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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 α-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 particles, 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 particle 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. 
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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 können 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 möglich. 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 zunächst mit der Methodenentwicklung und Validierung der TD-

Pyr-GC/MS. Unter Verwendung ausgewählter Referenzsubstanzen (Phenanthren, Triclosan und 

α-Cypermethrin) und definierter Referenzpartikel aus Polystyrol (PS), Polyethylen (PE) und 

Polymethylmethacrylat (PMMA) wurden kontrollierte Sorptionsversuche durchgeführt. Die 

Methodenentwicklung umfasst neben der Auswahl einer geeigneten Probenvorbereitung auch 

die Bestimmung der optimalen Thermodesorptionstemperatur (TD). Die Temperatur muss so 

gewählt werden, dass die ausgewählten TOrCs im ersten TD-Schritt desorbiert werden. Während 

der Thermodesorption findet noch keine vollständige Fragmentierung der Polymere statt. Der 

anschließende Pyrolyseschritt dient der Polymeridentifizierung. Für optimale Bedingungen wurde 

die TD-Temperatur auf 200 °C und die Pyrolysetemperatur auf 800 °C eingestellt. 

Zusammenfassend lässt sich sagen, dass eine Methode zur Identifizierung von TOrCs auf 

Partikeln entwickelt wurde, unabhängig von der Partikelgröße (sowohl Mikro- als auch 

Nanopartikel). 

Im zweiten Teil dieser Dissertation lag der Schwerpunkt auf der Sorption in Abhängigkeit von der 

Partikelgröße, 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 ausgewählten TOrCs und Referenzpartikeln durchgeführt. Diese 

Studien waren die ersten, die TOrC-Konzentrationen in beiden Phasen, wässrig und auf Partikeln, 

untersuchten. Es konnte gezeigt werden, dass die Sorption polymer- und größenabhängig ist. 

PE-Partikel zeigten die höchste Sorptionsrate im Vergleich zu PS- und PMMA-Partikeln, die in 

etwa die gleiche Partikelgröße aufwiesen. Eine hohe Sorption auf die PS-Nanopartikel ist 

hauptsächlich auf die hohe Partikelanzahl und die höhere spezifische Oberfläche zurückzuführen. 

Gleichzeitig konnte jedoch gezeigt werden, dass die Quantifizierung von TOrCs direkt aus 

Nanopartikeln mittels TD-Pyr-GC/MS möglich ist. Die gleichzeitige Sorption der TOrCs 

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

Triclosan und α-Cypermethrin stärker an PE-Mikropartikel adsorbiert.  

Im dritten Teil wurde die TD-GC/MS zur Bestimmung der Konzentration von Phenanthren in der 

wässrigen Phase eines ökotoxikologischen Experiments eingesetzt. Diese Studie wurde in 

Zusammenarbeit mit dem Lehrstuhl für Aquatische Systembiologie durchgeführt. Anhand des 

Süßwasserorganismus 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 höheren Phenanthrenkonzentrationen starb. 

Die Anwendung der TD-Pyr-GC/MS auf dem Gebiet der Mikro- und Nanokunststoffanalytik hat 

gezeigt, dass die Identifizierung und Quantifizierung von TOrCs direkt aus dem Partikel nach 

Validierung der entsprechenden Methode möglich ist. Es sind keine aufwendigen 

Extraktionsschritte notwendig, so dass eine Analyse in weniger als 2 h durchgeführt werden kann. 

Durch die Kombination einer neuartigen Analysetechnik für Mikro- und Nanopartikel und der 

analytischen Sorptionsforschung stellt diese Arbeit eine neue und schnelle Analysemethode zur 

Verfügung, die für Laborkläranlagen oder für ökotoxikologische 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 ISO 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 µm and 1,000 µm in size, 

and nanoplastics are smaller than 1 µm. 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 µm [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 µm - 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 

quantification, 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 

Parameter 

Optical Analysis Thermal Analysis 

FTIR Raman TED-GC/MS Pyr-GC/MS TD-Pyr-GC/MS 

Particle Size   - - - 

Size Restriction ≥ 10 µm ≥ 1 µm - - - 

Polymer Identification      

Polymer Quantification     - (so far) 

Destructive - -    

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

 

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 π-π-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 

property  

Effect on sorption process 

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 

temperature (TG) 

Classification of amorphous regions into rubbery or glassy. Conditioned by 

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]. 

