both the adsorption of chemicals onto the particle surface and the absorption into the
particles [10]. Due to the hydrophobicity of plastics and their high surface-to-volume ratio,
trace organic compounds (TOrCs) might sorb readily to micro- and nanoplastics. This can
lead to the accumulation of TOrCs on plastic particles from the aqueous phase [2,9,11,12].
Thus, micro- and nanoplastics might act as vectors distributing persistent TOrCs into the en-
vironment and causing bioaccumulation in organisms [9,11,13,14]. A number of persistent
organic pollutants have been found to readily sorb into polymer particles, such as polychlo-
rinated bisphenyls (PCBs), dichlorodiphenyldichloroethylene (DDE), dichlorodiphenyl-
trichloroethane (DDT), and polycyclic aromatic hydrocarbons (PAHs) [11,15,16]. However,
the environmental risk associated with exposure of microplastics carrying TOrCs also
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depends on their relative source contribution. One review reports that the amount of
bioaccumulated hydrophobic organic chemicals from natural prey in rivers is higher than
the amount of ingested microplastics [17].

The identification or quantification of polymers can be achieved either spectroscopi-
cally by Fourier transform infrared spectroscopy (FTIR) or Raman spectroscopy in terms of
particle numbers and sizes, or by thermal analysis in terms of polymer masses [18-21]. Ther-
mal analysis-based methods include, for instance, thermal desorption-gas chromatography
mass spectrometry (TD-GC/MS) or pyrolysis-gas chromatography mass spectrometry
(Pyr-GC/MS) [20,22-24]. However, here, only the polymer is being analyzed and not the
sorbed TOrCs. To quantify sorbed TOrCs, two different approaches are commonly applied:
either the sorbed TOrCs are analyzed indirectly by examining the aqueous phase under
controlled conditions or the sorbed substances are extracted from the particles in specific
extraction steps with solvents and subsequently analyzed [25-32]. A limitation of the
extraction of TOrCs from particles with a subsequent analysis is that not all solvents are
suitable for all polymers. For instance, methanol seems not to be suitable for the extraction
of DDE from polypropylene (PP) particles and others [15]. A comprehensive summary of
current analytical approaches was summarized in a recent review [33].

TD-Pyr-GC/MS offers the possibility to identify the sorbed TOrCs and polymers
using one analytical setup [34]. For this purpose, the TOrCs are initially thermo-desorbed
from the particles and analyzed by GC/MS. In the subsequent pyrolysis step, the poly-
mer is pyrolyzed and can then be identified by its characteristic monomers. Due to a
simple modification of the TD-Pyr-GC/MS not only the particles but also the aqueous
phase concentration of TOrCs can be investigated by stir bar analysis (Gerstel Twister®)
and TD-GC/MS.

The concept of a combined TD-GC/MS and TD-Pyr-GC/MS analysis is applied in this
study for the first time. The degree of sorption of selected TOrCs, phenanthrene, triclosan,
and x-cypermethrin on polyethylene (PE), polystyrene (PS), and polymethyl methacrylate
(PMMA) is investigated with TD-Pyr-GC/MS. In all experiments, both the aqueous phase
(TD-GC/MS) and the particles (TD-Pyr-GC/MS) are analyzed directly. The aim of this
study is to investigate the degree of sorption of each TOrCs after 1 h, 24 h, and 48 h on
representative micro- and nanoparticles.

2. Analytical Systems, Materials, and Methods
2.1. Instrumental Systems

For the analysis of aqueous solutions, stir bars (Gerstel Twister®) were employed
and purchased from Gerstel GmbH & Co. KG (Miihlheim an der Ruhr, Germany). The
TD-Pyr-GC/MS analysis was equipped with a Gerstel Thermal Desorption Unit (TDU) 2, a
Gerstel Multi-PurposeSampler (MPS) roboticP™, a Cooled Injection System (CIS) 4 with
C506, and an Agilent 7890B gas chromatograph equipped with an DB-5MS Ultra Inert
column coupled to an Agilent 5977B MSD mass spectrometer.

The particles were analyzed using a TD-Pyr-GC/MS system. The setup was basically
the same, except that a pyrolysis module was integrated into the TDU 2 [34]. In the
thermodesorption phase (TD-GC/MS), the sample was first heated up to a temperature of
200 °C to desorb the TOrC. At —50 °C, the volatiles were trapped in the CIS and transferred
to the GC column while heating to 200 °C. The GC method was adopted from Ochiai et al.
(2005) [35]. The MS analysis was conducted in SIM mode. The same sample was now
pyrolyzed at 800 °C (Pyr-GC/MS). Since not all volatile TOrCs completely desorb from
the particle at a TD temperature, subsequent pyrolysis is essential. The pyrolysis products
were trapped and released at 350 °C. The sample injection of the CIS was operated in split
mode (100:1) to avoid contamination by polymer products. The sample was subsequently
analyzed by GC/MS. The initial temperature was set to 50 °C and maintained for 2 min.
The GC oven was subsequently heated to 320 °C with a gradient of 10 °C/min. This
temperature was held for 3 min. The final evaluations were carried out using the TD-
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Micro-/
Nanoplastic Incubation

Chromatogram for TOrC analysis and the Pyrogram for polymer analysis. A more detailed
method description can be found in Reichel et al., 2020 [34].

2.2. Materials

The reference micro- and nanoplastic particles were provided by BS-Partikel GmbH
(Mainz, Germany). The spherical polystyrene particles in sizes of 78 nm and 41 um,
respectively, were supplied suspended in EtOH. The PE and PMMA particles with a size
of 48 um were available in a dry state. a-cypermethrin (CAS: 67375-30-8) was purchased
from greyhoundchrom (Birkenhead, UK), phenanthrene (CAS: 85-01-8), and triclosan
(CAS: 3380-34-5) from Sigma Aldrich (Taufkirchen, Germany). The deuterated standards
phenanthrene-d10 (CAS: 1217-22-2) and cypermethrin-(phenoxy-d5) were purchased from
Sigma Aldrich (Taufkirchen, Germany). Triclosan-d3 (CAS: 1020719-98-5) was purchased
from Toronto Research Chemicals (Toronto, Canada). All chemicals were dissolved in
methanol and stored at 4 °C. Methanol (>99.8%) in HPLC-grade was purchased from
VWR (Ismaning, Germany). For the simulation of real environmental conditions, tap water
from Garching (Germany) was used for all sorption experiments. For the weighing of
the samples, a Sartorius Cubis® Ultramicro Balance (Gottingen, Germany) was used. For
filtration, nucleopore hydrophilic membrane filters (0.03 pum pore size) were purchased
from Whatman/GE Healthcare (Marlborough, MA, USA).

2.3. Sample Preparation for Sorption Processes Experiments

In an aqueous solution, the selected TOrCs (phenanthrene, triclosan, and «-cypermethrin)
were incubated with the defined micro- or nanoplastic particles. Depending on the ex-
periment, either the incubation time or the TOrC concentration were varied. In addition,
an experiment was performed with a mixture of the three selected TOrCs (phenanthrene,
triclosan, and «-cypermethrin). The three model substances were selected based on their
ecotoxicological relevance [36-39]. The particle concentration was always 1 g/L for all
polymers and sizes. After incubation, the suspensions were filtered to separate the aqueous
phase from the particulate phase. Both the aqueous and particulate phases were analyzed
to establish a mass balance between sorbed and unsorbed TOrCs.

The entire sample preparation workflow is shown in Figure 1.

o o
p

Transfer in TD-tubes

Filtrate +
deuterated
standard

TD-
Chromatogram

Particle

Freeze drying for
20 min

® Do

Figure 1. First, the TOrCs and microplastic particles are incubated in aqueous solution. Then, the
sample is filtered. The filtrate (1) is mixed with the deuterated standard and stirred for 1 h with the
Twister. The Twister is added to the TD tube and analyzed via TD-GC/MS. The TOrCs are analyzed
via the TD chromatogram (A). The particles (2) are scraped off the filter with a spatula, placed in a
vial, and freeze dried. The dried particles are weighed directly into the pyrolysis tube and analyzed
by TD-Pyr-GC/MS. The TD chromatogram is used to evaluate the volatiles (A), and the pyrogram is
used for the polymers (B).
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The respective methods are explained in the following sections.

2.3.1. Analysis of the Aqueous Phase

After incubation and filtration, the filtrate was diluted 1:10 for quantitative analy-
sis. The deuterated standards phenanthrene-d10 (50 ng/L), cypermethrin-(phenoxy-d5)
(0.1 mg/L), and triclosan-d3 (0.01 mg/L) were added corresponding to the TOrC filtrate
to obtain a final volume of 10 mL. A stir bar sorptive extraction (SBSE; Gerstel Twister®,
Miihlheim an der Ruhr, Germany) was used for the TD-GC/MS quantification of the TOrCs.
The Gerstel Twisters® were coated with a polydimethylsiloxane (PDMS, film thickness
0.5 mm, length 10 mm) layer. In all experiments, the Gerstel Twisters® were stirred on a
Thermo Fisher (Waltham, MA, USA) magnetic stirrer (15 positions) for 1 h at room temper-
ature and 1000 rpm. The Gerstel Twister® was removed, washed with ultra-pure water,
and dried with a lint-free tissue. The Gerstel Twister® was then transferred to the thermal
desorption tube and analyzed by TD-GC/MS.

Calibration curves were prepared in each case using the appropriate deuterated
standards to quantitatively determine the TOrCs in the filtrate. In order to eliminate the
influence of filtration, the calibration standards were also filtered.

2.3.2. Particle Analysis

After filtration, the particles were scraped off the filter with a spatula, freeze-dried for
20 min, and stored at 4 °C for a maximum of 24 h. These were then weighed directly into
the pyrolysis tubes, with a maximum of 80 ug to avoid a system overload. This sample was
then analyzed by TD-Pyr-GC/MS.

2.3.3. Sorption Processes as a Function of Time

For the determination of the sorption of the selected TOrCs as a function of time (1 h,
24 h, and 48 h), 10 mg of particles were suspended in 10 mL of tap water in each case. The
TOrCs phenanthrene, triclosan, and a-cypermethrin were added with a final concentration
of 1 mg/L. The stock solution of the TOrCs was previously prepared in methanol. The
suspension was shaken for 1 h, 24 h, and 48 h at room temperature at 1000 rpm. All
experiments were performed in quadruplicates.

2.3.4. Sorption Processes with Different TOrC Concentrations on Nanoparticles

In order to determine whether TD-Pyr-GC/MS can also be used to reliably determine
concentration differences on the particles, three concentrations (1 mg/L, 5 mg/L, and
10 mg/L) of each of the selected TOrCs (phenanthrene/ triclosan/ «-cy permethrin) were
sorbed onto the PS 78 nm particles in aqueous solution (10 g/L), respectively. Since rapid
sorption into the PS 78 nm particles was observed within 1 h in previous experiments, the
incubation time was set to 1 h. Both the aqueous phase (TD-GC/MS) and the particles
(TD-Pyr-GC/MS) were analyzed.

2.3.5. Sorption Processes with Mixtures of TOrCs

To investigate how the three TOrCs phenanthrene, triclosan, and «-cypermethrin
affect each other, the three TOrCs were added simultaneously to the PS 78 nm and PE
48 um particles (10 g/L) at concentrations of 1 mg/L and 10 mg/L, respectively. After
an incubation period of 1 h, the samples were filtered and analyzed by TD-GC/MS and
TD-Pyr-GC/MS.

2.4. Evaluation of the TD-GC/MS and TD-Pyr-GC/MS Data

TD-GC/MS: The mass spectrometer operated in SIM mode and the TOrCs phenan-
threne (1/z 178), triclosan (m/z 290), and «-cypermethrin (/z 163), and their correspond-
ing deuterated standards were analyzed (Table 1).
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Table 1. Characteristic signals for MS analysis, properties, and structure of selected TOrCs.
Characteristic Molecular Van der Waals i
Substance Signals (m/z) Weight (g/mol) Surface * (A2) log D (pH 7) Structure
o
A ~

«-Cypermethrin

Phenanthrene

Triclosan

163, 184, 209 416 571 5.35 i
o f\

178 178 261 3.95 OO

OH
290, 288, 218, 63 290 319 5.80 /©/ O:O\
" = =

* calculated via MarvinSketch 21.3. All data were statistically analyzed for significant outliers using Dixon’s Q-test
and Grubbs test at a level of 0.05. The significant outliers were no longer included in data evaluation.

TD-Pyr-GC/MS: In the thermodesorption step, analysis was performed in a combined
SIM/full scan mode to identify the selected TorCs in the SIM mode and, at the same
time, also to identify any characteristic substances of the polymers in the full scan mode.
Pyrolysis was performed in full scan mode to identify potential carryover or contamination
of polymer products. Moreover, pyrolysis can also identify the TOrCs (e.g., phenanthrene)
that do not completely desorb in the TD.

Data analysis was performed using Mass Hunter Workstation software (Ver.B.08.000,
Agilent) for TD-GC/MS and TD-Pyr-GC/MS analysis. Compound identification was
validated via MS spectra, and a NIST database comparison was performed.

Specific mass spectrometric signals were selected for the identification of the selected
TOrCs in the aqueous and in the particulate phases via TD-GC/MS (Table 1). A more
detailed description of the data analysis can be found in Reichel et al., 2020 [34]. The data
were standardized (peak area over weighed particle mass in the pyrolysis tube) to provide
a basis of comparison for the sorption of TOrCs on polymers.

3. Results and Discussion

The aim of the study was to establish the analysis of TOrCs directly from particles and
to validate it with an aqueous phase analysis. For the sorption tests with phenanthrene,
triclosan, and a-cypermethrin, a TOrC concentration of 1 mg/L was applied in each case.
PE 48 pm, PMMA 48 um, PS 41 um, and PS 78 nm were used as reference particles. The
concentration of the particle suspension was 1 g/L.

3.1. Sorption Behavior of Phenanthrene, Triclosan, and a-Cypermethrin onto Reference Particles

Up until now, most sorption studies have investigated either only the aqueous or
the particulate phase [25-27,29,31,40]. So far, no mass balances of the sorbed substances,
consisting of aqueous and particulate phases, have been performed. In the following,
sorption of the TOrCs phenanthrene, x-cypermethrin, and triclosan in the aqueous phase
and onto the particles after incubation times of 1 h, 24 h, and 48 h are considered.

3.1.1. Phenanthrene

Phenanthrene is a non-polar chemical and easily sorbs into non-polar polymers. Con-
sequently, the results shown in Figure 2a confirm that phenanthrene is no longer present
in the aqueous filtrate of the PE 48 um, PS 78 nm, and PMMA 48 um particles already
after an exposure time of 1 h. For PS 41 um particles, the phenanthrene concentration
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8.0x10° v

in the aqueous filtrate decreases over time. Considering the sorption onto the different
polymers illustrated in Figure 2, it can be seen that, despite large deviations, the sorption
onto PE 48 um (Figure 2b) and PS 78 nm (Figure 2a) particles is already completed after 1 h.
Deviations can occur due to the weighing of the particles or due to incomplete pyrolysis
of the particles. The sorption results of the particle phase analysis (TD-Pyr-GC/MS) are
supported by the aqueous phase results (TD-GC/MS). A slight increase in phenanthrene
concentration on the PS 41 um particles from 1 h to 48 h is indicated.
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Figure 2. Concentration of phenanthrene on micro- and nanoplastic particles. On the left y—axis
(black, square), the sorption on the particles (peak area pg ') is shown; on the right y—axis (red,
triangle), the normalized concentration in the aqueous phase (C/C) is presented. (a) PS 78 nm,
(b) PE 48 um, (c) PMMA 48 um, and (d) PS41 pm.

Compared with PS and PE, PMMA is relatively polar. Therefore, even after 48 h,
hardly any sorption of phenanthrene onto the particles was noticed (Figure 2c). This is
confirmed by the remaining high concentrations of TOrCs in the aqueous phase.

Compared with the other polymers studied, PE is the least polar. Therefore, its high
affinity for phenanthrene is to be expected. In the case of the polymer PS and phenanthrene,
which are both aromatic compounds, a non-covalent interaction occurs by “stacking”
benzene rings and 77 interactions. Phenanthrene, with a rigid planar surface, may
approach the PS particle surface [41,42]. In addition, there is an additional effect of benzene
rings on sorption capability, with absorption being enhanced by a greater distance between
polymer chains due to the benzene rings [43]. Comparing the similar sized particles of PE
48 um and PS 41 pm, the sorption onto the PE particles is clearly increased. According
to Pascall et al. (2005), this might be due to the different distances between the polymer
chains in PS and PE [43]. The polymer backbone of PS consists of a benzene molecule,
while that of PE consists of hydrogen atoms. As a result, the segmental mobility within
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the polystyrene chains is temperature dependent, whereas that of PE is not. If the segment
mobility is high and the distance between the polymer chains is large, the TOrCs can easily
diffuse into the polymer matrix. In addition, the segmental mobility of PS is reduced by the
presence of benzene.

Considering the sorption of phenanthrene based on the aqueous and particulate phase
data over a period of 48 h (sampling: 1 h, 24 h, and 48 h), the sorption follows the following
order: PMMA 48 um < PS 41 um < PE 48 um < PS 78 nm.

3.1.2. Triclosan

Due to its fairly high symmetry, triclosan shows little polarity (Table 1). After only
1 h, almost all of the triclosan is sorbed onto the PS 78 nm nanoparticles (Figure 3a).
The aqueous phase and the particle data have been examined. In contrast to the PS
nanoparticles, sorption onto the PS microparticles (PS 41 um) is not yet complete even after
48 h (Figure 3d). The data of triclosan and the comparably polar PMMA (Figure 3c) clearly
indicate that sorption onto the particles has not yet occurred after 48 h.
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Figure 3. Concentration of triclosan on micro- and nanoplastic particles. On the left y—axis (black,
square), the sorption on the particles (peak area pg~') is shown; on the right y—axis (red, triangle)
the concentration in the aqueous phase (C/Cp) is presented. (a) PS 78 nm, (b) PE 48 um, (c) PMMA
48 um, and (d) PS41 um.

Due to the benzene rings in the structure of triclosan, it can form 7 interactions with
those of PS [26]. Additionally, the higher sorption of triclosan onto the nanoparticles (PS
78 nm) compared with the microparticles (PS 41 um) is clearly evident. This confirms the
results of Li et al. (2019), who reported an increased sorption capacity of triclosan with
decreasing PS particle size [44]. According to the literature, the sorption of triclosan onto
the polymers occurs mainly due to hydrophobic, hydrogen-bonding, and m-m-bonding
interactions [45,46].
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The analysis of the aqueous phase concentration of triclosan revealed the following
order: PMMA 48 um < PS 41 um < PE 48 um < PS78 nm. If only the particle phase is
considered, the following order appears: PMMA 48 um = PS 41 um < PE 48 pm < PS78 nm.
Comparing the same polymers PS, a significantly higher sorption onto the nanoparticles is
evident. These results are supported by Ma et al. (2019), reporting that particle size affects
the sorption behavior of triclosan [47], confirming that smaller particles provide a larger
surface area for sorption.