 

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 I)) 
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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 particles 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 
Particle Size 

(µm) 
Sorbate 

Analytical Method 
Analyzed Phase Reference 

PE 260 Phenanthrene, Tonalide, Benzophenone  GC/MS after 

extraction with 

cyclohexane 

Particle (Extraction) [21] 

PE, PS 

 

PE: 260, PS: 

250  

Atrazine, Benzotriazole, Caffeine, 

Carbamazepine, Carbendazim, DEET, Diazinon, 

Diclofenac, Ibuprofen, MCPA, Mecoprop, 4-

Nonylphenol, Phenanthrene, Propiconazole, 

Tris(2-chloroisopropyl)-phosphate (TCPP), 

Tebuconazole, Terbutryn, Torasemide, Triclosan 

GC/MS, LC-MS/MS 

after extraction with 

cyclohexane 

Particle (Extraction) [70] 

PA, PE, PVC, 

PS 

<250 

 

n-Hexane, Cyclohexane, Benzene, Toluene, 

Chlorobenzene, Ethylbenzoate, Naphtalene 

Headspace GC/MS 

or in-tube-

microextraction 

Gaseous phase [20] 

PS (aged) 125 – 250  Various aliphatics and aromatics GC/MS headspace 

from three-phase 

system 

Gaseous phase [87] 

PE, PS, 

Fullerene, 

Sediment 

PE: 10-180 

PS: 0.07  

17 Polychlorinated biphenyls (PCBs) 

 

GC/MS after 

extraction with 

pentane-

dichloromethane 

Aqueous phase via 

passive sampler 

[16] 

PE, PP, PS 

 

320 – 440  

 

8 Polycyclic aromatic hydrocarbons (PAHs), 4 

Hexachlorocyclohexanes (HCHs), 2 Chlorinated 

benzenes (CBs) 

 

GC-ECD after 

extraction with n-

hexane 

Aqueous phase and 

PDMS phase 

[52] 

PP 450 – 850 Tonalide, Musk xylene, Musk ketone GC/MS after 

extraction with n-

hexane and 

dichloromethane 

Particle (extraction) [79] 

PS, PE, PET PE: 3-16 

PS: 10 

 PET: < 300  

38 PCB congeners GC-HRMS after 

soxhlet extraction 

with 

dichloromethane 

Particle (extraction) [88] 
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PE, PP 

(environmental 

samples) 

< 500 PCBs (IUPAC nos. 28, 52, 101, 118, 138, 153, 

180) 

GC-ECD after 

soxhlet extraction 

with 

dichloromethane 

Particle (extraction) [89] 

PS 2; 1; 0.1 Eighteen unsubstituted hydrophobic organic 

chemicals (HOCs) 

GC/MS after liquid / 

liquid extraction 

Aqueous phase via 

passive sampler 

[76] 

PE, PS, PVC < 150 Five polyhalogenated carbazoles (PHCs) GC/MS after 

washing with n-

hexane and 

dichloromethane 

Particle (extraction) [74] 

PE, PP, PS 100 – 150 9-Nitroanthracene GC/MS after 

liquid/liquid 

extraction 

Aqueous phase [66] 

PP 450-850 3,6-Dibromocarbazole and 1,3,6,8- 

Tetrabromocarbazole  

GC/MS after 

extraction with n-

hexane and 

dichloromethane 

Particle (extraction) [75] 

PS, PE, PMMA PS: 40, 41, 

0.078 PMMA: 

48 PE: 48  

Phenanthrene, Triclosan, α-Cypermethrin TD-Pyr-GC/MS Particle (directly) [65] 

PS 0.5, 0.235, 

0.80, 30, 50, 

102, 170 

Phenanthrene, Nitrobenzene HPLC Supernatant [23] 

PE, PP, PS, 

PVC 

< 200 Tylosin HPLC+DAD Supernatant [82] 

PA, PE, PET, 

PS, PVC, PP 

100, 150 Sulfamethoxazole HPLC Supernatant [90] 

PBAT, PE, PS PBAT: 2338 ± 

486,  

PE: 2628 

±623 / 

Reference 

Particles: PE: 

400 

PS: 250  

Phenanthrene HPLC-UV Supernatant [73] 
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PE, PS, soil  PE: 225 ± 41 

PS: 313 ± 48 

Triclosan HPLC+UV Methanol extraction 

of the particles  

[91] 

PE, PS, PP, PA, 

PVC 

75 – 180 Sulfadiazine, Amoxicillin, Tetracycline, 

Ciprofloxacin, Trimethoprim 

HPLC+UV Supernatant [92] 

PS 75.4, 106.9, 

150.5, 214.6  

Triclosan HPLC+UV Supernatant [60] 

PS 0.07 Phenanthrene, Anthracene, Fluoranthene, 

Pyrene, Benzo[a]anthracene, Chrysene, 

Benzo[b]fluoranthene, Benzo[k]fluoranthene, 

Benzo[a]pyrene, Benzo[g,h,i] perylene 

HPLC+FD Extraction via 

Polyoxymethylene 

sheets 

[86] 

PS (aged) 50.4 ± 11.9  Atorvastatin, Amlodipine HPLC+UV Supernatant [93] 

PET < 150 4-Chlorophenol, 2,4,6-Trichlorophenol, Fulvic 

acid 

HPLC+UV Supernatant [94] 

PP (aged) < 180  Triclosan HPLC+UV Supernatant [95] 

PP, LD-PE, HD-

PE, PVC 

63 – 125 Enrofloxacin, Ciprofloxacin, Norfloxacin, 5-

Fluorouracil, Methotrexate, Flubendazole, 

Fenbendazole, Propranolol, Nadolol 

HPLC+DAD Supernatant [96] 

PS (weathered) 139 – 207 4-Hydroxybenzophenone, Benzophenone-1, 

ethylhexyl     methoxycinnamate, Octocrylene 

UHPLC-MS/MS Supernatant [97] 

PVC, PLA  PLA: 250 -

550 

PVC: 75-150 

Tetracycline, Ciprofloxacin HPLC Supernatant [98] 

nano-PS, 

carboxyl-

functionalized 

polystyrene 

nano-PS-COOH 

Nano-PS: 

0.05 

Nano-PS-

COOH: 0.055  

Norfloxacin, Levofloxacin HPLC+FD Supernatant [99] 

PE, PS, PP < 280  Tetracycline HPLC-FD Supernatant [67] 

PE 250 – 280 Carbamazepine, 4- 

methylbenzylidene camphor, Triclosan, 17α-

ethinyl estradiol 

HPLC-PAD (Solid 

phase extraction) 

Supernatant [100] 

PE 150 Sulfamethoxazole HPLC+UV Supernatant [101] 
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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 µm to 5 mm. Analytical 

methods are still lacking, especially in the sub-µ particle range (50 nm - 100 µm), to identify sorbed 

substances and polymer types. The aim of this dissertation within the BMBF funded project 

`Subμtrack` 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 aqueous 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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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 II: “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 III: “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 III. 

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 H2O2 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 particles [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 

aqueous 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, Mühlheim an der Ruhr, Germany) and SorbStars 

(Mercury Instruments GmbH, Vohenstrauß, 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 roboticpro 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 II) 

 

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 µL. In preliminary tests, the dry mass of one drop was determined for PS 41 µm 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 

Particle size 

[µm] 

Structural 

formula  

Log D 

(pH 7) 

Storage Number of 

particles per 

drop 

Dry mass 

per drop 

[mg] 

Number of 

drops for 10 

mg 

PMMA 48 

 

1.62 Dry, technical 

grade powder 

   

PE 48 

 

-0.30 Dry, technical 

grade powder 

   

PS 40 

 

-0.2 Dry, technical 

grade powder 

   

 41  Suspended in 

EtOH 

1.3*106 1.15 ± 0.08 9 

 0.078  Suspended in 

EtOH 

1.9*1014 1.37 ± 0.03 7 

 

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). 

 



State-of-the art of analytical methods 

18 

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). 
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Table 5: Selected reference TOrCs 

Substance class Substance Monoisotopic 

mass [g/mol] 

Environmental 

relevance 

Structural formula  Log 

D (pH 

7)* 

Van der 

Waals 

surface 

Area [Å2]* 

Polycyclic aromatic 

hydrocarbons 

 

Phenanthrene 178.08 High toxicity, mutagenic 

[110], typical waste water 

pollutant [21] 
 

3.95 261 

Pyrethroide Cypermethrin 415.07 Used against pests 

[111], adverse effects in 

rats regarding fertility 

[112] 
 

5.44 571 

Polychlorinated 

phenoxyphenols 

Triclosan 289.54 Added to personal care 

products due to its 

antiseptic property [113]  