3.1.3. a-Cypermethrin

a-cypermethrin is a mixture of the two enantiomers 1R-cis-aS and 15-cis-xR. As
reported by Qin and Gan/2007), the substances can undergo isomerization in some organic
solvents such as methanol [48]. Since the standard solutions of x-cypermethrin were
prepared in methanol, it is likely that they also contain the diastereomers. The observed
signals in the chromatogram are therefore caused by the isomers, where the two sets of
enantiomers each produced one signal in the chromatogram. The same isomerization has
also been reported due to the high temperatures in the GC inlet, which could also cause the
presence of two signals in the chromatogram [49]. This could also affect the final evaluation
of «-cypermethrin, especially in the aqueous phase with the deuterated standard.

The concentration of x-cypermethrin in the aqueous phase is consistently very low for
all polymers (Figure 4a—d). Since the deuterated standard cypermethrin-(phenoxy-d5) was
used as a reference in the aqueous phase, this could have influenced the measurements due
to the presence of four isomers. Based on the polymer data, the highest sorption occurs on
the PS 78 nm particles (Figure 4a). However, deviations over 1 h, 24 h, and 48 h are very
large. For the PE 48 um (Figure 4b), PMMA 48 um (Figure 4c), and PS 41 um (Figure 4 d)
particles, the sorption onto the particles is lower.

T T T 1.5x10° T T T T T

1.5x10° v v T
a) PS78 nm L b) PE48 uym
< 1.0x10° - 1.0x10°
=3 =) k
= 2
@ L ] e @ e
g Qg £ < Q
o o
x x
$ t 3 L
O 50x10' 4 < i Q 50x10 b
. -
. 3 _ 1z
00 T T T T T 0.0 T T T T T
10 20 30 40 50 0 10 20 30 40 50
t/h t/h
1.5¢10 - - T r - 15x10 - - - - - -
c) PMMA 48 ym d) PS41 ym
2 P )
- 1.0x10 = 1.0x10
=] =) t
£ 2
g LS 8 I
s G S [3)
® ®
3 3 1
& 50x10* Q- 5.0¢10°
4
T “
b .
.
8 ! L
« -
0.0 T T r T — 00 T T r v r
10 20 30 40 50 0 10 20 30 40 50

t/h t/h

Figure 4. Concentration of x-cypermethrin on micro- and nanoplastic particles. On the left y—axis
(black, square), the sorption on the particles (peak area pg=") is shown; on the right y—axis (red,
triangle), the concentration in the aqueous phase (C/Cp) is presented. (a) PS 78 nm, (b) PE 48 um,
(c) PMMA 48 pm, and (d) PS41 um.
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The analysis of the aqueous phase concentration of triclosan revealed the following
order: PMMA 48 um < PS 41 um < PE 48 um < PS78 nm. If only the particle phase is
considered, the following order appears: PMMA 48 um = PS 41 um < PE 48 pm < PS78 nm.
Comparing the same polymers PS, a significantly higher sorption onto the nanoparticles is
evident. These results are supported by Ma et al. (2019), reporting that particle size affects
the sorption behavior of triclosan [47], confirming that smaller particles provide a larger
surface area for sorption.

3.1.3. a-Cypermethrin

a-cypermethrin is a mixture of the two enantiomers 1R-cis-aS and 15-cis-xR. As
reported by Qin and Gan/2007), the substances can undergo isomerization in some organic
solvents such as methanol [48]. Since the standard solutions of x-cypermethrin were
prepared in methanol, it is likely that they also contain the diastereomers. The observed
signals in the chromatogram are therefore caused by the isomers, where the two sets of
enantiomers each produced one signal in the chromatogram. The same isomerization has
also been reported due to the high temperatures in the GC inlet, which could also cause the
presence of two signals in the chromatogram [49]. This could also affect the final evaluation
of «-cypermethrin, especially in the aqueous phase with the deuterated standard.

The concentration of x-cypermethrin in the aqueous phase is consistently very low for
all polymers (Figure 4a—d). Since the deuterated standard cypermethrin-(phenoxy-d5) was
used as a reference in the aqueous phase, this could have influenced the measurements due
to the presence of four isomers. Based on the polymer data, the highest sorption occurs on
the PS 78 nm particles (Figure 4a). However, deviations over 1 h, 24 h, and 48 h are very
large. For the PE 48 um (Figure 4b), PMMA 48 um (Figure 4c), and PS 41 um (Figure 4 d)
particles, the sorption onto the particles is lower.
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Figure 4. Concentration of x-cypermethrin on micro- and nanoplastic particles. On the left y—axis
(black, square), the sorption on the particles (peak area pg=") is shown; on the right y—axis (red,
triangle), the concentration in the aqueous phase (C/Cp) is presented. (a) PS 78 nm, (b) PE 48 um,
(c) PMMA 48 pm, and (d) PS41 um.
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3.2.3. a-Cypermethrin

Based on the particle data (Figure 4a), it can be clearly seen that, here, too, the highest
degree of sorption occurs on the PS 78 nm particles. This is explained by the low surface
coverage with o-cypermethrin (ratio «-cypermethrin/PS 78 nm: 0.05). The ratio of triclosan
to PE 48 um, PS 41 um, and PMMA 48 pm is approximately the same. This is confirmed by
the sorption results of the particle data.

These results are confirmed by other studies reporting that the sorption of TOrCs on
nanoplastics is much stronger than on microplastics [26,50]. Sorption of polychlorinated
biphenyls (PCBs) to nano-PS (70 nm) was 1-2 orders of magnitude stronger than to micro-
PE (10-180 pm) due to the higher aromaticity and larger surface-to-volume ratio of nano-
PS [26]. In the further study, three different synthetic musks and their sorption onto
polypropylene (PP) particles of different sizes (2-5, 0.85-2, 0.425-0.85, or 0.125-0.45 mm)
were investigated. Again, the adsorption capacity was found to increase with smaller
particle size [50].

3.3. Sorption of Selected TOrCs as a Function of TOrC Concentrations on Nanoparticles

Based on the previous experiments, the PS 78 nm particles were selected to conduct
further experiments with different concentrations (1 mg/L, 5 mg/L, and 10 mg/L) of
TOrCs to be sorbed onto the PS 78 nm particles. The aim of the experiment was to evaluate
whether a quantitative analysis of the sorbed TOrCs on the nanoparticles is in principle
feasible by TD-Pyr-GC/MS.

3.3.1. Phenanthrene + PS 78 nm Particles

The phenanthrene concentration in the aqueous phase and on the particles was inves-
tigated (Figure 5a). For the initial concentration of 1 mg/L, there is no more phenanthrene
in the aqueous phase after an incubation time of 1 h. Concentrations of less than 0.2 mg/L
were observed for the 5 mg/L and 10 mg/L concentrations after 1 h of exposure in the
aqueous phase. In the TD-Pyr-GC/MS particle analysis, a distinct increase in sorbed
phenanthrene was noted. A quantification of this TOrC should therefore be possible.

3.3.2. Triclosan + PS 78 nm Particles

The triclosan concentration in the aqueous solution and the corresponding amount on
the particles of the initial concentrations of 1 mg/L, 5 mg/L, and 10 mg/L were studied
(Figure 5b). For all initial concentrations, the final concentration after 1 h incubation is below
1 mg/L. Considering the particle analysis (TD-Pyr-GC/MS), also here, a clear increase in
the triclosan concentration on the particles can be seen, so that quantification of triclosan
on the particles is possible.

3.3.3. a-Cypermethrin + PS 78 nm Particles

The concentration in the aqueous phase and in the particulate phase with the TOrC
a-cypermethrin after 1 h incubation with PS 78 nm particles and initial concentrations of
1mg/L,5 mg/L, and 10 mg/L were investigated (Figure 5¢). Compared with phenanthrene
and triclosan, the remaining concentrations and the deviations in the aqueous phase are
significantly higher. Based on these results (Figure 5¢), a quantification of the sorbed
amount on the particles is possible.
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Figure 5. Analysis of initial concentration of 1 mg/L, 5 mg/L, and 10 mg/L in the aqueous phases
via TD-GC/MS (C/Cp) and the particle phases via TD-Pyr-GC/MS (peak area pg~") for the TOrCs
(a) phenanthrene, (b) triclosan, and (c) x-cypermethrin. On the left y-axis (black, square), the sorption
on the particles (peak area pg~') is shown; on the right y-axis (red, triangle) the concentration in the

aqueous phase (C/Cp) is presented.

3.4. Sorption of the TOrC Mixture onto Reference Particles

Most studies on sorbed TOrCs on micro- or nanoplastic particles examine single
substances [10,30,44,51-53]. However, it is not to be expected that TOrCs will occur indi-
vidually in the aquatic environment, but that they are always present in mixtures [16,26].
If a mixture of substances is used, the sorption capacity of the single substance may be
affected. Therefore, in an additional experiment, the three selected TOrCs phenanthrene,
triclosan, and «-cypermethrin were sorbed simultaneously at concentrations of 1 mg/L
and 10 mg/L onto the polymers PS 78 nm and PE 48 um (1 g/L each). These particles
were selected because the sorption equilibrium had been rapidly established after 1 h in
the sorption experiments. In each of the experiments, the aqueous phase (TD-GC/MS) and
the particles (TD-Pyr-GC/MS) were analyzed.

The three TOrCS were sorbed onto PS 78 nm particles with an initial concentration
of 10 mg/L (Figure 6a). The concentrations of the individual TOrCs (x-cypermethrin
phenanthrene and triclosan) are compared with the mixed sorbed substances. Considering
the results from the aqueous phase and from the particle measurements, only minor
differences of the mixed measured TOrCs compared with the single substances were
observed which are in the range of the measurement fluctuations. In the case of these three
substances, the sorption capacity of the selected TOrCs neither increased nor decreased. The
calculated particle surface areas (Section 3.2) indicate that the surface of the nanoparticles
is only slightly occupied, and therefore, no agonistic or antagonistic effects occur.
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Figure 6. Comparison of the results of the measured single substances («-cypermethrin (a-Cyp),
Phenanthrene (Phen), and Triclosan (Trc)) and the measurement of the mixed TOrCS (a-Cyp-Mix,
Phen-Mix, Trc-Mix) with an initial concentration of 10 mg/L and sorption on PS 78 nm (a), with
an initial concentration of 1 mg/L and sorption on PE 48 um particles (b), and with an initial
concentration of 10 mg/L on PS78 nm and PE 48 um (c); measurements of the aqueous phase
were conducted via Gerstel Twister® and TD-GC/MS measurements of the particles were carried
out with TD-Pyr-GC/MS. On the left y—axis (black, square), the sorption on the particles (peak
area ug~') is shown; on the right y—axis (red, triangle), the concentration in the aqueous phase
(C/Cy) is presented.

Analogous to the sorption on PS 78 nm particles, the single and mixed substances
were sorbed onto PE 48 pm particles (Figure 6b). Based on the surface occupancy, a final
concentration of 1 mg/L was selected for all TOrCs. The sorption of a-cypermethrin
is not affected by the presence of the other TOrCs. Both in the aqueous phase and on
the particles, the sorption differs only marginally. Phenanthrene sorbs more strongly as
a single substance on PE 48 pm. This could indicate an antagonistic effect, which was
already observed by Bakir et al. (2012) for phenanthrene and DDT [54]. Triclosan, similar
to a-cypermethrin, is hardly affected by the presence of the other TOrCs. Both the aqueous
phase and the particle analysis indicate similar sorption.

Comparison of the sorption of the mixing experiments of PS 78 nm and PS 48 um
particles with an initial TOrC concentration of 10 mg/L shows that the degree of sorption
of all TOrCs is higher on the PS nanoparticles (Figure 6¢). This is reflected in the aqueous
phase as well as in the particle phase.
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3.5. Stability and Reproducibility of Data in TD-GC/MS and TD-Pyr-GC/MS Analysis

The quantitative analysis of an aqueous sample with stir bar sorptive extraction
(via Gerstel Twister?) and a GC/MS analysis is an established routine
procedure [38,55,56]. Nevertheless, high standard deviations occurred in some cases.
One reason for this could be the filtration step. Although nanofilters were used, it cannot
be ruled out that smaller particle fractions enter the aqueous phase and interact with the
Gerstel Twisters®. Additionally, the duration of filtration varies and depends on how
quickly the filter clogs.

Regarding the TD-Pyr-GC/MS data of the sorbed TOrCs, they show high standard
deviations with partly low reproducibility, especially in the incubation experiment over
48 h. However, only a concentration of 1 mg/L was investigated in these experiments.
If the quantification experiments with concentrations of 1 mg/L, 5 mg/L, and 10 mg/L
are considered, the data still have large deviations in some cases, but the different sorbed
concentrations are clearly visible. In these experiments, it was demonstrated for the first
time that quantification of TOrCs directly from the micro- and nanoparticle is possible.
Previous analyses directly from the microplastic particle have so far only been able to
identify substances such as polymer additives [22,23] and to quantify phthalates [57].
Quantification of TOrCs on nanoparticles has not been possible up until now.

4. Conclusions and Outlook

Based on the results of this study, the combination of TD-GC/MS and TD-Pyr-GC/MS
can be applied as a novel and quick method for the analysis and quantification of sorbed
TOrCs on micro- and nanoparticles and for polymer identification [34]. With the analysis of
both phases, the concentration in the aqueous phase and the peak area/weight on polymers
could be shown for the first time.

Sorption of the three selected TOrCs (phenanthrene, triclosan, and x-cypermethrin)
onto three different polymer types and sizes (PS 78 nm, PS 41 pm, PE 48 um, and PMMA
48 um) within 48 h was demonstrated. The results showing that the highest sorption occurs
on the PS 78 nm nanoparticles is supported by the calculation of the high surface-to-volume
ratio of the particles.

It was demonstrated for the first time that quantification directly from the particles is
possible using TD-Pyr-GC/MS. By showing clear peak area/weight differences for all three
selected TOrCs at concentrations of 1 mg/L, 5 mg/L, and 10 mg/L, a calibration based
on TOrC-loaded nanoparticles can be constructed. All data were statistically analyzed for
significant outliers using the Dixon Q test and the Grubbs test at a level of 0.05. The quan-
tification of TOrCs on particles could be particularly interesting for use in ecotoxicological
assays or in experiments using controlled laboratory-scale wastewater treatment plants.

By means of TD-Pyr-GC/MS, quantitative experiments especially regarding environ-
mental samples, could be performed in the future. Nevertheless, sample preparation must
be taken into account here and will need a specific design for each analytical question. The
samples should be free of organic material, such as biofilms. At the same time, the presence
of potentially interfering inorganics should be avoided. Additionally, the investigation of
the amount truly sorbed into the particles under the influence of various factors such as
pH, temperature, or salinity should be feasible using this analytical method. For future
experiments, it would be useful to consider different polymer types in the nanometer range.
As long as no chemical interactions during desorption occur, the sorbed TOrCs can be
quantified directly from the particle regardless of the polymer type and extraction methods.

In the future, the experimentally obtained sorption data obtained by TD-Pyr-GC/MS
analysis could still be validated by modeling (e.g., pp-LSER). However, so far, these model-
ing approaches for sorption experiments have been performed mainly with microplastic
particles and not with nanoplastic particles, so the number of databases is likely to be
limited [58,59].

Appendix Il

126



Biomolecules 2022, 12, 953 14 of 16

Author Contributions: Conceptualization, J.R., ].G. and T.L.; methodology, ].R. and J.G.; software,
J.R; validation, J.R., ].G. and T.L.; formal analysis, J.R. and J.G.; investigation, J.R. and ].G.; re-
sources, J.E.D.; data curation, ].R.; writing—original draft preparation, J.R.; writing—review and
editing, J.R., ].G., T.L.,, OK. and J.E.D.; visualization, J.R.; supervision, ].G., T.L.,, OK. and J.ED.;
project administration, O.K. and J.E.D. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the German Federal Ministry of Education and Research
(BMBF) in the project SubuTrack, grant number 02WPL1443A.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article.

Acknowledgments: We are grateful for the support by BS Partikel GmbH, who produced the micro-
and nanoplastic particles and Thomas Wagner from Gerstel GmbH & Co. KG for technical support.

Conflicts of Interest: The authors declare that there are no conflict of interest or competing interests.

References

113

i

10.

3

12.
13.

14.

15.

16.

17.

18.

19:

20.

Teuten, E.L.; Saquing, ].M.; Knappe, D.R.; Barlaz, M.A.; Jonsson, S.; Bjorn, A.; Rowland, S.J.; Thompson, R.C.; Galloway, T.S.;
Yamashita, R.; et al. Transport and release of chemicals from plastics to the environment and to wildlife. Philos. Trans. R. Soc. B
Biol. Sci. 2009, 364, 2027-2045. [CrossRef]

Bergmann, M.; Gutow, L.; Klages, M. (Eds.) Marine Anthropogenic Litter; Springer: Berlin, Germany, 2015.

Geyer, R.; Jambeck, J.R.; Law, K.L. Production, use, and fate of all plastics ever made. Sci. Adv. 2017, 3, €1700782. [CrossRef]
Barnes, D.K.A.; Galgani, F.; Thompson, R.C.; Barlaz, M. Accumulation and fragmentation of plastic debris in global environments.
Philos. Trans. R. Soc. Lond. B Biol. Sci. 2009, 364, 1985-1998. [CrossRef]

Roy, PK.; Hakkarainen, M.; Varma, L.K.; Albertsson, A.-C. Degradable Polyethylene: Fantasy or Reality. Environ. Sci. Technol.
2011, 45, 4217-4227. [CrossRef]

Browne, M.A.; Galloway, T.; Thompson, R. Microplastic—an emerging contaminant of potential concern? Integr. Environ. Assess.
Manag. 2007, 3, 559-566. [CrossRef] [PubMed]

Lambert, S.; Wagner, M. Characterisation of nanoplastics during the degradation of polystyrene. Cheniosphere 2016, 145, 265-268.
[CrossRef]

Mattsson, K.; Hansson, L.-A.; Cedervall, T. Nano-plastics in the aquatic environment. Environ. Sci. Process. Impacts 2015, 17,
1712-1721. [CrossRef]

Da Costa, ].P; Santos, P.S.M.; Duarte, A.C.; Rocha-Santos, T. (Nano) plastics in the environment-Sources, fates and effects. Sci.
Total Environ. 2016, 566-567, 15-26. [CrossRef]

Hiiffer, T.; Hofmann, T. Sorption of non-polar organic compounds by micro-sized plastic particles in aqueous solution. Environ.
Pollut. 2016, 214, 194-201. [CrossRef] [PubMed]

Rochman, C.M.; Hoh, E.; Hentschel, B.T.; Kaye, S. Long-Term Field Measurement of Sorption of Organic Contaminants to Five
Types of Plastic Pellets: Implications for Plastic Marine Debris. Environ. Sci. Technol. 2013, 47, 1646-1654. [CrossRef] [PubMed]
Andrady, A.L. Microplastics in the marine environment. Mar. Pollut. Bull. 2011, 62, 1596-1605. [CrossRef]

Alimi, O.S.; Farner Budarz, J.; Hernandez, L.M.; Tufenkji, N. Microplastics and Nanoplastics in Aquatic Environments: Aggrega-
tion, Deposition, and Enhanced Contaminant Transport. Environ. Sci. Technol. 2018, 52, 1704-1724. [CrossRef] [PubMed]
Gonzélez-Pleiter, M.; Pedrouzo-Rodriguez, A.; Verdy, I.; Leganés, F.; Marco, E.; Rosal, R.; Fernandez-Pifas, F. Microplastics as
vectors of the antibiotics azithromycin and clarithromycin: Effects towards freshwater microalgae. Chemosphere 2021, 268, 128824.
[CrossRef]

Mato, Y.; Isobe, T.; Takada, H.; Kanehiro, H.; Ohtake, C.; Kaminuma, T. Plastic Resin Pellets as a Transport Medium for Toxic
Chemicals in the Marine Environment. Environ. Sci. Technol. 2001, 35, 318-324. [CrossRef] [PubMed]

Napper, LE.; Bakir, A.; Rowland, S].; Thompson, R.C. Characterisation, quantity and sorptive properties of microplastics extracted
from cosmetics. Mar. Pollut. Bull. 2015, 99, 178-185. [CrossRef] [PubMed]

Koelmans, A.A.; Bakir, A.; Allen Burton, G.; Janssen, C. Microplastic as a Vector for Chemicals in the Aquatic Environment:
Critical Review and Model-Supported Reinterpretation of Empirical Studies. Environ. Sci. Technol. 2016, 50, 3315-3326. [CrossRef]
Thompson, R.C.; Olsen, Y.; Mitchell, R.P; Davis, A.; Rowland, S.J.; John, A.W.; Russell, A.E. Lost at Sea: Where Is All the Plastic?
Science 2004, 304, 838. [CrossRef] [PubMed]

Klein, S.; Worch, E.; Knepper, T.P. Occurrence and Spatial Distribution of Microplastics in River Shore Sediments of the Rhine-Main
Area in Germany. Environ. Sci. Technol. 2015, 49, 6070-6076. [CrossRef] [PubMed]

Duemichen, E.; Braun, U.; Senz, R; Fabian, G.; Sturm, H. Assessment of a new method for the analysis of decomposition
gases of polymers by a combining thermogravimetric solid-phase extraction and thermal desorption gas chromatography mass
spectrometry. J. Chromatogr. A 2014, 1354, 117-128. [CrossRef] [PubMed]

Appendix Il

127



Biomolecules 2022, 12, 953 15 of 16

21.

22

23.

24.

25.

26.

27

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

Fischer, M.; Scholz-Bottcher, B.M. Simultaneous Trace Identification and Quantification of Common Types of Microplastics
in Environmental Samples by Pyrolysis-Gas Chromatography-Mass Spectrometry. Environ. Sci. Technol. 2017, 51, 5052-5060.
[CrossRef]

Fries, E.; Dekiff, ].H.; Willmeyer, ].; Nuelle, M.T,; Ebert, M.; Remy, D. Identification of polymer types and additives in marine
microplastic particles using pyrolysis-GC/MS and scanning electron microscopy. Environ. Sci. Process. Impacts 2013, 15, 1949-1956.
[CrossRef] [PubMed]

Herrera, M.; Matuschek, G.; Kettrup, A. Fast identification of polymer additives by pyrolysis-gas chromatography/mass
spectrometry. J. Anal. Appl. Pyrolysis 2003, 70, 35-42. [CrossRef]

Diimichen, E.; Barthel, A.K.; Braun, U.; Bannick, C.G.; Brand, K.; Jekel, M.; Senz, R. Analysis of polyethylene microplastics in
environmental samples, using a thermal decomposition method. Water Res. 2015, 85, 451-457. [CrossRef] [PubMed]
Seidensticker, S.; Zarfl, C.; Cirpka, O.A.; Fellenberg, G.; Grathwohl, P. Shift in Mass Transfer of Wastewater Contaminants from
Microplastics in the Presence of Dissolved Substances. Environ. Sci. Technol. 2017, 51, 12254-12263. [CrossRef]

Velzeboer, I.; Kwadijk, C.J.A.F.; Koelmans, A.A. Strong Sorption of PCBs to Nanoplastics, Microplastics, Carbon Nanotubes, and
Fullerenes. Environ. Sci. Technol. 2014, 48, 4869-4876. [CrossRef] [PubMed]

Zhang, J.; Chen, H.; He, H.; Cheng, X.; Ma, T.; Hu, J; Yang, S.; Li, S.; Zhang, L. Adsorption behavior and mechanism of
9-Nitroanthracene on typical microplastics in aqueous solutions. Chemosphere 2020, 245, 125628. [CrossRef] [PubMed]

Zhang, X.; Zheng, M.; Yin, X.; Wang, L.; Lou, Y.; Qu, L.; Liu, X.; Zhu, H.; Qiu, Y. Sorption of 3,6-dibromocarbazole and
1,3,6,8-tetrabromocarbazole by microplastics. Mar. Pollut. Bull. 2019, 138, 458-463. [CrossRef]

Wang, J.; Liu, X.; Liu, G.; Zhang, Z.; Wu, H.; Cui, B.; Bai, ].; Zhang, W. Size effect of polystyrene microplastics on sorption of
phenanthrene and nitrobenzene. Ecotoxicol. Environ. Saf. 2019, 173, 331-338. [CrossRef]

Guo, X.; Pang, J.; Chen, S; Jia, H. Sorption properties of tylosin on four different microplastics. Chemosphere 2018, 209, 240-245.
[CrossRef]

Fan, X,; Zou, Y.; Geng, N.; Liu, J.; Hou, J.; Li, D.; Yang, C.; Li, Y. Investigation on the adsorption and desorption behaviors of
antibiotics by degradable MPs with or without UV ageing process. J. Hazard. Mater. 2021, 401, 123363. [CrossRef]

Wu, P; Cai, Z.; Jin, H.; Tang, Y. Adsorption mechanisms of five bisphenol analogues on PVC microplastics. Sci. Total Environ.
2019, 650, 671-678. [CrossRef] [PubMed]

Reichel, J.; Grafmann, J.; Knoop, O.; Drewes, J.; Letzel, T. Organic Contaminants and Interactions with Micro- and Nano-Plastics
in the Aqueous Environment: Review of Analytical Methods. Molecules 2021, 26, 1164. [CrossRef] [PubMed]

Reichel, J.; Gramann, J.; Letzel, T.; Drewes, J. Systematic Development of a Simultaneous Determination of Plastic Particle
Identity and Adsorbed Organic Compounds by Thermodesorption-Pyrolysis GC/MS (TD-Pyr-GC/MS). Molecules 2020, 25, 4985.
[CrossRef] [PubMed]

Ochiai, N.; Sasamoto, K.; Kanda, H.; Yamagami, T.; David, F.; Tienpont, B.; Sandra, P. Optimization of a multi-residue screening
method for the determination of 85 pesticides in selected food matrices by stir bar sorptive extraction and thermal desorption
GC-MS. J. Sep. Sci. 2005, 28, 1083-1092. [CrossRef] [PubMed]

Browne, M.A.; Niven, S.].; Galloway, T.S.; Rowland, S.J.; Thompson, R. Microplastic Moves Pollutants and Additives to Worms,
Reducing Functions Linked to Health and Biodiversity. Curr. Biol. 2013, 23, 2388-2392. [CrossRef] [PubMed]

Karlsson, M.V,; Carter, L.J.; Agatz, A.; Boxall, A.B.A. Novel Approach for Characterizing pH-Dependent Uptake of lonizable
Chemicals in Aquatic Organisms. Environ. Sci. Technol. 2017, 51, 6965-6971. [CrossRef] [PubMed]

Bartonitz, A.; Anyanwu, LN.; Geist, J.; Imhof, HK.; Reichel, J.; Grafmann, J.; Drewes, ].E.; Beggel, S. Modulation of PAH toxicity
on the freshwater organism G. roeseli by microparticles. Environ. Pollut. 2020, 260, 113999. [CrossRef]

Yordanova, V.; Stoyanova, T.; Traykov, L.; Boyanovsky, B. Toxicological Effects of Fastac Insecticide (Alpha—Cypermethrin)
toDaphnia MagnaandGammarus Pulex. Biotechnol. Biotechnol. Equip. 2009, 23 (Suppl. S1), 393-395. [CrossRef]

Seidensticker, S.; Grathwohl, P.; Lamprecht, J.; Zarfl, C. A combined experimental and modeling study to evaluate pH-dependent
sorption of polar and non-polar compounds to polyethylene and polystyrene microplastics. Environ. Sci. Eur. 2018, 30, 30.
[CrossRef]

Penner, N.A.; Nesterenko, PN.; Ilyin, M.M.; Tsyurupa, M.P,; Davankov, V.A. Investigation of the properties of hypercrosslinked
polystyrene as a stationary phase for high-performance liquid chromatography. Chromatographia 1999, 50, 611-620. [CrossRef]
Liu, L.; Fokkink, R.; Koelmans, A.A. Sorption of polycyclic aromatic hydrocarbons to polystyrene nanoplastic. Environ. Toxicol.
Chem. 2016, 35, 1650-1655. [CrossRef] [PubMed]

Pascall, M.A.; Zabik, M.E.; Zabik, M.].; Hernandez, R.J. Uptake of Polychlorinated Biphenyls (PCBs) from an Aqueous Medium
by Polyethylene, Polyvinyl Chloride, and Polystyrene Films. J. Agric. Food Chem. 2005, 53, 164-169. [CrossRef] [PubMed]

Li, Y; Li, M; Li, Z; Yang, L.; Liu, X. Effects of particle size and solution chemistry on Triclosan sorption on polystyrene
microplastic. Chemosphere 2019, 231, 308-314. [CrossRef] [PubMed]

Behera, S.K.; Oh, S.-Y.; Park, H.-S. Sorption of triclosan onto activated carbon, kaolinite and montmorillonite: Effects of pH, ionic
strength, and humic acid. J. Hazard. Mater. 2010, 179, 684-691. [CrossRef]

Xu, J.; Niu, J.; Zhang, X; Liu, J.; Cao, G.; Kong, X. Sorption of triclosan on electrospun fibrous membranes: Effects of pH and
dissolved organic matter. Emerg. Contam. 2015, 1, 25-32. [CrossRef]

Ma, J.; Zhao, J.; Zhu, Z.; Li, L.; Yu, E. Effect of microplastic size on the adsorption behavior and mechanism of triclosan on
polyvinyl chloride. Environ. Pollut. 2019, 254, 113104. [CrossRef]

Appendix Il

128



Biomolecules 2022, 12, 953 16 of 16

48. Qin, S.; Gan, J. Abiotic Enantiomerization of Permethrin and Cypermethrin: Effects of Organic Solvents. |. Agric. Food Chen. 2007,
55,5734-5739. [CrossRef]

49. Liu, W, Qin, A.S.; Gan, J. Chiral Stability of Synthetic Pyrethroid Insecticides. J. Agric. Food Chem. 2005, 53, 3814-3820. [CrossRef]

50. Zhang, X.; Zheng, M.; Wang, L.; Lou, Y.; Shi, L.; Jiang, S. Sorption of three synthetic musks by microplastics. Mar. Pollut. Bull.
2018, 126, 606-609. [CrossRef]

51. Wang, W.; Wang, J. Comparative evaluation of sorption kinetics and isotherms of pyrene onto microplastics. Chemosphere 2018,
193, 567-573. [CrossRef]

52.  Gong, W,; Jiang, M.; Han, P; Liang, G.; Zhang, T.; Liu, G. Comparative analysis on the sorption kinetics and isotherms of fipronil
on nondegradable and biodegradable microplastics. Environ. Pollut. 2019, 254, 112927. [CrossRef] [PubMed]

53. Xu, B.; Liu, F; Brookes, P.C.; Xu, J. Microplastics play a minor role in tetracycline sorption in the presence of dissolved organic
matter. Environ. Pollut. 2018, 240, 87-94. [CrossRef] [PubMed]

54. Bakir, A.; Rowland, S.J.; Thompson, R.C. Competitive sorption of persistent organic pollutants onto microplastics in the marine
environment. Mar. Pollut. Bull. 2012, 64, 2782-2789. [CrossRef] [PubMed]

55. Camino-Sanchez, EJ.; Zafra-Gomez, A.; Perez-Trujillo, ].P.; Conde-Gonzalez, ].E.; Marques, J.C.; Vilchez, J.L. Validation of a
GC-MS/MS method for simultaneous determination of 86 persistent organic pollutants in marine sediments by pressurized
liquid extraction followed by stir bar sorptive extraction. Chemosphere 2011, 84, 869-881. [CrossRef] [PubMed]

56. Kolahgar, B.; Hoffmann, A.; Heiden, A.C. Application of stir bar sorptive extraction to the determination of polycyclic aromatic
hydrocarbons in aqueous samples. ]. Chromatogr. A 2002, 963, 225-230. [CrossRef]

57. LaNasa,].; Biale, G.; Mattonai, M.; Modugno, F. Microwave-assisted solvent extraction and double-shot analytical pyrolysis for
the quali-quantitation of plasticizers and microplastics in beach sand samples. |. Hazard. Mater. 2020, 401, 123287. [CrossRef]

58. Mosca Angelucci, D.; Tomei, M.C. Uptake/release of organic contaminants by microplastics: A critical review of influencing
factors, mechanistic modeling, and thermodynamic prediction methods. Crit. Rev. Environ. Sci. Technol. 2020, 52, 1356-1400.
[CrossRef]

59. Xu,].; Wang, L.; Sun, H. Adsorption of neutral organic compounds on polar and nonpolar microplastics: Prediction and insight

into mechanisms based on pp-LFERs. |. Hazard. Mater. 2021, 408, 124857. [CrossRef] [PubMed]

Appendix Il

129



Appendix IV

Appendix IV

Validation of Sample Preparation Methods for Microplastic Analysis in

Wastewater Matrices—Reproducibility and Standardization
Water 2020, 12, 2445

This study aimed to develop a sample preparation method for wastewater samples to analyze
microplastics. Three protocols (KOH, H>O,, and Fenton reactions) were evaluated for their
effectiveness in removing organic matter from microplastic samples without altering polymer
properties. Results showed that H.O, and Fenton reactions were effective, while KOH dissolved
certain polymer particles.
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Abstract: There is a growing interest in monitoring microplastics in the environment, corresponding
to increased public concerns regarding their potential adverse effects on ecosystems. Monitoring
microplastics in the environment is difficult due to the complex matrices that can prevent reliable
analysis if samples are not properly prepared first. Unfortunately, sample preparation methods are
not yet standardized, and the various efforts to validate them overlook key aspects. The goal of
this study was to develop a sample preparation method for wastewater samples, which removes
natural organic matter without altering the properties of microplastics. Three protocols, based on
KOH, H;0,, and Fenton reactions, were chosen out of ten protocols after a literature review and
pre-experiments. In order to investigate the effects of these reagents on seven polymers (PS, PE, PET,
PP, PA, PVC, and PLA), this study employed pFTIR, laser diffraction-based particle size analysis,
as well as TD-Pyr-GC/MS. Furthermore, the study discussed issues and inconsistencies with the
Fenton reactions reported in the literature in previous validation efforts. The findings of this study
suggest that both HoO; and Fenton reactions are most effective in terms of organic matter removal
from microplastic samples while not affecting the tested polymers, whereas KOH dissolved most
PLA and PET particles.

Keywords: microplastics; wastewater; Fenton reaction; hydrogen peroxide; digestion methods;
sample preparation

1. Introduction

The first studies regarding microplastic contamination in oceans appeared in the 1970s and since
then, interest in the topic has been rapidly growing, especially in recent years [1,2]. Microplastics
are defined differently in the literature, either as plastic particles smaller than 5 mm, or smaller than
1 mm [1,3-5]. Due to the difficulty of monitoring microplastics in the environment, even decades later
there are still not enough data to obtain a full picture of microplastic contamination [2]. The difficulty
in assessing microplastics in the environment lies in distinguishing microplastics from the complex
mixture of natural organic and inorganic particles in any given environmental matrix. These can
be, for example, inorganic particles like sand and silt, but also organic particles originating from
biofilms, plant, and animal debris [6]. Even with the advent of modern analytical methods such as

Water 2020, 12, 2445; doi:10.3390/w12092445 www.mdpi.com/journal/water

Appendix IV

131



Water 2020, 12, 2445 20f27

Fourier-transform infrared spectroscopy (FTIR) and Raman spectroscopy, a natural matrix can still
hinder the detection of microplastics or at least increase the error factor considerably. Therefore,
appropriate sample preparation steps are necessary.

Inorganic matter is usually separated from microplastics by using density differences. Common
microplastics have a density close to that of water (0.83-1.1 g/cm®), whereas most inorganic constituents
have higher densities. Using a concentrated salt solution, such as sodium chloride (NaCl) or sodium
iodine (Nal) solutions (with density of 1.2 and 1.8 g/cm?, respectively), microplastics and inorganics
can be separated based on the difference of their respective densities [7,8].

On the other hand, organic matter has a similar density to microplastics and cannot be separated
based on density differences [8,9]. Thus, a matrix rich in organic matter, such as biosolids, wastewater
effluents, or streambed sediments, needs to be treated via chemical digestion protocols such as oxidative,
acidic, alkaline, as well enzymatic digestions [8]. However, the use of strong chemical reagents can
inadvertently affect the characteristics of the microplastics being analyzed [7,10]. Although enzymatic
digestion protocols are usually safe for microplastics, they require long digestion times, which limits
their applicability [7]. To date, there are no standardized sample preparation methods. This is one of
the main factors limiting the comparability between various efforts to monitor microplastics in the
environment [7].

1.1. Sample Preparation Methods for Removing Organic Matter

Oxidative digestion methods are common in the literature, most of which are protocols utilizing
hydrogen peroxide (H203). It was utilized under various conditions with different concentrations
(15-35%), temperatures (room temperature up to 70 °C), and reaction times (a few hours to a
week) [7,11-14]. Table Al summarizes the hydrogen peroxide protocols used in microplastic studies
and the effects on both organics as well as polymers [7,11-14]. In general, it can be observed that
hydrogen peroxide provided effective digestion and little degradation in polymers when using lower
temperatures (up to 60 °C) and/or shorter reaction times (up to 24 h). Therefore, hydrogen peroxide
was identified as a viable candidate to be investigated in this study.

Fenton reaction is a viable alternative to hydrogen peroxide, as it usually requires lower reaction
times [15-17]. Similar to the situation with hydrogen peroxide, Fenton reactions were applied
differently in the literature. The utilized reaction times varied from 20 min to 24 h, depending on the
applied protocols [17-19]. Table A2 summarizes some of the Fenton protocols used in microplastic
studies [7,15-17]. There, it can be observed that Fenton can provide effective digestion, while causing
minimal effects on the investigated microplastics. Therefore, Fenton was considered as a candidate to
be investigated in this study.