5.80 340 

Others Benzophenone 182.07 Component of 

sunscreens [114], typical 

wastewater pollutant [21]  

3.43 270 
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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 particles, 

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

Filtration 

Filtration was performed using a vacuum filtration unit (Sartorius, Göttingen, Germany) and 

Nucleopore hydrophilic membrane filters with a pore size of 0.03 µm (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 aqueous 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 µm, 

PS 40 µm and PMMA 48 µm 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, Mühlheim 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, Göttingen, 

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 µg was checked with the Cubis® Ultramicro Balance (Sartorius, Göttingen, 

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 µg 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 Kováts 

retention indices (RI). These are independent of the chromatographic method and can be used 

to identify a substance. The RI is calculated by intrapolation between two adjacent alkanes eluting 

before and after the substance of interest. For temperature-programmed GC, the Kováts retention 

index was calculated as follows [119]:  

𝐼𝑇 = 100 [
𝑡𝑅𝑖
𝑇 − 𝑡𝑅𝑧

𝑇

𝑡𝑅(𝑧+1)
𝑇 − 𝑡𝑅𝑧

𝑇 + 𝑧] 

 IT: Kováts index 

 𝑡𝑅
𝑇: retention time 

 𝑧: number of carbon atoms that elutes before the compound of interest  

 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, α-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, α-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 

α-cypermethrin 1 2,824 2,780±24 

α-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 

type 

Characteristic 

pyrolysis 

fragments  

Formula  Molecular 

weight 

[g/mol] 

m/z 

(intensity 

ratio [%])* 

Structure  

PS 3-butene-1,3-

diyldibenzene 

(styrene 

dimer) 

C16H16 208 91 (100), 

104 (27), 

130 (23), 

208 (30) 

 

5-hexene-1,3,5-

triyltribenzene 

(styrene trimer) 

C24H24 312 91 (100), 

117 (32), 

194 (19), 

207 (25)  

PE 

 

 

 

1,12-

tridecadiene 

C13H24 180 55 (52), 81 

(44), 67 

(38), 95 

(26) 

 

1,13-

tetradecadiene 

C14H26 194 81 (42), 95 

(27), 109 

(13) 

 

1,15-

hexadecadiene 

C16H30 222 55 (63), 81 

(50), 96 

(45), 69 

(37) 

 

PMMA Methyl 

methacrylate 

C5H8O2 

 

100 41(77), 69 

(100), 100 

(57) 

 

* 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 

[m/z] 

Boiling point [°C] at 760 

mmHg  

Structure 

Phenanthrene 178 337.4±9.0 

 

α-Cypermethrin 163, 184, 209 511.3 ±50 

 

Triclosan 290, 288, 218, 63 344.6±42.0 

 

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 RI 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.
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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 decomposition 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, α-cypermethrin and triclosan) were selected. After detailed sample preparation 

development (e.g., 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 

aqueous 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 Type 
Particle 

Size (µm) 
Sorbate Analytical Method 

Analyzed 

Phase 
Reference 

PE 260 Phenanthrene, Tonalide, Benzophenone  
GC/MS after extraction 

with cyclohexane 

Particle 

(Extraction) 
[13] 

PE, PS 

 

PE: 260, 

PS: 250  

Atrazine, Benzotriazole, Caffeine, Carbamazepine, 

Carbendazim, DEET, Diazinon, Diclofenac, Ibuprofen, MCPA, 

Mecoprop, 4-Nonylphenol, Phenanthrene, Propiconazole, Tris(2-

chloroisopropyl)-phosphate (TCPP), Tebuconazole, Terbutryn, 

Torasemide, Triclosan 

GC/MS, LC-MS/MS 

after extraction with 

cyclohexane 

Particle 

(Extraction) 
[26] 

PA, PE, PVC, PS <250 
n-Hexane, Cyclohexane, Benzene, Toluene, Chlorobenzene, 

Ethylbenzoate, Naphtalene 

Headspace GC/MS or 

in-tube-microextraction 

Gaseous 

phase 
[5] 

PS (aged) 125–250  Various aliphatics and aromatics 

GC/MS headspace 

from three-phase 

system 

Gaseous 

phase 
[44] 

PE, PS, 

Fullerene, 

Sediment 

PE: 10–180 

PS: 0.07  

17 Polychlorinated biphenyls (PCBs) 

 