Acid-based digestion methods, such as hydrochloric acid (HCI) and nitric acid (HNO3), have been
traditionally used to digest biological samples such as fish tissues [11,20,21]. Studies reported that
some polymers are sensitive to acids and might be affected or dissolved during treatment [12,13,21-25].
Table A3 summarizes some of the acid-based protocols used in the literature [11-13,20-22,25]. Some acid
digestions were tested in pre-experiments in this study (SI Section S1.1), where they were found to
result in microplastics deterioration. Based on this and reports from the literature about the degradation
of several polymers, acid-based digestions were excluded from this study.

Alkaline treatments, such as potassium hydroxide (KOH) and sodium hydroxide (NaOH),
were also often used for biological samples [11,13,22,25-28]. Some studies reported that alkaline
digestion might cause discoloration or damage to the investigated microplastics, especially
NaOH [27,29]. On the other hand, Hurley et al. [7] tested a digestion method with 10% of KOH at
60 °C, and achieved around 57% removal of organic matter from sludge, while observing minimal
changes of the microplastics tested. Table A4 summarizes some of the alkaline-based protocols used in
the literature [7,11,13,22,25-29]. Alkaline digestions were tested in the pre-experiments performed in
this study (SI Section S1.1), and a protocol based on KOH (10%) was selected as a possible candidate to
be investigated further.
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Finally, enzymatic digestions can be an alternative to chemical digestions, especially for biological
tissues such as those from fish or plankton [25,27]. They have also been used in conjunction with
other treatment methods to treat wastewater samples [30]. The problem with such protocols is usually
the long period of time (days) required for complete digestions. In addition, applying this digestion
can be expensive or might be incomplete, especially for wastewater samples, which can require a
follow-up application of other chemical reagents for a complete digestion [7]. For this reason, enzymatic
digestions were excluded from this study, as a rapid reaction and efficiency were key attributes desired
in the protocol selection.

1.2. Parameters Used in Microplastic Monitoring

An important goal when analyzing microplastic particles found in environmental samples is the
determination of size and abundance [31-33]. Chemical digestion methods might dissolve microplastic
particles and cause a general decrease in their size or a loss of particles under a certain size range.
This would cause an underestimation of the microplastics and represent serious consequences for
the conclusions of some studies. Furthermore, identifying polymer types is also desirable during
microplastic monitoring and often involves specific pyrograms from gas chromatography coupled
with mass spectrometry (GC-MS), or spectra from Fourier-transform infrared spectroscopy (FTIR).
An improper digestion method might interfere with these specific pyrograms/spectra and hinder
unambiguous microplastic identification. Therefore, it is important that the selected chemical digestion
method neither alters the size of the investigated particles, nor interfere with their identification.

1.3. Research Objectives and State-of-the-Art

The objective of this study was to investigate the most common sample preparation methods for
isolating microplastic particles from organic matrices, as well as to discuss the inconsistencies that
have been identified in different studies. Then, this knowledge was used to develop and validate
sample preparation methods to extract microplastics from wastewater samples, without effecting the
important identifying parameters for microplastics that were discussed in the previous section.

Several recent studies have already attempted to validate sample preparation methods for
microplastics [7,8,11,15,17,22,26]. However, these studies contained one or more of the following
shortcomings: (A) working with larger microplastic particles (>500 um) due to easier handling
and analysis [7,15,22,26]; smaller particles have a larger surface area to volume ratio and might be
far more susceptible to unintended effects from the chemical reagents used in sample preparation.
(B) Using a small number of microplastic particles, which can limit the statistical significance of the
findings [7,11,17,22,26]. (C) When using FTIR to compare the IR spectra of microplastic particles
before and after exposure to the chemical treatment. It is common to compare the spectra of treated
particles against their reference spectra to observe any changes. However, due to easy handling,
reference spectra are often obtained in attenuated total reflection (ATR) mode, while for environmental
samples, usually FTIR microscopy (LFTIR) spectra are used [7,8,15,17]. These modes of analysis do not
always yield the exact same results, thus, they cannot be used interchangeably. Some FTIR researchers
mentioned that ATR and pFTIR spectra differ from one another due to different beam penetration
depths [34]. However, this has never been addressed in studies concerning microplastics, where the
practice of obtaining reference spectra using ATR and comparing it to pFTIR spectra of the treated
environmental sample is very common. This can lead to confusion in spectra interpretation if not
addressed. (D) For studies implementing a digestion protocol based on the Fenton reaction, handling
of the large amounts of precipitated iron (III) particles usually is not mentioned. This phenomenon
can negatively affect microplastic detection by covering the entire sample with a layer of iron (III)
particles. (E) Finally, studies reported completely different behaviors and contact times for the Fenton
reaction [7,15-19]. Some studies even reported reaction times up to 24 h [19], which seems unlikely in
terms of reaction kinetics, as the Fenton reaction forms hydroxyl radicals, which result in diffusion
limited reaction rates. Thus, the process should be rapid. Lastly, studies like Masura et al. [16] heated
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the reactants to 75 °C, which is surprising as the Fenton reaction is exothermic and sometimes, cooling
is recommended to protect polymers from excessive temperatures [7].

To allow a comprehensive validation and to consider the shortcomings of the mentioned previous
validation efforts, the experimental design in this study was adapted accordingly: (A) Microplastic
particles with sizes between 80-330 um were selected. (B) For size distribution analysis, depending on
the microplastic type, approximately 4 X 103-2 x 10° particles were investigated. (C) uFTIR analysis
was applied to both the reference and treated microplastic particles in order to minimize bias in
interpretation. (D) The Fenton reaction as a possible digestion method for microplastics was further
investigated by adapting the protocol from Tagg et al. [17] and refining it to address the issues associated
with the precipitation of iron (III). (E) Finally, an experimental setup was dedicated to investigating
Fenton reaction kinetics. This was intended to elucidate the reasons behind the discrepancies and long
reaction times required for the Fenton reaction, as reported in some studies [15,19].

2. Materials and Methods

2.1. Selection of Sample Preparation Protocols

Ten feasible sample preparation protocols were selected based on a comprehensive review of the
peer-reviewed literature [7,14,17,21,27,35-37]. They were then investigated in pre-experiments using
250 um PS-particles (BS-Partikel, Mainz, Germany) and an optical microscope (Axioplan 2, Carl Zeiss
AG, Oberkochen, Germany) to assess visual changes to the particles’ surface. For further details, refer
to Supplementary Materials Section S1.1.

Furthermore, questionnaires were sent to the project partners within the research consortium
‘Plastic in the Environment’ sponsored by the German Federal Ministry of Education and Research, to

gather more information about the most common methods utilized to digest environmental samples.

The findings from these reviews along with observations from the pre-experiments resulted in a final
selection of three methods for further testing. An overview of the selected protocols is provided in
Table 1. Furthermore, a workflow for applying the protocols to real sludge/wastewater samples is
provided in Figure 1.

Table 1. Protocols investigated in this study.

Protocols Temperature Time

Fenton (30% H,0; + 20 g/L FeSOy) [17] Unregulated 10 min + 10 min cooling
KOH (10%) [22] 60 °C 24h
H0; (30%) [7] 60 °C 24h

In case other sample volumes are used than what is specified in Figure 1, the ratios of reactants
should be kept the same. For KOH and hydrogen peroxide protocols, the ratio of reagent to sample

is 10:1. As for Fenton, the ratios can be back calculated from the procedure described in Figure 1.

Alternatively, a scaling factor (K) is utilized to achieve this goal; a complete explanation is given in the
Supplementary Materials Section S1.2.
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Figure 1. Workflows of the three selected protocols for processing microplastics from wastewater
sludge samples.

2.2. Materials

Seven different polymers were used in this study: Polystyrene (PS), low density polyethylene
(LDPE), polyvinyl chloride (PVC) (Ineos, London, UK), polypropylene (PP) (Borealis, Vienna, Austria),
polyethylene terephthalate (PET) (TPL, Zurich, Switzerland), polyamide (PA) (Lanxess, Cologne,
Germany), and polylactic acid (PLA) (Nature Works, Minnetonka, MN, USA). The particle sizes for all
polymers were between 80 and 330 um (detailed information in Supplementary Materials Table S2).

Ultra-pure water (UPW) was produced using an arium® pro VF (Sartorius, Géttingen, Germany)
with an ultra-filter and used for all steps. Hydrogen peroxide (H,0O;) (30%) was purchased from
Merck, Germany and Carl Roth, Karlsruhe, Germany. Different batches were tested (ISO/Ph.Eur.
stabilized; for synthesis, stabilized, Carl Roth, Germany and VWR, Germany) to observe the impact
of the different manufacturing standards of hydrogen peroxide quality on Fenton reaction kinetics.
The ferric sulfate (FeSOy) catalyst was prepared using FeSO4 7H,0 (Merck, Germany), which was
weighed and dissolved in UPW and the pH was subsequently adjusted to 3 using sulfuric acid (H,SOy4,
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0.5 M; VWR, Germany). Potassium hydroxide (KOH, 10 wt%) was prepared from dissolving pure
KOH pellets (Merck, Germany) in UPW. To minimize contamination by foreign particles, all reagents
were filtered prior to application, using 0.2 um syringe filters.

Sample filtration was performed using a vacuum filtration unit made of glass (DURAN, Mainz,
Germany). The filters used were track etched polycarbonate filters, 25 mm in diameter with a pore
size of 0.2 um (PCTE, unsterile, Carl Roth, Germany). For rinsing glass apparatuses and producing
stable microplastic suspensions, 0.1% (v/v) of the surfactant Tween 20 (Merck, Germany) in UPW was
utilized (Supplementary Materials Section 51.5).

2.3. Contamination Mitigation and Quality Assurance

To ensure minimal airborne microparticle cross-contamination, all experiments were conducted
in a laminar flow box (Laminar Flow Module FMS series SuSi, Spetec, Erding, Germany). The samples
were handled outside of this setup only when weighing the microplastics. During this process, the
samples were always covered with aluminum foil to prevent cross-contamination. Lab coats made
only out of cotton were worn at all times to avoid plastic fibers contaminating the samples.

2.4. Investigating the Discrepancies in Fenton Reactions

The authors of the current study were perplexed by the widely different Fenton reaction kinetics
and behaviors reported in the literature, and the lack of discussion thereof [7,15-19]. The Fenton
reaction is exothermic and should not require any external heating to exceed temperatures of 40 °C [38].
This was in accordance with the pre-experiments performed in this study, as well as reactions described
by Hurley et al. [7] and Tagg et al. [17], where the digestion reactions with organic matrices were
quick, needing merely 20 min to complete, and required cooling to prevent them from exceeding
40 °C. On the other hand, some studies mentioned reaction times up to 24 h, or described heating the
reactants externally to 75 °C [16,19].

To investigate if the source of those discrepancies is somehow related to the various manufacturing
processes used to produce hydrogen peroxide, identical H,O, concentrations (30%) were used,
albeit from five different commercially available batches: (i) Hydrogen peroxide 30%, stabilized,
(Perhydrol®) EMSURE® ISO analytical reagent, Supelco® (Merck, Germany), (i) Hydrogen peroxide
30% ROTIPURAN® p.a., ISO, stabilized (Carl Roth, Germany), (iii) Hydrogen peroxide 30%, Ph. Eur,
stabilized (Carl Roth, Germany), (iv) Hydrogen peroxide 30% for synthesis, stabilized (Carl Roth,
Germany), as well as (v) Hydrogen peroxide 30% stabilized, EMPROVE® ESSENTIAL Ph. Eur., BP,
USP, SAFC® (Merck, Germany).

The Fenton protocol was performed identically with each one of these batches of hydrogen
peroxide. No microplastics were used in these experiments, as the investigation was concerned merely
with the kinetics and general behavior of the Fenton reaction itself. Thus, samples comprised only the
filtered reagents (hydrogen peroxide and iron sulfate); no additional particles or organic matter were
added to prevent any unforeseen implications. The reaction was performed as explained in Figure 1 and
the Supplementary Materials Section S1.2, with a scaling factor (K) of 2 mL (Supplementary Materials
Section S1.2), or simply 2 mL of FeSO, 7H,0; and 4 mL of HO, as starting volumes (Figure 1),
resulting in a final total reagents volume of 16 mL. The experiments were performed in duplicates
in 100 mL Erlenmeyer flasks. The temperature and pH of the reactions were recorded over time.
To understand the effects of thermal dissipation/insulation on reaction kinetics, additional experiments
for the selected hydrogen peroxide batches were performed by placing the 100 mL Erlenmeyer flasks
on an aluminum bench to simulate a larger heat dissipation condition, whereas plastic centrifugal
tubes (50 mL) were used to simulate heat insulation.

Subsequently, the experiments with the 100 mL Erlenmeyer flasks were repeated buta 1.5 x 1.5 cm
piece of tissue paper was placed inside each flask and allowed to react as before in order to observe the
effects of different reaction kinetics on the removal of organic matter.
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2.5. Investigating the Effects of Sample Preparation on Microplastics

To ensure that sample preparation protocols do not interfere with the characterization of
microplastic parameters as mentioned in Section 1.2, they were investigated for changes in their size
distributions as well as their characterization by pFTIR and Thermal Desorption-Gas Chromatography
coupled with mass spectrometry (TD-Pyr-GC/MS), before and after applying the digestion protocols.
Table 2 shows the samples that were prepared for these investigations. The samples were prepared
in 50 mL glass flasks for Fenton samples, and 10 mL glass tubes for the rest. Polymers were each
made as individual samples for all the tests listed below in order to assess the changes to each of
them individually.

Table 2. Protocols that were investigated for their effects on the polymers.

Protocols Description
Control 5 mL UPW @ Room Temperature
Fenton As described in Figure 1 (2 mL FeSOy as a starting volume)
H,0O, As described in Figure 1 (5 mL HyO,)
KOH As described in Figure 1 (5 mL KOH)
** Temperature control 60 °C 5mL UPW @60 °C and 24 h
** Temperature control 90 °C 5 mL UPW @ 90 °C and 20 Minutes

** Only performed for size distribution analysis in order to isolate the melting or agglomerating effects of the
clevated temperature from the effect of the chemical reagents.

The temperature controls simulated the maximum temperatures and durations encountered in
each of the protocols (60 and 90 °C for H,O,/KOH and Fenton protocols, respectively), and were made
for the same exposure times (24 h and 20 min, respectively).

2.5.1. Size Distribution Analysis by Laser Diffraction

Laser diffraction measurements for particle size distribution analysis were conducted using a
Malvern “Mastersizer S long bed”, a small volume sample dispersion unit (SVSDU), and a sample
disperser, all manufactured by Malvern Panalitycal (UK). In the optical unit, a 2 mW He-Ne laser
with 633 nm wavelength, 18 mm beam width, and 2.4 mm beam length, was sent through a 300 RF
lens, whose measurement range is 0.05-900 um. The wet standard scattering model was applied.
The refractive index of water was used as the refractive index of the medium. The refractive indices
applied were 1.5295 (real) and 0.1 (imaginary) in 1.33 (medium). All measurements were carried out
according to ISO 13320:2009-10 [39].

Duplicate samples and controls, each consisting of 200 + 50 mg for PS, PE, PET, PA, PLA, and PVC
as well as 60 + 15 mg for PP, were used as per Table 2. Each sample was further subdivided into two
repetitions to improve the reliability of the analysis. All samples were suspended in 10 mL UPW
containing a concentration of 0.1% (v/v) of the surfactant Tween 20, vortexed for 40 s at 2500 RPM prior
to analysis and then, poured into the wet dispersion unit. Measurements were only made after waiting
for 2 min to ensure full dispersion. The laser was aligned at the beginning of each measuring session.
The background scattering was determined before adding the sample aliquots into the SVSDU, which
was pre-filled with deionized water and then, stirred for 2 min to ensure proper dispersion in the
system. After each measurement, the SVSDU was cleaned with a 0.1% (v/v) Tween 20 solution. The
weighted average of each size distribution was calculated to compare the treated samples against
their corresponding control samples. Further, the smallest 10th percentile of the size distribution was
also compared in order to observe if the smallest particles in the size distribution exhibited more
size changes than the average size particles. Finally, to test the statistical significance, the frequency
tables from the Mastersizer measurements were transformed to raw data by using the Real Statistics
Resource Pack add-in for Microsoft Excel™, after which the data were exported to IBM’s SPSS®
Statistics package, where a Kruskal-Wallis 1-way analysis of variance (ANOVA) was performed for
each polymer type across all treatment methods. These results were subsequently compared against
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their respective controls with a post hoc analysis. The differences were only considered significant if
the probability (p) of the null hypothesis being true was smaller than 0.05.

2.5.2. FTIR Analysis

Samples and controls were prepared according to the protocols listed in Table 2, by weighing
2.5 mg of each of the microplastic types (PS, PE, PET, PP, PVC, PA, and PLA). Samples were then filtered
through a gold-coated polycarbonate membrane (diameter 25 mm, pore size 0.8 pm, Analytische
Produktions-, Steuerungs- und Kontrollgerdte GmbH, Germany) and measured by uFTIR spectroscopy
on an Agilent Cary 620 spectrometer coupled to an Agilent Cary 670 FTIR microscope, equipped
with a 128 x 128 pixel Focal Plane Array detector. IR images were measured in reflectance mode at a

spectral resolution of 8 cm ™! within a spectral range from 3750 to 800 cm™! and a number of 30 scans.

Before IR imaging, a mosaic photograph of the samples was taken in order to visualize any changes of
the particle’s surface morphology (Supplementary Materials Figures 52-S8). For each polymer type
and treatment, spectra from ten particles were extracted from the IR image and their average spectra
were calculated and normalized to values from 0 to 1. Additionally, further control particles were
measured in ATR mode (Germanium crystal) in order to illustrate the differences between the ATR
and reflectance uFTIR analysis modes.

2.5.3. Thermal Analysis by TD-Pyr-GC/MS

The TD-Pyr-GC/MS analysis was conducted with a thermal desorption unit (TDU) equipped with
a TDU Pyrolysis module, a Multipurpose sampler (MPS) roboticP™, a Cooled Injections System CIS 4
with C506 (all by Gerstel, Miilheim an der Ruhr, Germany), and a 7890B gas chromatograph equipped
with a DB-5MS Ultra Inert column in combination with a 5977B MSD mass spectrometer (all by
Agilent, Santa Clara, CA, USA). In the first step, the samples were thermodesorbed to analyze volatile
compounds at a final thermodesorption (TD) temperature of 200 °C. The sample was then cryofocused
in the cooled injection system (CIS) at =50 °C. The desorption mode was split-less. The GC/MS method
for the TD step was adopted from Ochiai et al., 2005. [40]. However, the cryofocusing was conducted
at =50 °C instead of —150 °C. In the second step, the sample was pyrolyzed with a final temperature
of 800 °C, followed by a GC/MS analysis. The mass spectrometer was operated in full-scan mode

(m/z range 40 to 550) with electron impact ionization (70 eV). For further details, refer to Reichel et al.

(submitted).

Duplicate samples were prepared as per Table 2, by weighing 2.5 mg of each of the microplastic
types. The reference particles of the polymers PS, PE, PLA, PET, PA, and PP were analyzed using
TD-Pyr-GC/MS: once without treatment (control) and once after applying the sample preparation
method. The chromatograms of the TD and pyrograms were compared in order to detect possible
changes for the untreated and treated polymers regarding the characteristic pyrolysis products. PVC
analysis could not be conducted due to the limitation of the TD-Pyr-GC/MS.

2.6. Determination of the Organic Matter Removal Efficiency from Sludge Samples

Thickened sludge samples were collected from the return-activated sludge (RAS) at a local
wastewater treatment plant in the city of Freising, Germany. The organic content of the sludge was
first determined via loss on ignition (LOI) by placing it in a furnace at 550 °C according to DIN
38409-1:1987-01 [41].

To gravimetrically determine the effectiveness of the three selected protocols, papers such as by
Hurley et al. [7] used a procedure where sludge was first dried at 105 °C for 24 h to establish the
starting dry weight of the sludge before treatment. Digestion protocols were applied to the dried
sludge, and what remained was then filtered, dried, and weighed. The difference in weight between
the starting dry weight and the final weight was assumed to correspond directly to the removal of
organic matter.
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This seemingly logical approach proved to be insufficient and error prone. The pre-experiments
in this study revealed that following the aforementioned approach resulted in dried and hardened
clay-like material that clumped and did not readily digest via the applied protocols (Supplementary
Materials Section S7). Therefore, a new approach was created where the sludge was not dried before
treatment; instead, its starting dry weight would be based on a control sample (surrogate). The process
was performed in parallel, as shown below in Figure 2.

G =)
Return activated sludge sample

1

Shake the sample vigorously by hand to homogenize it

Repeat for each
contrOI /\ Sample digestion protocol

a N 4 B\

Take 3 aliquots of 2 mL Take 3 aliquots of 2 mL

l

{

: ’ ) )
@ - - = Place in a suitable reaction flask, and
Place each repll'cate in a pre-weighed processes with each digestion
L aluminum plate protocol as defined in Figure 1. Filter
the remains onto a pre-weighed filter

and aluminum plate.
i

\ Ve

_4
Dry for 24 hours at 105 °C }
Measure the final dry weight }

Dry for 24 hours at 105 °C

I

Measure the final dry weight

1

Calculate the average dry weight
of control (ﬁ'-DW,Control)

|

Calculate the average dry weight
of sample (Mpw sample)

i

, _ Mpw control ~ Mpw sample

~
i . (G /

Total Weight R

Mpw control

Figure 2. The workflow used in this study for investigating the organic matter removal efficiency.

Finally, the studies assumed that all weight loss from digestion protocols corresponded directly to
organic matter removal [7], even though there is a certain number of inorganic and organic constituents
that will dissolve during digestion, thus, presenting additional weight loss that could be misconstrued
as organic matter removal. This might explain the findings of some studies, like Hurley et al. [7],
who reported organic matter removal efficiencies over 100%. To showcase that the total weight loss
after digestion may not entirely be due to organic matter removal, ultrapure water was added to 2 mL
sludge aliquots. They were then left for 2 h to dissolve readily solvable inorganic and organic fractions,
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filtered, and subsequently, dried for weight determination. This was done in duplicates, following the
workflow described in Figure 2.

3. Results and Discussion

3.1. Discrepancies in Fenton Reactions

The reasons behind the aforementioned surprising descriptions of Fenton reactions in the literature
can finally be understood based on the experiments of this study, as two general behaviors for the

Fenton reaction were observed, when testing the five aforementioned batches of hydrogen peroxide.

These differences occurred despite employing identical protocols and concentrations. To the best of the

authors’ knowledge, these different reaction behaviors have not been discussed in the literature before.

Thus, it is important to understand the mechanism behind these behaviors. This is important to assure
reproducible Fenton-based sample preparation methods. These two general behaviors of the Fenton
reaction are subsequently referred to as type I and type 1l Fenton reactions:

Type I Fenton reaction: This reaction type has been used and validated in this study and can be
reproduced when using batches i, ii, iv, and v. Its typical behavior was to start fizzing immediately
after mixing the reactants, accompanied by a rapid temperature increase, which peaked at the range
of 82-90 °C within 24 min, depending on the flask’s thermal insulation, as the reaction reached its
maximum intensity. This can be described as a boiling-like behavior and a change in color from an
initial dark color to orange due to the formation of iron precipitates. The reaction kinetic showed some
variation but it was largely consistent between runs as well as between different hydrogen peroxide
batches, as can be seen by the similar maximum temperatures and low standard deviation for the four
batches presented in Table 3.

Table 3. The reaction differences for the five batches of hydrogen peroxide when using 100 mL
Erlenmeyer flasks on the rubberized bench. Tmax—Maximum temperature.

H,0, Batches T [2C] PH @ Trax [-] Time Till Tpay [sec]
i) 86.9 + 0.9 1.62 + 0.03 157 + 4
(ii) 872+0.2 1.67 + 0.06 167 £ 19
(iii) 70.4 +23 1.72 +0.23 510 + 127
@iv) 85+ 04 1.67 + 0.05 173 + 11
(v) 84917 1.69 + 0.04 192 +5

Type II Fenton reaction: This type was observed only when using batch iii of hydrogen peroxide.

It typically exhibited a slower reaction kinetic than type I reactions. The initial fizzing was either very
weak or missing. Temperatures increased at a lower rate than type I reactions and a critical temperature
of 55 °C was needed in order to initialize boiling, which when occurring, would reach 82-90 °C within
7-10 min. However, the reaction was erratic, as can be seen in the elevated standard deviation values
of batch iii compared to the remaining batches in Table 3. Identical parallel tests were performing
differently, some reaching the boiling phase and others staying below 55 °C and failing to initialize
boiling. This was especially true when the Erlenmeyer flasks were placed on the aluminum bench to
simulate larger heat dissipation (Table 4). The experiments were repeated with two different bottles of
batch iii to ensure that this was not a coincidence.

Table 4. The reaction difference for type I and II Fenton reaction when using 100 mL Erlenmeyer flasks
on the aluminum bench for heat dissipation.

Reaction Type Tiax [°C] PH @ T [-] Time to Tpax [sec]
Type (1) (batch (ii)) 84.1+3.4 1.65  0.09 28+3
Type (II) (batch (iii)) 60.8 +29.3 1.7+025 554 + 190
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Surprisingly, type II reactions exhibited much more consistent results when using the more
thermally insulating 50 mL centrifugal tubes, consistently reaching 90 + 0.5 °C within 3—4 min,
very similar to the kinetics of type I when performing the same test. This indicates that heat insulation
plays a much larger role for type II reactions than it does for type I, which had a very consistent
behavior, regardless of the heat insulation of the used reaction flask. The color change still occurred,
as was the case with type I, albeit the end color was a light yellow instead of orange, indicating that
different iron species could be involved. The reactions that failed to initialize boiling had even less
precipitation of iron (III), as shown in Figure 3.

Figure 3. Visual difference between type [ and II Fenton reactions (end of reaction). (A): Type II that
failed to initialize boiling. (B): Type Il which initialized boiling. (C): Type I.

Finally, when using 100 mL Erlenmeyer flasks with tissue papers, type I consistently visually
digested the paper at the end of the reaction; a similar result was observed in the tests where type II
would initialize boiling. However, when type II failed to reach the critical temperature needed for the
boiling phase, the tissue paper was still visibly floating at the end of the reaction (Figure 4). Since the
reaction of type Ilis very unpredictable, it was excluded from this study and was not further validated.

Based on the observations revealed in this study, it is assumed that type II reactions were used in
works like Masura et al. [16], where they needed to heat the reactants to 75 °C to exceed the critical
temperature discussed above, thereby initializing the boiling phase of the reaction. This can also be
seen in the study of Prata et al. [15], who heated the reaction at 50 °C for 1 h. The slower kinetics of
type II could also explain the long reaction times in studies like Prata et al. and Flotron et al. [15,19],
whereas type I might be the one used in investigations such as Hurley et al. and Tagg et al. [7,17]
where no additional heat was needed to start the reaction and reaction times were short.

The formation of iron precipitates during Fenton reactions was not mentioned in
microplastic-related studies. This might cause problems during filtration when not addressed
(especially for type I), as iron precipitates tended to remain on the filters and covered the microplastics,
which would have prevented particle identification. This was solved in this study by adding 5% (v/v)
of 98% sulfuric acid at the end of the reaction, which quickly reacted with the precipitating iron species
and dissolved them within 30s (Figure 1).
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Figure 4. Differences between a type I Fenton reaction and a type II Fenton reaction that failed to
initialize boiling when digesting a piece of tissue paper. (A,C): type II before and after reaction. (B,D):
type I before and after reaction.

It became obvious that the reaction behavior of Fenton is influenced by the employed batch of
hydrogen peroxide. It can be assumed that the stabilization agents added to the hydrogen peroxide
are the critical factor for differentiation of the type I and type II reaction behaviors. However, the
stabilization agents are not stated by the manufacturers directly and were not further investigated
within this study.

The validations performed in this study followed the type I Fenton reaction by using batch (ii) of
the hydrogen peroxide for all subsequent validation experiments.

3.2. Investigating the Effects of Sample Preparation on Microplastics

3.2.1. Variation in Size Distribution (Laser Diffraction)

Some polymers, such as PLA and PET, did not tolerate the KOH protocol. Hence, the majority
of PET and PLA particles were dissolved after KOH digestion. The remaining few particles in the
suspension after digestion did not produce enough signal to be reliably detected. Nevertheless,
the resulting signal for PLA still showed a significant reduction in the size of the surviving particles,
as can be seen in Figure 5 for PLA. On the other hand, PS exhibited a slight size increase which
indicated the formation of a few small agglomerates or swelling. The rest of the polymers showed
little to no change after being exposed to KOH. The effect of KOH on PLA, PET, and PS can clearly be
seen in Figure 6. The changes were statistically significant after using Kruskal-Wallis post hoc pair
tests, with (p = 0.00) for both PLA and PET and (p = 0.006) for PS, both of which are well below the
significance value (p > 0.05).
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Figure 5. Size distribution analysis for PLA, the green area represents the smallest 10th percent (d10).
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Figure 6. Relative particle size changes after treatment (A) KOH, (B) Peroxide, and (C) Fenton,
compared to the controls (for weighted average sizes and 10th percentiles (d10)). The error bars
represent the standard deviations. PLA and PET in (A) were completely destroyed, thus no results are
given. The red and green stars indicate statistical significance for the entire distribution, as well as
d10, respectively.
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Using a 1 and 10 M NaOH and 60 °C for 24 h, Hurley et al. [7] observed a degradation of PET.
They attributed it to the saponification of ester bonds on the polymer’s surface. However, they observed
no such effect when using KOH (10%) with the same conditions. Other studies also observed no
adverse effect on PET particles when using different KOH protocols [22,29,42]. This might be because
the aforementioned studies utilized larger microplastics (>500 um) which possessed lower surface
area to volume ratios, making them potentially less susceptible to the digestion reagents than the
microplastics used in this current study. This issue, when coupled with the very small number of
particles used in the aforementioned studies, can severely reduce the reliability of their results. As for
PLA, no study was found that tested it specifically with the protocols chosen in the current study.
However, Kiihn et al. [42] tested six biodegradable microplastic particles with 1 M KOH at room
temperature for 2 days. The authors observed that PLA particles, derived from biodegradable bags,
were completely dissolved after applying the treatment. This agrees with the results found in the
current study.

Fenton and hydrogen peroxide protocols both showed no significant changes regarding the size
distribution of the tested polymers (Figure 6), with the exception of PLA, which exhibited slight
agglomeration tendencies with increased temperatures, especially during Fenton reactions, which
can briefly reach 90 °C. This manifested itself as an average size increase for PLA of 8.6% and 16.9%
for hydrogen peroxide and Fenton, respectively (Figures 5 and 6). These changes were statistically
significant only for Fenton though (p = 0.04). The temperature controls showed a more extreme
case with 9.4% and 28.9% size increases for 60 and 90 °C, respectively (Figure 7). The temperature
controls for 90 °C even showed a larger statistical significance when compared to the Fenton samples
(p = 0). This indicated that indeed, the forming of agglomerates was caused by increased temperatures,
possibly by making the particle’s surface sticky, which caused some of the particles to randomly adhere
to each other. This is supported by the fact that PLA has a glass transition temperature of around 60 °C,
which would cause it to become sticky past this temperature [43]. Still, the changes were not disastrous,
and the information about the particles was not lost as a result of melting. Although, when accurate
size assessments for PLA are needed, when using these Fenton or hydrogen peroxide protocols, it is
recommended to apply a correction to the average sizes to account for these results. This was also the
main reason for suspending the particles after treatment in 0.1% Tween 20 solution and vortexing for
40 s before an analysis was made, as it helped to break some of the agglomerates.

In order to understand the effect on smaller particles, the changes to the smallest 10th percentile
of the size distribution (D(v,0.1)), abbreviated here as (d10), were investigated. Figure 5 provides
a visual representation of d10 (green highlight). The smaller particles can be more susceptible to
degradation during treatment because of their larger surface area to volume ratios. Based on the d10
fractions, the tendency for severer size changes on smaller particles could be observed, although the
accuracy of the measurement degraded when measuring the smallest 10th percentile. This can be seen
in Figures 6 and 7 by the larger standard deviations for d10, compared to the mean size measurements.
This might be attributed to the reduction in accuracy in light scattering techniques when larger and
smaller particles are present in the same sample, as larger particles scatter the light at larger angles
than smaller particles and might cover them.

It can be further inferred from the results presented in Figures 6 and 7 that there are more
statistically significant size changes for d10 than when testing the larger particles. However, due to the
reduced measuring accuracy of the Mastersizer under these conditions, concrete conclusions cannot be
drawn, other than there is probably an increased tendency for smaller particles to be affected by the
applied treatments.
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Figure 7. Relative particle size changes after temperature treatments compared to controls (for weighted
average sizes and 10th percentiles (d10)). The error bars represent the standard deviations. (A): 60 °C
for 24 h, (B): 90 °C for 20 min. The red and green stars indicate statistical significance for the entire
distribution, as well as d10, respectively.

3.2.2. Variation in Infrared Spectra (FTIR)

WFTIR spectra of the treated microplastic particles in general revealed only few alterations
compared to untreated (reference) particle spectra (Supplementary Materials Figures S9-S15). Most of
the modifications were small and are not suspected to hamper polymer identification.

As discussed for the size distribution experiments, the majority of PLA and PET microparticles
were dissolved after the KOH treatment and consequently, their spectra were expected to be altered
severely. However, only small changes were observed in the spectra of the few remaining particles
after KOH treatment (Appendix A Figures Al and A2). All treated PLA particles exhibited a relatively
narrow band of intermediate strength at 3500 cm™! (Figure A2). This band was a lot broader in
untreated PLA particles. Spectra of KOH treatment induced a weak band at 3650 cm™ to the PLA
spectrum. Both bands indicate that OH groups were formed during sample treatment. Such OH
groups were described by Zhang et al. [44] when investigating the infrared spectra of PET.

The spectra of the KOH-treated PET particles (Figure A1) lacked the shoulder present in untreated
particles at the C=0 band at 1720 cm™!. Additionally, the band at 1945 cm™!, an aromatic C-H bending
overtone, was weaker compared to the other samples. This is in accordance with the fact that alkaline
hydrolysis can be used in the recycling process of PET [45]. Nevertheless, these changes were quite
small and are not suspected to hamper polymer identification.

In PVC, all digestion protocols induced a band at 3300 cm™, representing the formation of OH
groups by the oxidative reagents, indicating a hydroxylation at the surface (Figure A3). In general,
the spectral changes observed were small, however, they may lead to confusion for unexperienced
users during spectra interpretation. If a spectral range above 3000 cm™ is considered for polymer
identification in a database search, it is recommended to include an altered PVC spectrum into the
database. The rest of the microplastics exhibited no changes after the digestion protocols.

It can be concluded that if PLA and PET are among the target polymers for microplastic analysis,
samples should not be treated with KOH. It is very likely that the few PLA and PET particles detected
in the KOH samples investigated in this study were outliers that used to be much larger prior to
the KOH digestion, whereas the vast majority of the particles were too small and dissolved during
KOH digestion.
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As was mentioned earlier, due to the easy handling, usually attenuated total reflection (ATR)
mode is used for validation by researchers. However, ATR is suitable only for clean isolated particles
that are big enough to be placed on the ATR crystal individually and therefore, this mode is not
applicable for small microplastic particles (<500 um) from environmental samples. This is where
FTIR microscopy (ULFTIR) is used instead. The usage of focal plane array (FPA) detectors enables the
generation of FTIR images across a big sample area and therefore, reduces measurement time for real
samples. Often, studies would use ATR spectra of reference particles to identify the spectra of a sample,
regardless whether the latter were obtained using ATR or uFTIR. However, the spectra obtained with
the two methods are not perfectly comparable without mathematical correction to account for the
wavelength-dependent differences in penetration depth. Because penetration depth decreases with
increasing wavenumbers for ATR measurements, the C-H stretch region around 2900 cm™ exhibits
very weak absorption bands. These bands are significantly larger for uFTIR spectra. That is why in
this study, particle alterations due to chemical treatment were examined by comparing treated and
untreated PFTIR spectra with each other to reduce bias caused by different spectral acquisition modes.

In Figure 8, a pFTIR reflectance mode spectrum of an untreated PET particle is shown in comparison
to an ATR spectrum of the same material. Both spectra were normalized. The ATR spectrum is not
ATR-corrected, thus, the differences between the spectra are fairly substantial, especially at higher
wavenumbers. As was already discussed by von der Esch et al. [46], ATR spectra represent mostly the
particle surface because of the low penetration depth compared to pFTIR spectra which, in the lower
wavenumbers, penetrate more deeply into the material and therefore, represent the bulk properties of
the particle. In manual data evaluation as well as in automated approaches, this can lead to confusion
and misinterpretation. It is, therefore, recommended to establish a reference database comprising of
UFTIR spectra in transmission and/or reflection mode, depending on the sample measurement method.

r20
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Figure 8. Normalized FTIR spectra of reference PET particles. Top (red line): measured in reflectance
mode on FTIR microscope; Bottom (black line): measured in ATR mode.

3.2.3. Variations in Pyr-GC/MS Chromatograms

As KOH resulted in significant degradation of PLA and PET particles, it was excluded from
this analysis. The characteristic substances of the polymers PE, PLA, PET, and PP were completely
decomposed during pyrolysis. However, in the case of the polymers PA and PS, treatment with Fenton
and HO, had an influence on their thermal stability. The ratio of the volatile pyrolysis products
observed during the thermal desorption step at 200 °C to the stable pyrolysis products at 800 °C was
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decreased after treatment, especially PA (Table 5). This means that the amount of pyrolysis products
that were volatile at 200 °C was reduced after applying the treatments, and more of the pyrolysis
products remained stable until the second pyrolysis step at 800 °C. Nevertheless, all of the polymers
were still clearly identifiable in all cases. The pyrolysis products of the individual polymers are shown
in the Supplementary Materials Table S3.