GC/MS after extraction 

with pentane-

dichloromethane 

Aqueous 

phase via 

passive 

sampler 

[45] 

PE, PP, PS 320–440  
8 Polycyclic aromatic hydrocarbons (PAHs), 4 

Hexachlorocyclohexanes (HCHs), 2 Chlorinated benzenes (CBs) 

GC-ECD after 

extraction with n-

hexane 

Aqueous 

phase and 

PDMS phase 

[4] 
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PP 450–850 Tonalide, Musk xylene, Musk ketone 

GC/MS after extraction 

with n-hexane and 

dichloromethane 

Particle 

(extraction) 
[46] 

PS, PE, PET 

PE: 3–16 

PS:10 

PET: <300  

38 PCB congeners 

GC-HRMS after soxhlet 

extraction with 

dichloromethane 

Particle 

(extraction) 
[65] 

PE, PP 

(environmental 

samples) 

<500 PCBs (IUPAC nos. 28, 52, 101, 118, 138, 153, 180) 

GC-ECD after soxhlet 

extraction with 

dichloromethane 

Particle 

(extraction) 
[66] 

PS 2; 1; 0.1 Eighteen unsubstituted hydrophobic organic chemicals (HOCs) 
GC/MS after liquid / 

liquid extraction 

Aqueous 

phase via 

passive 

sampler 

[41] 

PE, PS, PVC <150 Five polyhalogenated carbazoles (PHCs) 

GC/MS after washing 

with n-hexane and 

dichloromethane 

Particle 

(extraction) 
[39] 

PE, PP, PS 100–150 9-Nitroanthracene 
GC/MS after 

liquid/liquid extraction 

Aqueous 

phase 
[21] 

PP 450–850 3,6-Dibromocarbazole and 1,3,6,8- Tetrabromocarbazole  

GC/MS after extraction 

with n-hexane and 

dichloromethane 

Particle 

(extraction) 
[40] 
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PS, PE, PMMA 

PS: 40, 41, 

0.078 

PMMA: 48 

PE: 48  

Phenanthrene, Triclosan, α-Cypermethrin TD-Pyr-GC/MS 
Particle 

(directly) 
[20] 
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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.  

 

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 (Mühlheim 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- subµ- 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 aqueous 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 µg 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 II) 

 

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 Nanoparticles 

The samples were analyzed by TD-Pyr-GC/MS (Figure 8). The subsequent sorption experiments 

with the TOrCs phenanthrene, α-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 µg/L and 1,000 µg/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 µL 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 µm, PS 40 µm and PMMA 48 µm 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 μg. 

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 

quantitative desorption of most TOrCs. However, a TD temperature of 280 °C is too high for the 

analysis of thermolabile substances. For the reference PMMA particles, 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 µm particles suspended in ethanol, the dry stored 

PS40 µm 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, α-cypermethrin and triclosan. 

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

In the current study, the trace compounds phenanthrene, α-cypermethrin, and triclosan were 

sorbed onto the reference particles PMMA 48 µm, PE 48 µm, PS 78 nm, PS 41 µm, and PS 40 µm 

(1 g/L each) for 1 h at the two final concentrations of 1,000 µg/L and 100 µg/L, respectively. 

The highest sorption for the selected TOrCs occurred onto the PS 78 nm nanoparticles. 

Phenanthrene (1000 µg/L) sorbed onto the particles as follows: PMMA << PS 40 µm < PS 41 µm 

< PE 48 µm < PS 78 nm. For phenanthrene at a concentration of 100 µg/L, sorption was observed 

only on PS (78 nm) and PE particles. Sorption of α-cypermethrin on particles was generally lower 

compared to phenanthrene and followed order: PS 41 µm < PS 40 µm < PE 48 µm < PMMA 
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48 µm < PS78 nm. When α-cypermethrin was applied at a concentration of 100 µg/L, sorption 

was observed only on PS 78 nm and PE particles. Triclosan at the concentration of 1,000 µg/L 

sorbed only on PS 78 nm and PE 48 µm particles. When triclosan was applied at a concentration 

of 100 µg/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 particles 

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 µm) present a desorption between 25 and 60%. 