Table 5. Influence on the partial pyrolysis of thermal desorption (TD) products at 200 °C for both PA

and PS.
Polymer Type Particle Treatment Pyrolysis Products in TD [%]/Standard Deviation [%]
untreated 74.5/19.0
PA Fenton 17.1/12.65
H,0, 3.0/3.67
untreated 79.3/12.5
rs Fenton 78.8/16.9
H,0, 71.9/10.9

3.3. Organic Matter Removal Efficiency

Since the KOH protocol degraded PLA and PET, only H,O, and Fenton protocols were considered
for further investigations. First, the dry weights of the sludge control aliquots (surrogates) were
established, as was described in Figure 2. The triplicates exhibited highly consistent results with a
standard deviation of <5% (average dry weight was 75.17 + 3.55 mg). Therefore, implementing the dry
weight of the controls as reference for the removal efficiency, as was described in Figure 2, can be seen
as a better alternative to the reported method of drying the sludge of each sample before digestion
to establish its dry-weight. As explained in the methods section, this would have had a far greater
impact on the results, due to the hardening and clumping of dried sludge, thus, reducing the efficacy
of the digestion. This could in fact explain the higher removal efficiency compared to Hurley et al. [7],
as they used similar protocols but dried each sludge sample before applying digestion.

As indicated before, usually the lost weight is taken to correspond directly to the loss of organic
matter. However, the organic content of the dry sludge was determined to be 70.5% via loss on ignition
(LOI). Based on this, organic removal efficiencies >100% were obtained (Table 6). This clearly cannot
be the case. This can be explained by the dissolution of some inorganic salts and inorganic carbon,
which would pass through during the filtration process and be observed as extra lost weight. Hence,
extra samples were investigated, where sludge aliquots were mixed with UPW, as described in the
previous section. The results revealed that dissolution of the readily solvable organic and inorganic
compartments in ultrapure water had a weight reduction of around 5.9% + 2.3%. This is far from
negligible and indicates that some organic and inorganic content was dissolved and registered as extra
weight loss. This phenomenon is expected to intensify for lower pH values and higher temperatures,
such as the ones encountered during the Fenton and hydrogen peroxide protocols. However, this was
not necessary for the scope of this paper, as the comparison between protocols did not require exact
knowledge of the removed inorganic components. This side experiment was only intended as a proof
of concept to clarify the reported removal percentages, which are sometimes larger than 100% in the
literature. In fact, a study by Karami et al. [11] did not dry the biological samples beforehand, which
compromised the absolute removal values they reported; but, as a comparative tool between the
investigated protocols, it was still a valid result, as all samples were treated equally. Thus, no further
investigations regarding this were perused.
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Table 6. Average total and corresponding organic removal efficiencies for the investigated protocols.
Results represent the average + standard deviation for the three sample repetitions.

Protocol Total Weight Removal Corresponding Organic Matter Removal *
Fenton 83.5% + 1.8% 118.4% + 2.6%
H,0, 71.3% + 1.2% 101.1% + 1.6%
* The results were not adjusted to account for the loss of inorganic matter, hence removal efficiencies over 100%
are present.

Finally, Figure 9 shows a visual comparison of the filtered results from the hydrogen peroxide
and Fenton protocol for the gravimetric analysis. Even though the weight difference between the
sludge treated with Fenton and hydrogen peroxide protocols was not large, the characteristic of the
remaining material differed between the two. Whereas the hydrogen peroxide-treated sample showed
visible particulate matter after digestion, Fenton showed only coloration of the filter with no visible
organic particles.

Figure 9. The end result of the gravimetric analysis done on 2 mL of sludge. (A): dried sludge
(surrogate) (B): dried retentate and filter after hydrogen peroxide treatment, (C): dried retentate and
filter after Fenton treatment.

4. Conclusions

If one sentence could summarize the findings of this paper, it would be: “the devil is in the
details”. The initial intention of the authors was to screen through sample preparation methods in the
literature and adapt and validate the most suitable methods for microplastic monitoring in wastewater
samples. It was soon clear however, that large variations existed between the reported results in the
peer-reviewed literature. Further, it was not always possible to simply replicate the results due to
seemingly insignificant missing details, which turned out to be basic but essential to take into account
when replicating someone’s work. Therefore, this study tried to consider even the smaller details in
order to clarify the reasons behind the different results in the literature. Along the journey, surprising
but important discoveries were made regarding the different types of Fenton reactions that exist, even
when one is seemingly using identical chemical reagents and protocols. This study recommends
using the Fenton reaction as described in Figure 1 as well as the Supplementary Materials Section S1.2.
It provided excellent organic matter removal efficiency from wastewater samples in a very short amount
of time and had very little adverse effects on the seven investigated microplastic types. However, it is
of utmost importance that the used sort of hydrogen peroxide is tested beforehand to ensure that it
provides a type I Fenton reaction as was defined in this study. Type II Fenton reactions were explored
and defined in this study, but they were not validated and are not recommended for this application,
due to their much slower reaction kinetics. The use of hydrogen peroxide also provided similar results
to Fenton, but the much longer reaction times (24 h as opposed to 20 min) limit the rapid throughput
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potential of the latter when compared to Fenton. Additionally, the remaining organic particles after
hydrogen peroxide digestion (Figure 9) could constrain particle counting and identification.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/9/2445/s1.
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Appendix A

Abbreviations for microplastics used in the tables below:

Acrylonitrile-butadiene-styrene ABS
Cellulose acetate CA
Crosslinked polystyrene PSXL
Expanded PS EPS
High-density PE HPDE
Low-density PE LDPE
Linear LDPE LLDPE
Nylon-6 or polyamide-6 NY6
Nylon12 or polyamide-12 NY12
Nylon-66 or polyamide-66 NY66
Poly 1,4-butylene terephthalate PBT
Polyamide PA
Polycarbonate PC
Polyethylene PE
Polyethylene terephthalate PET
Poly(hexamethylene nonanediamide) Nylon 6/9
Poly(methyl methacrylate) PMMA
Polypropylene PP
Polytetrafluoroethylene PTFE
Polyurethane PUR
Polyvinyl chloride PVC
Styrene acrylate SA
Un-plasticized polyvinyl chloride uPVC
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Table A1, Summary of various hydrogen peroxide protocals used in microplastic studics, RT—Room Temperature.
Protocols Conditions Matrix MPs Effects on Organics Effects on MP
’ - s Degradation of NY66 (at
SClor* 2 o
. 60°C for * 24/12h . PP LDPE, HDPE, ps, pizy, | Digestion > 80% for sludge 20, PP (ot 70°C), As
H202 (30%) |7] or Sludge and soil e and for PS: less d dati
i NY66, PC, PMMA B e for PS; less degradation at
60 °C and more at 70 °C
2 2 o LDPE, HDPE, PP, PS, PET, Digestion of Discoloration of PET, loss
H202/(35%) [11] 0rGloryeh, L PVC, NY6, NY66 98% of NY6 and NY6
H202 (30%) [12] 55 °C for 7 days Tish PL, PS ** Extraction efficiency of 70% No report
Density separation then 50 °C overnis o] - " s . o o
H202 (15%) [12] 50 °C overnight Fish PE, PS Extraction efficiency of 95% No effects
PYGIPETPA ABSIRE Discoloration or
- fosiplng ieshid % digesti : Test wes gradation in P/ !
H202 (30%) [13] RT. For 7 days Marlne sediment  PUR, PR LDPE, LLDPE, 207 digestion and the restwere  degradation n PA, PC, PF,
' discolored PET, LLDPE, PVC, PUR,
HPDE
LDPC
PVC, PP, LDPE, PE,
H202 (35%) [13] RT. For 7 days Marine sediment HDPE, PET, PUR, PS, PC,  92% digestion and discoloration  Size reduction PP and PE
PA, ABS, EPS
H202(30%) thendensity ) o v ermight Shudge PE * Extraction efficiency of 78% e ‘:‘ef::f;g““"

separation [14]

* Contact times in the study of Hurley et al. [7] were not clearly reported. The experiments for the effects on microplastics was 24 h for all six protocols. However, the experiments for
organic matter digestion were dune separately and the contact time was not specified. Their protocol for F2O» was based on a protocol by Sujathan et al. [11], where the contact time was.
defined as 12 h (overnight). ** Extraction efficiency represents only the recovery of microplastics from an environmental matrix; it does not report on the reduction of the matrix.
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Table A2, Summary of various Fenton protocols used in microplastic studies, RT—Room Temperature.
Protocols Conditions Matrix MPs Effects on Organics Effects on MP
Hzoi(an%) <40°C PL LDEE, HDE IS, Digestion 87% for sludge and
20 gl FeSO3 7H202 (lce bath) *24 h{20 min Sludge and soil PET, NYeé6, PC, 106% for soil No adverse effects
o PMMA
11 (vfe) [7]
1202 (30%) - ;
5 . Digestion of 72.6% of fish
+ 5 Plant and animal PE, PP, PS, PET, PVC, . oz o7 z S
15 gL, FeSO4 7H202 50°C for 1 h. i R tissue, 100% of algae, 26.3%  Degradation of CA
driftwood, 17.5% paraffin
1:1 (/) [15]
H202 (30%)
P N . Water, beach and ~ _ .
15 g/l FeSO4 7H202 75 °C for »35 min Sadiment None tested No reports No reports
1:1 (vfo) [16]
1202 (30%)
+ RT. 10 min reaction + Effective removal % .
0L FeSO47H202 (o ice bath) 10 min cooling Sludge PEPEPVCPA (N exact details provided) VO OPserved effects

(2:1vfo) [17]

* Contact times in the study of Hurley et al. [7] were not clearly reported. Th

for the effects on

Tastics used 24 h for all protocols. However, the experiments for organic

matter digestion were done separately and the contact time was not specified. Their protocol for Fenton was based on a protocol by Tagg et al. [17], where the contact ime was defined as

20 min in total.

Table A3. Summary of various acid-based digestions used in microplastic studies. RT—Room Temperature.

Protocols Conditions Matrix MPs Effects on Organics Effects on MP
Loss of NY6, NY66. Melting of
s ) LDPE, HDPE, PT, TS, o : i .
HNO3 (69%) [11] 257Cfor9% h Fish PET, PVC, NY6, NY66 Removal >95% IDI’I-.,,.HDPI-,, PP. R.eum.'ery of PVC
69%. Discoloration of others
Based on fish size: ‘Tested at room temperature for 1
HNO3 (55%) [20] RT.For 3-10 h Fish TIDPE, PA, Nylon 6/9, Complete dfgﬁsnon ofthe  month. Loss of Nylon within 24 h,

or
80 °C for 10-20 min

PBT, PVC

the rest showed no significant
changes after 1 month.
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Table A3. Conl.

2027

Protocols Conditions Matrix MPs Effects on Organics Effects on MP
: PA fibers (30 x 200 um) were lost.
RT. Overnight 3 6 g
" Good digestion of the PA particles 100 x 400 um were
2
HNCS:250) [21] . e Mussels BS, LA tissues 98% recovered. PS particles 30 um
boiling for 2 h
and 10 um were recovered.
PS particles melting together when
60 “C for 1 h. S gal T exposed to the reagent directly.
HNO3 (225 M) [21] then Musscls PS, A ““Sf“t;‘:r{igf:_“‘"“ o This did not occur when PS was
100°C for 1 h % embedded in the tissues. PA was
completely lost
HNO3(25M) 12, R I‘:"‘;"'(‘)‘f’;‘(‘] in Tish DS, PT Mm:::“,ﬁ‘m Y Of  Almost complete loss of S and PT
- RT. overnight LDPE, HDPE, PP, Not tested due to Melting of NY12, yellowing of
FINOS (65%) [22) then 60 °C for 2 h Norie NY12, PS damaged polymers the rest
HNO3 (35%) [25] 60°°C overnight Mussels PET,HDPE,PVC,PA  Complete digestion Melting eether oL PEL, HDEE,
e . LDPE, HDPE, PR PS,  Loss of NY6, NY66. Melting and
HCL (37%) [11] 25°C for % h Fish PEL PYC, Y6, Mg, Disestion efficiency 95% clureping of PET
ISXCPS;TPI;’Aigll’;; No complete dissolution
HCL (20%) (13] RT. for 7 days Marine sediment PR e 7T of any biogenic organic Not reported
HPDE‘ matter

* Extraction cfficiency represents only the recovery of microplastics from an environmental matrix; it does not report on the reduction of the matrix.

Table Ad. Summary of various alkaline-based digestions used in microplastic studies. RT—Room Temperature.

Protocols Conditions Matrix MPrs Effects on Organics Lffects on MP
. . T PL, LDPE, HDPE, PS, PET, Digestion of sludge: 57% A slight weight decrease
%,
KOH (10%) [7] 60 °C for 24 h Sludge and soil NV TN it i
Water 2020, 12, 2445 230t27
Table Ad. Conl,
Protocols Conditions Matrix MPs Effects on Organics Effects on MP
25°Cfor96 h
or Yellowing of NY66.
40°C for 48 h o Reduction in PVC and
KOH (10%) [11] Fish LOEE, HOEE, P S, PET, Removaliz 5% PET recovery that

50 “C for 36 h

or
60 °C for24 h

PVC, NY6, NY66

(all temperatures)

worsens with increased
temperature

KOH (1

0°Cfor24 h

Mussels, crabs, fish

CA, HDPF, LDPF, NY6, NY12,
PC, PET, PMMA, PP, I’S,
PSXL, PTFE, PUR, uPVC, EPS

Digestion efficiency > 99.5%

Degradation of CA

Discoloration of ccra

KOL (56, 224 gfL) [26] RIL For 14 days None Cera Microcrystalline, PE ¥ Extraction efficiency > 95% microcrystalline and PE
(for 224 g/L)
KOH (10%) [28] RT. For 2-3 weeks Fish No spiking: PE, PP, PET, SA Digestion salisfactory None tested
KOH (10%) [29] 60 °C for 24 h Vegelal PP, PE, PVC, PUR, PET, PS No digestion observed No effects observed
Digestion of sludge:
61% (IM)
i : : PP, LDPE, HDPE, PS, PET, 67% (10M) Degradation of PLT, I'C
NaOH (1, 10M) [7] oo Zuh Sludgeiand soil NY66, PC, PMMA and soil: (even more with 10 M)
68% (1M)
63% (10 M)
PVC. PET. PAL ABS, PC. pUR, o complete dissolution of
NaOH (20, 30, 40, 50%) [13] RT. For 7 days Marine sediment PP, LDPE, LLDPE, “"g biogenic organic ",‘."}‘\‘"" Nol reported
HPDE ﬂ'Oﬂg(.‘Si reaction wit]
NaOH (20%)
CA, HDPF, LDFF, NY6, NY12, P - ——
NAOH (10 3) (23] R e bC, PET, PMMA, pp ps, | Notlested dluu todamageto  Degradation of CA, PC,
PSXL, PTFE, PUR, uPVC, EFS pojymers
. = 5¢* averni S o PUC D, Complete digestion and i3 2
NaOH (1 M) [25] 60 °C overnight Mussels PET, HDPE, PVC, PA extracton efficoncy of 93% No significant effects
Partial degradation of PA,
NaOH (10 M) [27] 60 °C for24 h Zooplankton IS, PA, PET, PE, uPVC Digestion efficiency of 91% clumping of PE, yellowing
of uPVC, partial loss of 'S
NaOH (10 M) [29] 60 C for 24 h Vegetal PP, PF, PVC, PUR, PET, PS Almost no digestion Degradation of PET

** Extraction efficiency represents only the recovery of microplastics from an environmental matrix; it does not report on the reduction of the matrix.
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Appendix V

Modulation of PAH toxicity on the freshwater organism G. roeseli by

microparticles
Environmental Pollution 2020, 260, 113999

This study explored the impact of plastic particles on the behavior of polycyclic aromatic
hydrocarbons (PAHS) in the environment. It found that the presence of both plastic and natural
particles reduced the acute toxicity of phenanthrene in Gammarus roeseli. The study showed no
significant difference between plastic and natural particles in terms of their effects, suggesting
that both types of particles similarly reduced the bioavailability of phenanthrene. This challenges

the idea that microplastics enhance PAH toxicity.
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Polycyclic aromatic hydrocarbons are widespread and environmentally persistent chemicals that readily
bind to particles in air, soil and sediment. Plastic particles, which are also an ubiquitous global
contamination problem, may thus modulate their environmental fate and ecotoxicity. First, the acute
aqueous toxicity of phenanthrene in adult Gammarus roeseli was determined with a LCsg of 471 pg/L after
24 h and 441 pg/L after 48 h. Second, considering lethal and sublethal endpoints, effects of phenanthrene
concentration on G. roeseli were assessed in relation to the presence of anthropogenic and natural
particles. The exposure of gammarids in presence of either particle type with phenanthrene resulted
after 24 and 48 h in reduced effect size. Particle exposure alone did not result in any effects. The observed
reduction of phenanthrene toxicity by polyamide contradicts the discussion of microplastics acting as a
vector or synergistically. Especially, no difference in modulation by plastic particles and naturally
occurring sediment particles was measured. These findings can most likely be explained by the similar

Bioavailability

adsorption of phenanthrene to both particle types resulting in reduced bioavailability.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Polycyclic aromatic hydrocarbons (PAH) are widespread and
environmentally persistent chemicals of concern. Their sources and
distribution are well understood and documented (Abdel-Shafy
and Mansour, 2016; Baek et al, 1991; Lima et al, 2005;
Rabodonirina et al.,, 2015). Small quantities of the PAHs can be of
biological origin, but most enter the environment from anthropo-
genic sources (Menzie et al., 1992). The highest quantity of PAHs is
emitted into the atmospheric environment, where further distri-
bution to soil and water occurs. Because of their lipophilic char-
acteristics, PAHs readily bind to particles in air, soils and sediments,
and tend to be rarely found dissolved in water (Abdel-Shafy and
Mansour, 2016; Baek et al., 1991; Srogi, 2007). PAHs are known to

* This paper has been recommended for acceptance by Maria Cristina Fossi.
* Corresponding author.
E-mail address: astrid.bartonitz@tum.de (A. Bartonitz).

https://doi.org/10.1016/j.envpol.2020.113999
0269-7491/© 2020 Elsevier Ltd. All rights reserved.

cause potential adverse health effects for humans and animals
(Abdel-Shafy and Mansour, 2016) and a wide range of toxicity-tests
for various PAHs have been conducted (Barata Marti et al., 2005;
Besse et al,, 2013; McConkey et al., 1997). With respect to the
lipophilic characteristics and known distribution of PAHs (Srogi,
2007), many of these studies focused on PAHs adsorbed to natu-
ral particles like sediment (Landrum et al., 1994; Lankadurai et al.,
2011; Lotufo and Fleeger, 1997; Verrhiest et al.,, 2001). Thus, the
effects of PAHs sorbed to sediment particles are well-known for
many species. Due to the increasing occurrence in the environment,
research has recently focused on the effects of chemicals associated
with anthropogenic plastic particles (Kleinteich et al., 2018; Karami
et al., 2016; Browne et al., 2013). Likewise to PAHs, plastic particles
are ubiquitous in lake and stream ecosystems worldwide (Rezania
et al,, 2018; Sharma and Chatterjee, 2017; Strungaru et al., 2019).
As reviewed by Dris et al., (2018), a median of 0.0026 particles/L
surface water with a size of >50 pm was found in 63 rivers. In beach
sediments, even 333 particles/kg dry weight in a size range be-
tween 0.5 and 5 mm were detectable. Water samples from
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anthropogenically influenced sites proved to be more burdened
with microplastic in concentrations around 2.5 and 2.9 particles/L
in China and 7.9 + 7.3 microparticles/L in Germany compared to
natural sites (Dris et al., 2018; Schmidt et al., 2018).

PAHs adsorb to and desorb from plastic (Alimi et al., 2017; Bakir
et al,, 2014a; Browne et al., 2013; Rios et al., 2010). Comparing the
chemical properties, sorption capacity of microplastic seems to be
slightly higher than for sediment, while adsorption kinetics of PAHs
on microplastic or sediment can vary depending on many proper-
ties such as the chemicals hydrophobicity or sediment organic
carbon content. Like for sediment, partitioning coefficient of the
specific chemicals is one of the main drivers for sorption on
microplastic and vice versa. However, the release of the chemicals
from plastic particles seems to be faster (Wang and Wang, 2018). As
a result, a discussion about possible synergistic effects of PAH and
plastic particles evolved, specifically concerning the role of plastic
particles to act as a vector (Alimi et al., 2017). Nowadays, nearly 80%
of examined PE-microparticles from the north pacific central gyre
were associated with PAHs (Rios et al., 2010). In samples from the
Bejing river in the Feilaixia reservoir, all the microplastic particles
found were associated with PAHs ranging from 282.4 ng/g for PP
and 364.2 ng/g for PE (Tan et al., 2019). As many organisms ingest
plastic particles (Cole et al., 2013; Cole and Galloway, 2015; Foley
et al,, 2018; van Cauwenberghe et al., 2015), a high potential for
adverse effects exists evoked by transported chemicals due to the
large surface of microparticles (Bakir et al., 2014a; Batel et al., 2016;
Browne et al.,, 2013). However, modelling studies assume a negli-
gible impact from plastic particles as vector, because of their
insignificant small amount in the environment (Bakir et al., 2016;
Koelmans et al., 2013). Yet, a tipping point may be reached at which
the role of plastic in sorption, cleaning and transport of chemicals
can become important (Koelmans et al., 2016) depending on the
plastics’ characteristics (Lee et al., 2018; Sun et al., 2019; Wang and
Wang, 2018).

Studies simultaneous investigating the chemicals toxicity in the
presence of anthropogenic particles, like microplastic, and natural
particles are rare (Alimi et al., 2017). The studies investigating the
effect of chemical-pollution-combined particles mainly addressed
one aspect, e.g. toxicity of one chemical-associated-particle (sedi-
ment: Landrum et al., 1994; Lotufo and Fleeger, 1997, microplastic:
Browne et al., 2013; Kleinteich et al., 2018). The comparison of the
PAH-toxicity when dissolved or sorbed to different particle types
remains largely unattended (Alimi et al., 2017). Due to the sorption
characteristics of microplastic (described by Wang and Wang, 2018)
and the previous studies with contaminant-associated particles,
the combined effect of PAH and microplastic particles in the same
compartment has to be tested and compared with natural micro-
particles. Therefore, the main goal of the present study was to
compare the modulation of sublethal PAH-effects on gammarids by
the presence of anthropogenic and natural microparticles. A pre-
ceding acute toxicity test for exposure of phenanthrene through
water was performed to determine the LCsg via this exposure route
and to determine the concentration range for sublethal toxicity
measurements. On the assumption that sublethal endpoints are
more sensitive and an earlier response than lethality (Maltby et al.,
2002), G. roeseli were exposed to a range of sublethal phenanthrene
concentrations with and without combination of polyamide (PA) or
sediment microparticles (SP). These tests were intended to show
the change in effect strength of phenanthrene to the gammarids by
the presence of natural and anthropogenic microparticles. The
measured endpoints were mortality, swimming behavior and
feeding.

2. Materials and methods
2.1. Sampling and acclimatization of test organisms

Because of its environmental relevance, G. roeseli was chosen as
test species. They have a widespread distribution, form a majority
of biomass in stream ecosystems and play an important role in the
food web (Gerhardt et al., 2011; Kelly et al., 2002). Furthermore, a
high sensitivity towards a wide range of pollutants has been re-
ported (Brock and van Wijngaarden, 2012; Hunting et al., 2016;
Zhai et al., 2018). G. roeseli were collected from the river Moosach in
Freising, Germany (48°23'38.8"N 11°43'26.1”E) between May and
June 2018 and size selected (9.6 + 1 mm, n = 50) by sieve passage.
Acclimatization occurred in a climate chamber with constant
temperature of 13 °C + 0.5 °C and a 16:8 h light:dark cycle. First,
individuals were kept in aerated aquaria filled with a mix of 50%
bank filtrate from the river Moosach and 50% artificial water (ISO
6341 2012) for at least three days. During this part of the acclima-
tization period, gammarids were fed ad libitum with modified
DECOTABs (Kampfraath et al., 2012). 10% of cellulose was replaced
with ground Tetraphyll (Tetra GmbH, Germany), which was added
as a supplementary food source (DECOTAB size 1 cm @, 0.5 cm high,
dry weight 30.8 + 3.0 mg (n = 150)). The subsequent acclimatiza-
tion phase in 100% artificial water (ISO 6341 2012) started three
days before the test. Gammarids were not fed during this step (US
EPA, 2016). Mortality during acclimatization did not exceed 5%.

2.2. Test substances

Phenanthrene was chosen as a standard model PAH. It is one of
the smallest PAHs with three benzene rings and a known low
toxicity to humans compared to other PAHs (GESTIS Substance
Database, 2019; Samanta et al., 2002). Due to its well-described
chemical and toxicological characteristics (Verbruggen and van
Herwijnen, 2012) it is often used as standard PAH (Barata Marti
et al,, 2005; Verrhiest et al., 2001; Zhang et al., 1997). Water solu-
bility is 1.15 mg/L at 25 °C, so stock solution was made with
methanol (99.8%). The Log Kow is 4.52 (safety data sheet, [FA sub-
stance data base) and Ko is around 2.97*10* ml/g (Zhang et al.,
2009). Phenanthrene for toxicity testing (Phe, CAS: 85-01-8) and
phenanthrene-d10 (CAS: 1517-22-2) for chemical analysis was
purchased from Sigma-Aldrich (Germany), and stored at 8 °C.
Methanol for chemical analysis of phenanthrene concentration in
the artificial medium was purchased from VWR chemicals (Ger-
many). Polyamide (PA), which has a high market share (Scheibitz
and Spies, 2016), was used as an exemplary anthropogenic parti-
cle, while sediment particles from the river Moosach were used as
natural reference particles. Granulates of PA were purchased from
Lanxess (Cologne, Germany) as “Durethan C38F" (ISO 16396-PA 6/
66, E, S14-020). The microparticles were generated by centrifugal
milling the PA granulates and sieving (Ultra Centrifugal Mill Type
ZM 200, Retsch, Germany). Particles were 40—63 pm in size, had a
fragmental shape and were stored at room temperature (Fig. S1 B).
With respect to Hartmann et al. (2015), stock solutions were pre-
pared in 10 ml methanol, resulting in a concentration of 2.5 mg/ml
for each stock solution. PA is stable in 100% methanol according to
Biirkle GmbH (2011). Sediment microparticles (SP) were obtained
from wet-sieved and dried fine sediment samples from the river
Moosach in Freising, Germany. Particles were 45—63 pm in size,
had a fragmental shape and were stored at room temperature
(Fig. ST A). A gravimetric measurement with Element Analyser EA
4000 (Analytik Jena) revealed total organic carbon of 1.64%
(balancing method), limit of determination was 0.1%.
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2.3. Bioassay

Toxicity determination was conducted in a two-step approach.
As the main goal was to determine microparticle-induced changes
in sublethal effects, an acute toxicity assay for phenanthrene was
performed first to determine lethal thresholds for adult G. roeseli.
Then, the main toxicity assay with sublethal concentrations was
performed, based on the results from acute toxicity assay. Sublethal
toxicity of Phe alone was compared with presence of polyamide
(PA) or sediment microparticles (SP) and microparticles alone as
described below.

The validity criteria and test conditions of all bioassays followed
the Gammarid Amphipod Acute Toxicity Test (US EPA, 2016) with
minor modifications in feeding protocol and test medium. Assays
were conducted in 1 L appropriate aerated artificial water (ISO 6341
2012) in glass beakers under same conditions as acclimatization.
Each beaker contained three glass stones as hiding places to reduce
stress for the gammarids.

While gently mixing the stock suspension/solution to ensure a
homogenous dispersion, Phe, PA and SP concentrations were
pipetted directly into the medium. Following, five individuals were
transferred into each prepared beaker and fed ad libitum with one
modified DECOTAB. The parameters of the static assays were
measured at the end of each treatment after 24 and 48 h with
portable pH meter MultiLine® Multi 3630 IDS SET G (WTW, Ger-

DECOTAB standard dry weight [g] — DECOTAB leftover dry weight [g]

concentration of 500 pg/L. Each treatment was replicated five
times. Four treatments were added to serve as controls: medium
only (control), medium with solvent methanol (solvent control)
and two microparticle controls with SP and PA, respectively (SP
control, PA control). Experimental setup was as described in
chapter 2.3. After 24 and 48 h exposure, three endpoints were
assessed including mortality, feeding rate and swimming behavior.
The feeding rate, swimming behavior and chemical analysis (see
2.4) were determined for five test concentrations (50, 75, 100, 250
and 500 pg/L). Pooled samples for chemical analysis were taken
after 0 and 48 h and stored at —20 °C until analysis.

2.3.2.1. Feeding rate

For feeding rate determination, DECOTAB leftovers were
removed with a spoon at the end of the experiment (24 and 48 h)
and transferred to small pre-dried aluminum dishes. The leftovers
were dried for one day in a drying cabinet at 45 °C and then
weighed with a Sartorius R200D Analytical Balance (Sartorius
GmbH, Germany, 0.01 + 0.02 mg). For the standard DECOTAB-
weight, 150 freshly made DECOTABs were also dried for one day
and weighed (30.8 + 3.0 mg). To calculate feeding rate, leftover dry
weight was subtracted from the standard DECOTAB dry weight.
Estimated loss of weight was divided by the amount of living
gammarids at the end of the exposure and calculated per day.

Feeding rate =

many). The exposure concentration was intentionally not main-
tained stable during the exposure period to show the reduction due
to the adsorption behavior of the chemical, which is also a more
environmentally realistic scenario.

2.3.1. Acute toxicity

Acute toxicity of phenanthrene was determined with a control,
solvent control (methanol, 1 ml/L) and five concentrations of
phenanthrene (nominal concentrations: 5, 50, 500, 1,000, 1500 pg/
L, n = 3). Mortality was recorded after 24, 48, 72 and 90 h in the
corresponding three replicates, which were then removed from the
test. Therefore, the other treatments were not disturbed or
stressed. Individual gammarids were classified as dead when they
were not moving (including movement of legs), unbent or/and
body color changed from white/grey to orange.

2.3.2. Sublethal toxicity

In order to determine the modulation of the sublethal phen-
anthrene toxicity in presence or absence of different microparticles,
G. roeseli were exposed to eight sublethal exposure concentrations
of phenanthrene in three exposure scenarios over 24 and 48 h: (1)
phenanthrene alone (Phe), (2) phenanthrene and PA microparticles
(Phe + PA), and (3) phenanthrene and natural microparticles
(Phe + SP) in the water column. Nominal concentrations from 50 to
500 pg/L were chosen for the sublethal toxicity experiment in order
to cover a range with expected sublethal effect concentrations. The
nominal phenanthrene concentrations were: 50, 75, 100, 250, 315,
375, 435, and 500 pg/L. In consequence of the chemical analysis
(2.4), the nominal concentrations were replaced by measured
concentrations (Table 1) throughout the analyses and illustrations.
Both, the sediment and PA microparticles were added at a

living gammarids * test duration [d|

M

2.3.2.2. Swimming behavior

A camera-based automated tracking system with the software
Ethovision XT 9 (Noldus, Germany) was used for the measurement
of velocity. Recording time was 10 min with a sample rate of 25
frames per second. The measurement setup was made of three
cameras positioned 30 cm above 15 arenas. The five organisms of
each beaker were transferred to five glass petri dishes (@ 5.5 cm)
filled with 10 ml of treatment water and placed under the camera in
programmed arena position to ascertain individual swimming
behavior. To avoid interfering influences of moving light or
shadows a cardboard box was pulled over and a lightboard (M.Way,
China) was placed under the setup. A ruler of 10 cm served as scale
calibration standard in the videos. After automated tracking of
G. roeseli, videos were manually checked for false detections and
corrected if reasonable.

2.4. Chemical analysis

2.4.1. Instrumentation

Stir bars (Gerstel Twister®) coated with polydimethylsiloxane
(PDMS, film thickness 0.5 mm, length 10 mm) were purchased from
Gerstel GmbH & Co. KG (Germany). For incubation, 20 mL Head-
space vials (Agilent, USA) with Sil/PTFE coated septa (Thermo
Fisher, USA) were used. The Twisters were stirred on a multiple
position magnetic stirrer (15 positions) from Thermo Fisher (USA).
The thermal extraction/desorption-gas chromatography/mass
spectrometry (TD-GC/MS) analysis was performed using a Gerstel
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Nominal and measured concentration of phenanthrene only and with microparticles after 0 and 48 h. * Label for samples not centrifuged, the other samples were centrifuged

to remove microparticles. LOD for Phe was 2.5 * 10 * ug/L.

Treatment Nominal concentration Measured concentration 0 h Measured concentration 48 h
[ng/L] [ug/L] + SD

Control <LOD <LOD < LoD

Solvent control < LOD <LOD < LoD

SP control < LoD < LOD < LoD

PA control < LoD <LOD <LOD

Phe A 50 921+01° 199+14*

Phe B 75 789 +8.1° 163 +05*

Phe C 100 1153 +22* 21.1+£03*

Phe D 250 3293 +221" 52.8 +10.6 *

Phe E 500 601.3 + 428" 1418 +6.5*

PA + Phe A 50 03+04 0.0+0.0

PA + Phe B 75 79+59 22+00

PA + Phe C 100 251433 46+ 0.2

PA + Phe D 250 131.1 + 34 283 +24

PA + Phe E 500 2094 +53 3411

SP + Phe A 50 10.8 + 0.3 09+0.1

SP + Phe B 75 330+ 06 1.5+ 0.1

SP + Phe C 100 245 + 0.6 43 + 06

SP + Phe D 250 1387 + 34 27.0 + 0.6

SP + Phe E 500 3252 +10.1 244 +02

ThermalDesorptionUnit (TDU) 2 equipped with a Gerstel Multi-
PurposeSampler (MPS) robotic P, a Cooled Injections System (CIS
4) with C506 and an Agilent 7890B gas chromatograph equipped
with an DB-5MS (Agilent) column combined with an Agilent 5977B
MSD mass spectrometer.

24.2. Sample preparation and incubation

Standard solutions of phenanthrene and phenanthrene-d10
were dissolved in methanol. To obtain a calibration curve, the
standard solutions were diluted in artificial water (ISO 6341 2012),
adding 0.01 mg/L phenanthrene-d10 as an internal standard to a
final volume of 10 ml. Samples containing sediment and micro-
plastic particles were centrifuged before analysis. Water samples
and 0.01 mg/L phenanthrene-d10 were diluted to a final volume of
10 ml in 20 ml headspace vials together with one stir bar and
stirred at 24 °C, 1000 rpm for 60 min. The stir bar was removed,
washed with LC/MS water, and dried with a lint-free tissue. Sub-
sequently the stir bar was transferred into the thermodesorption
tube. The limit of detection (LOD) for phenanthrene was 2.5 *
1072 pg/L.

2.4.3. Chemical analysis

The concentration of phenanthrene was determined with stir
bar sorptive extraction via TD-GC/MS. All measurements were
conducted in triplicate. The TDU method was adopted from Ochiai
et al. (2005). The TDU was set at an initial temperature of 20 °C
(delay time 0.30 min; initial time 1 min) and a following ramp at
50 °C/min to an end temperature of 280 °C, hold time 1 min. The
desorbed compounds were cryo-focused at —100 °C. Transfer from
the stir bar to the cold trap was done in split-less mode. The CIS was
programmed from —100 °C to 280 °C (held for 5 min) at 10 °C/s.
Injection was done in a 1:100 split mode and the GC oven tem-
perature gradient was as follows: 70 °C (2 min)/25 °C/min —
150 °C/3 °C/min — 200 °C/8 °C/min — 300 °C. Helium was used as
carrier gas. The mass spectrometer was operated in the full scan
mode (m/z range 40—550) with electron impact ionization (70V).
Calibration concentrations were 50 pg/L to 0.05 pg/L.

2.5. Statistical analyses

Statistical analyses were conducted with RStudio (RStudio,
2015). Data were tested for normality using the Shapiro-Wilk test

and homogeneity of variance with the Levene's Test. Due to low
replicate number, non-normality and heterogeneity of variance,
mortality was tested with exact Fisher-test (EF) for significance of
deviation between the treatments to estimate whether the
observed mortality is independent of the treatment and/or the
microparticles. When EF showed a significant p-value (<0.05)
pairwise Wilcoxon test with Benjamini-Hochberg correction (pW-
BH, Benjamini et al., 1998) was used as post hoc test to identify
those treatments significantly different to the control. After this,
log-logistic regression (LL.2.5, LL.3, LL.4 and LL.5) was conducted to
identify the best model fit. The models were compared with Like-
lihood Ratio-Test (LRT) and Akaike-Information-criterion (AIC). For
swimming behavior, influence of beaker was tested first with
ANOVA. For this, the model ‘y = Bgo + 31 - Treatment * beaker' was
chosen because of assumed interaction of beaker and phenan-
threne concentration. Since the model resulted in normal distri-
bution and homogeneity of variance, ANOVA could be used. ANOVA
showed just in one case out of five significant influence from beaker
on the effect, which lead to the further exclusion of beaker effects.
Due to resulting non-normality and heterogeneity, Kruskal-Wallis-
test (KW) was conducted to test differences between the three
exposure scenarios, followed by pairwise Wilcoxon test (pW). One-
way ANOVA by Welch (AW) was used to test significant difference
between the treatments. As post-hoc test pW-BH was used.
Furthermore, linear regression was used to fit a model between
concentration and velocity. Feeding rate was analysed with KW to
test for differences between the three exposure scenarios. Addi-
tionally, AW was used to test for significant differences in the
exposure scenarios, followed by the post-hoc test pW-BH.
Furthermore, linear regression was used to fit a model between
concentration and feeding rate. Data from GC/MS were acquired
with MassHunter Workstation Software (Ver.B.08.000 from Agilent
Technologies). lon chromatograms were extracted for m/z 178.2 for
phenanthrene and 188.2 for phenanthrene-d10. Integration was
conducted automatically, and software supported. Data analysis
was conducted with Microsoft Excel 2016.

3. Results
3.1. Water chemistry

Physicochemical parameters in medium measured at start and
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termination of the exposure period were within the acceptable
range for the test organism for all experiments and treatments (US
EPA, 2016). The measured mean values (+standard deviation) were:
Temperature 12.7 + 0.6 °C; oxygen 101% + 1.5%; pH 7.6 + 0.2, and
conductivity 677 + 13 pS/cm.

3.2. Acute toxicity

The preceding test for acute toxicity was based on nominal test
concentrations and revealed an increasing mortality with
increasing phenanthrene concentration at all four timepoints (24,
48, 72 and 90 h). Phenanthrene revealed very similar effect re-
sponses, with low mortality at 5 (<10%) and 50 pg/L (7% and 13%),
followed by a strong increase to more than 60% up to nearly 100% in
the concentrations 500, 1000 and 1500 pg/L. LCso was reached at a
nominal phenanthrene concentration of 4719 pg/L for 24 h,
441.1 pg/L for 48 h,125.9 pg/L for 72 h and 83.6 pg/L for 90 h (Fig. S2
and Table S1).

3.3. Chemical analysis

The chemical analysis of the water samples from the sublethal
toxicity assay indicated a discrepancy between predicted nominal
and measured concentrations at the beginning of the experiment,
with around 20% more phenanthrene in the treatment with Phe
(Table 1). Phenanthrene concentration in all control treatments was
below limit of detection (2.5 * 102 ug/L). Exposure scenarios of Phe
with microparticles showed a reduction of phenanthrene in the
water column by 60% in the highest concentrations and 99% in the
lowest concentrations compared to the Phe in samples from the
start of the test. Compared to exposure scenario with Phe, con-
centration was constantly (0 and 48 h) more than 50% lower (mean
24% + 18%) with microparticles in the water column. Phenanthrene
concentration reduction was similar in plastic and sediment par-
ticle treatments. After 48 h, the measured concentration of phen-
anthrene revealed a decrease down to around 20% + 3% of the
measured initial concentrations in the Phe exposures and 17% + 10%
(Phe + PA) and 11% + 7% (Phe + SP) of initial concentrations with
microparticles.

3.4. Sublethal toxicity

Based on the LCsp of the preceding acute toxicity test, nominal
concentrations with maximum 500 pg/L were chosen for the sub-
sequent sublethal toxicity assay. Whole analysis was conducted
with the measured concentrations of Phe after 0 h (Table 1).

3.4.1. Mortality

Phe exposure to expected sublethal concentrations resulted in a
low mortality of G. roeseli not exceeding 20%, except for a phen-
anthrene concentration of 601 pg/L after 48 h (84%, pW, p = 0.01).
Exposure scenarios with microparticles alone did not result in any
significant differences in mortality of G. roeseli (pW, p > 0.7) irre-
spective of microparticle species (PA or SP) and exposure time (24 h
and 48 h, Fig. 1). The mortality of G. roeseli exposed to Phe with
additional microparticles (Phe + PA and Phe + SP) did not signifi-
cantly differ neither to the Phe exposure nor among each other (EF,
p > 0.2). The combined exposure resulted in lowered mortalities <
20% after 24 h (EF, p > 0.1). Only after 48 h at the highest concen-
tration a significantly increased mortality occurred (Phe -+ SP, 36%,
pW, p < 0.05). Though, models show clearly lower courses in
mortality with microparticles added, especially for 48 h.

3.4.2. Feeding rate
Feeding rate was independent from microparticle exposure

scenario, i.e. neither Phe nor the combination with SP or PA after 24
and 48 h influenced the gammarids' feeding (KW, %2 = 0.72 for
24 h/0.68 for 48 h, df = 2, p > 0.5). Control feeding rates varied from
0.88 to 1.40 mg/gammarid*day within 24 h and 0.65—-1.15 mg/
gammarid*day within 48 h. Also, feeding rates within the treat-
ments varied randomly (Fig. S3). In Phe exposures, there was no
change in feeding rate with increasing phenanthrene concentration
compared to the controls (AW, F(6,11.12) 24 h, F(6,12.13) 48 h,
p > 0.5). Variation of feeding rates occurred only for Gammarids
exposed to Phe + SP after 24 h (AW, F(7, 13.15), p < 0.001) at con-
centrations 80, 92 with higher feeding rate and 329 pg/L with lower
feeding rate (pW, p < 0.05) and after 48 h at the highest concen-
tration resulting in lower feeding rate (pW, p = 0.28).

3.4.3. Swimming behavior

Swimming behavior did not change after exposure to micro-
particles compared to controls and was on average 1.5 + 0.7 cm/s
and 1.8 + 0.7 cm/s after 24 and 48 h (pW, p > 0.5 (PA) and p > 0.4
(SP)). Effect of phenanthrene on velocity after 24 and 48 h was
significantly different in the presence of microparticles (KW,
7% =59.8 (24 h)/35.0 (48 h), df = 2, p < 0.001). Swimming velocity
during exposure with Phe was lower than in exposures with Phe
and microparticles (pW, p < 0.001) after 24 and 48 h. Phe with
microparticle exposures (Phe + PA and Phe + SP) resulted in similar
decreasing velocity (pW, p = 0.77 for 24 h, 0.93 for 48 h). Swim-
ming velocity of G. roeseli decreased significantly with increasing
phenanthrene concentration for the Phe exposure (Fig. 2, AW, F(6,
40.7/16.1), p < 0.001). At lowest concentration (80 ug/L), Phe
resulted in decreased velocity of 0.3 cm/s slower than the control
after 24 h (pW, p = 0.018) and 0.6 cm/s slower after 48 h (pW,
p < 0.001). Velocity reduction coincided with increasing concen-
tration. At highest phenanthrene concentration, gammarids swam
with a speed of 0.27 (24 h) and 0.35 cm/s (48 h), which equals a
reduction by 0.84 and 1.16 cm/s from control to 601 pg/L. The same
negative trend occurred in exposures with Phe + PA (AW, F(7, 40.7/
33.0), p < 0.001) and Phe + SP (AW, F(7, 78.3/14.3), p < 0.001).
Although velocity was reduced even at lowest concentrations for
both exposure scenarios and timepoints, significant difference was
detected from 115 pg/L for Phe + PA (pW, p < 0.01 for 24 and 48 h)
and from 92 pg/L for Phe + SP (pW, p < 0.01 for 24 and 48 h).
Gammarids exposed for 24 h to phenanthrene and microparticle
swam 0.21 (Phe + PA) and 0.17 (Phe + SP) cm/s at 601 pg/L, which is
slightly slower than in the Phe exposure, while exposure over 48 h
resulted in a comparable or faster speed in highest concentration
(0.33 (PA) and 0.48 (SP)). Velocity reduction followed a linear
relationship (Fig. 2).

4. Discussion

Against the common hypothesis, the measured influence of
microparticles on the ecotoxicity of phenanthrene was reducing,
ruling out their role as vectors. Furthermore, the potential of plastic
particles acting as a more effective sorbent and carrier than natural
microparticles has been relativized for polyamide and phenan-
threne, because they did not modulate effects different to naturally
occurring inorganic sediment particles based on effects on gam-
marids. Instead, the presence of microparticles revealed a reduction
of mortality as well as changes in sublethal endpoints such as
swimming behavior. This impact can be explained by adsorption of
phenanthrene to the microparticles, resulting in a reduced
bioavailability of phenanthrene.

Acute toxicity determination revealed delayed rapid mortality
due the baseline toxicity of the hydrophobic chemical (Mayer and
Reichenberg, 2006). Phe exposure resulted in mortality of adult
G. roeseli following a sigmoidal dose-response curve over the
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was measured with Ethovision XT 9. Dead gammarids were excluded. Statistical information for regression are given in SI (Table S3).

course for 24, 48, 72 and 90 h. Acute toxicity thresholds (LCsg) of
phenanthrene were 471.9 ug/L after 24 h and 441.1 pg/L after 48 h
and further decreased over time. Thereby, G. roeseli was more
sensitive to phenanthrene compared to other crustaceans like
Daphnia magna (24 h LCso: 678.4 ug/L - 853.7 pg/L (Verrhiest et al.,
2001)) or copepods (Oithona davisae, 24 h LCsq at 440.2 pg/L —
604.2 pg/L (Barata Marti et al., 2005)). The sudden and strong in-
crease in mortality after a steady low mortality can be explained by
a critical concentration of the hydrophobic chemical that is reached
in the lipid membranes (Mayer and Reichenberg, 2006; Mayer and
Holmstrup, 2008). Phenanthrene might be tolerated by adult
G. roeseli until a certain threshold is exceeded. Additionally, phen-
anthrene is hydrophobic with a log Kow of 4.16—4.67 and most
likely adsorbed to surrounding compartments such as food, parti-
cles or the organism (Teuten et al., 2007). As a consequence, there
was after some time less phenanthrene available to the test or-
ganisms than at the beginning of the experiment, but at higher
concentrations effective doses of phenanthrene remained. Also Lee
et al. (2014) concluded a reduction of dissolved chemicals

concentration and bioavailability due to sorption kinetics for hy-
drophobic chemicals and microplastics, but with the condition of a
sufficient microplastic concentration. According to Bakir et al.
(2014a) the plastic particle - water equilibrium of phenanthrene
and polyethylene or polyvinylchloride can be reached within
24 h at a temperature of 18 °C. Therefore, this sorption is likely to
happen in a relevant timescale. This is further supported by the
measured phenanthrene concentrations in the sublethal toxicity
experiment which were reduced remarkably after 48 h. It is thus
likely that organisms not affected in the first hours of the exposure
might not suffer from the bound phenanthrene in low concentra-
tions but from remaining phenanthrene in higher concentrations.
The measurement of sublethal endpoints such as swimming
behavior during the exposure of G. roeseli with sublethal phenan-
threne concentrations proved to be highly sensitive, even at the
lowest concentrations. The most important observation was the
reducing toxic effect of both used microparticle types to phenan-
threne, which follows a strong interaction of the contaminant with
the present natural and anthropogenic microparticles. This effect is
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most likely due to a reduced bioavailability of adsorbed phenan-
threne. Concerning mortality and swimming behavior, another
observation was that the degree of reduction was independent of
added particle type. As supported by chemical analysis of the
artificial water with and without particles, these outcomes can be
explained by a fast and, most important, similar adsorption to both
particle types. Also, with regard to the sublethal toxicity assay and
as initially intended, mortality was very low in all exposure sce-
narios with phenanthrene (including cannibalism). Due to the low
mortality, no change in mortality due to microparticles was
observed. This is comparable to results of exposure with phenan-
threne in combination with sediment on Diporeia spp., in which a
low mortality around 12% + 3% at a phenanthrene concentration of
110.5 pg/g sediment was found (Landrum et al., 1994). Moreover,
when exposed to sediment-associated phenanthrene (max. conc.
333 mg/kg) for ten days (Gust, 2006), Hyalella azteca also showed
low mortality (5% + 8%). Therefore, focus in this assay was on the
sublethal endpoints swimming behavior and feeding. The re-
sponses by sublethal endpoints are more sensitive compared to
mortality and made an earlier detection of adverse effects possible.
The exposure to polyamide and sediment particles in the used
particle concentration without phenanthrene did not induce any
adverse responses on the tested endpoints, as expected. Both,
polyamide and sediment particles are very likely non-toxic, but it is
possible that the potential toxicity of the plastic particles is not
severe enough to be detected using these endpoints on the or-
ganism level. The molecular level could be a more sensitive level
than organism level (Blarer and Burkhardt-Holm, 2016; Karami
et al.,, 2016). Pplastic particle toxicity has been reported in other
species exposed to a comparable size-class and concentration as
used in this study. Karami et al. (2016) for instance reported
damage on inner organs in Clarias gariepinus after exposure
to < 60 pm sized low-density polyethylene particles in concentra-
tions of 50 and 500 pg/L. Also Blarer and Burkhardt-Holm (2016)
did not observe any impact on feeding rate and wet weight change,
but in assimilation efficiency for Gammarus fossarum after appli-
cation of polyamide fibres (2680 fibres/beaker) and polystyrene
beads (12,500 beads/ml). This is in line with other studies not
finding effects of plastic microparticles even at very high concen-
trations and relevant particle sizes according to endpoints from
molecular to organism level (reviewed by Burns and Boxall, 2018).
Consequently, it can be anticipated that there was no measurable
effect from 40 to 63 pm sized polyamid microparticles as from
sediments for G. roeseli at the tested concentration. Effect size of
phenanthrene is lowered in the presence of particles due to
adsorption to the particles. In this context, a strong influence of
microparticles on phenanthrene-exposed gammarids’ swimming
velocity has been shown for 24 and 48 h. When exposed to phen-
anthrene and microparticles, gammarids swam in mean 0.5 cm/s
faster than when exposed to Phe. Apart from this, feeding was not
influenced by microparticles. Reduction of swimming velocity does
not correspond with results reported by Ma et al. (2016) with
Daphnia magna tested for 10 days with 0.05-1.2 mg/L phenan-
threne. They found no impact at a concentration of 500 mg/L par-
ticles (10 um) on the phenanthrene-induced effect. Though,
phenanthrene-loaded low-density polyethylene particles < 60 um
resulted in higher molecular stress response than only phenan-
threne exposure on catfish (Karami et al., 2016). The highly sensi-
tive changes on the molecular level can thereby be seen as early
warning signals, but cannot be interpreted regarding their adverse
effects without a linkage to phenotypic consequences (Beggel et al.,
2011; Beggel et al., 2012). Hence, rather than an undetected coun-
teracting positive effect induced by the particles, because none was
found in the particle control, this result indicates a decreasing
bioavailability of phenanthrene due to adsorption to the

microparticles. Consequentially, as the chemical potential of
phenanthrene is decreased when adsorbed to microparticles, the
measured lowered effect is most likely caused by the remaining
dissolved chemical or from the chemical in the food (Koelmans
et al,, 2016; Kwon et al., 2017).

Several studies dealt with the distribution of PAHs and found
concentrations ranging from mg adsorbed to sediment and pg to ng
dissolved in water (Kafilzadeh, 2015; Luo et al., 2008; Rabodonirina
et al., 2015). Thus, the tendency of PAHs to adsorb to plastic has
already been proven (Alimi et al., 2017; Bakir et al., 2014a; Wang
and Wang, 2018) and sorption equilibrium of phenanthrene to
polyethylene was within 24 h (Bakir et al, 2014a). This is also
confirmed by the analytically determined concentrations of the
phenanthrene test solutions in this study. The artificial medium
clearly exhibited a fast decline of phenanthrene concentration
within 48 h to 20% of initial concentration with phenanthrene only
and a mere fraction with microparticles rapidly after test start.
More studies with varying particle species and sizes need to be
conducted to verify if the particle type is an important factor for
sorption and resulting effect modulation. Nevertheless, as stated by
Bakir et al. (2014a) and shown by Rochman et al. (2017) or Lee et al.
(2014), it depends on both polymer and pollutant properties.
Therefore, the chemical potential and toxic effect of a contaminant
is modulated by the presence of microparticles in the aquatic
environment and this possibly depends on the respective particles
surface quality, internal diffusion and chemical properties.

An open question is whether a toxic phenanthrene concentra-
tion is also reached in the organism if the substance is transported
by ingested phenanthrene-loaded particles to the organism. The
study by Bakir et al. (2016) indicates to some degree that the
ingestion of loaded plastic is a negligible additional pathway
compared to chemical uptake from the surrounding compartment
or food. Ingestion and egestion of particles via food in um size by
G. roeseli is very fast and nearly in equilibrium with 6 and 8 + 5
particles per minute, while uptake from surrounding medium was
lower (unpublished data). Tracking of fluorescent particles showed
egestion rates within 24 h comparable to Straub et al. (2017). Whilst
sorption equilibrium of phenanthrene to polyvinyl chloride and
polyethylene is reached within 24 h, desorption is slower with 5
days to reach equilibrium in seawater again (Bakir et al., 2014b).
Although desorption of phenanthrene is faster under simulated gut
conditions (Bakir et al., 2014a), it is likely that egestion of
phenanthrene-associated particles is too fast for phenanthrene to
desorb in an appreciable amount or even reach equilibrium to
cause significant effects (Mohamed Nor and Koelmans, 2019). Even
the assumed faster desorption from microplastic (Wang and Wang,
2018) does not intervene. Additionally, uptake of particles via the
water is very low compared to ingestion via food, which lowers the
possibility of phenanthrene uptake with particles again. Even if the
particles are ingested, the release of the hydrophobic contaminant
is very unlikely, intensified by the plastics characteristics like size
and intraparticle diffusion (Seidensticker et al., 2019). Due to
minimal ingestion and slow desorption kinetics, it can be
concluded that suspended particles are negligible carriers for sor-
bed chemicals compared to the surrounding compartment. The
used amount of solved phenanthrene and suspended polyamide
particles in medium was higher and that of sediment particles
lower than the known concentrations in freshwater. Consequently,
especially environmental concentrations of phenanthrene, around
3-45 ng/L (Kafilzadeh, 2015; Luo et al., 2008), are most likely not
leading to acute mortality or change in behavior of Gammarus spp.
Partly, particle concentrations could represent a scenario where
sediment and sand become a rare source and plastic particle con-
centration in environment rises as discussed by Koelmans et al.
(2013) or Enders et al. (2015).
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In view of environmental relevance, this study focused more on
effect and modulation detection than environmental concentra-
tions. Due to the aim of the study to see modulated effects, the
higher concentrations were needed. Thus, with respect to their
environmental occurrence, it seems that the impact of microplastic
compared to natural microparticles is approximately equivalent. In
cases like the observed, where the chemical adsorbs to microplastic
and sediments to a similar extend, the higher bioavailability due to
higher abundance of sediments makes sediment much more haz-
ardous. There is an uneven higher probability for sediment to be
ingested and release the chemical than for microplastic. Further,
the adsorption and desorption of chemicals highly depends on the
environmental parameters like abundance of organic matter
(Seidensticker at al. 2017), pH or salinity (Wang et al., 2018). Also,
after ingestion, the potential of the plastic particle to act as a vector
and release the chemical highly depends on particle and chemical
characteristics (Seidensticker et al.,, 2019). This indicates possible
different behavior of the chemical in the environment than in static
laboratory experiments and it has to be mentioned that the effects
and modulation by microparticles could differ with the varying
combinations. However, many recent model-based studies evalu-
ated that the role of microplastic as a vector for anthropogenic
pollutants not added to plastics is a common misconception
(Mohamed Nor and Koelmans 2019; Koelmans et al, 2019).
Nevertheless, it is necessary to examine a broad empirical area for
chemical and (plastic) particle toxicity, as it is rising in the last
years, to generate a stronger basis for risk assessment and
regulation,
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