These clear differences may be due to the different storage of the particles. The PS 41 µm 

particles were suspended in ethanol, while the PS 40 µm particles were stored dry. Comparing 

the different concentrations (1,000 µg/L and 100 µg/L) of phenanthrene applied, the concentration 

does not seem to significantly affect desorption for PE, PS 40 µm, and PS 78 nm particles. These 

results suggest that desorption behavior depends on both particle size and particle type. The 

TOrCs α-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% 

± 2%), α-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 µm there was the highest signal of peak area 

/ mass, while for PE 48 µm 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 
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[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 µm, 41 µm, 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. 

 

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 µg is weighed in, any 

smallest particle 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 particles.  

In order to overcome these inaccuracies, several strategies were used:  

 The pyrolysis tubes were placed in individual glass vials for freeze-drying according to the 

concentration they contained to avoid cross-contamination during drying. 

 The transport adapters were cleaned with dichloromethane before use, although they 

were not exposed to polymer particles. 

 Additional pyrolysis steps after TD, as well as steps to measure empty pyrolysis tubes, 

were introduced to exclude signal accumulation. 

 The GC instrument was baked out at 320 °C prior to measurements to exclude 

accumulation of TOrCs in the instrument. 

 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. 

 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 nanoparticles. 

 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. 

 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. 

 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, particle 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, α-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]. 

 

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 
(4) 

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-filling mechanisms [58, 59]. However, there are exceptions such as 

polystyrene. The average sorption capacity is higher than the Tg predicts [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] 



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

47 

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.  

 

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 a result, 

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 (H2O2) 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 µm), PMMA (48 µm) and PE (48 µm) were used as reference particles, and phenanthrene, 

triclosan and α-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 µm) 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.  

 

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 
III) 

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 
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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 µg. 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 

Signals (m/z) 

Molecular 

weight (g/mol)  

Van der Waals 

surface * (Å2) 

Structure 

α-Cypermethrin 163, 184, 209 416 571 

 

Phenanthrene 178 178 261 

 

Triclosan 290, 288, 218, 

63 

290 319 

 

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 (H2O2 (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 µm 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 % H2O2 + 20 g/L FeSO4) Unregulated 10 min + 10 min cooling 

H2O2 60 °C 24 h 

KOH (10 %) 60 °C 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 H2O2 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 µm. 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 

type 

Characteristic 

pyrolysis products  

Formula  m/z (intensity 

ratio [%])* 

Structure 

PLA Lactide C6H8O4 28 (75), 45 (34), 

56 (100), 144(1) 

 

PET Vinyl benzoate C9H8O2 51 (15), 77 (62), 

105 (100) 
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Benzoic acid C7H6O2 51 (18), 122 (99), 

77 (57) 

 

1,1-Biphenyl C12H10 28 (100), 76 (12), 

154 (92) 

 

PA  Caprolactam C6H11NO 55 (79), 67 (11), 

85 (61), 113 (100) 

 

PP 2,4-Dimethylhept-1-

ene 

C9H18 43 (97), 70 (100), 

83 (27), 126 (18) 
 

2,4,6-trimethyl-1-

nonene 

C12H24 28 (100), 43 (59), 

69 (88), 111 (33), 

125 (13) 

 

* intensity ratio to largest peak in spectra 
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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 particles 

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 µm, 41 µm) were 

used. For the comparative study, the TOrCs phenanthrene, triclosan and α-cypermethrin were 

used at concentrations of 1 µg/mL and 0.1 µg/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 µm < PS 41 µm < PS 78 nm; α-cypermethrin (PS 41 µm < PS 40 µm < PS 78 nm). Sorption 

of triclosan on PS 41 µm and PS 40 µm 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 µm PS particles suspended in ethanol than on dry 40 µm 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 α-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 
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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 particle 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 µm 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 π-π-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 

Hüffer 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 π-cloud of the aromatic structure of the adsorbed pharmaceuticals 

[20]. Nevertheless, sorption onto the PS 41 µm 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 µm < PS 41 µm < 

PE 48 µm < PS 78 nm. 

Triclosan 

Triclosan is symmetrical and therefore exhibits only low polarity. On the PS 78 nm particles, 

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 nanoparticles, sorption to the PS 

microparticles (PS 41 µm) and to the PMMA 48 µm 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 π-π 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 π-

π-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 log 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 

Hüffer & 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 µm < PS 41 µm < PE 48 µm < 

PS78 nm. The particle phase gave the following results: PMMA 48 µm = PS 41 µm < PE 48 µm 

< PS78 nm. 

α-Cypermethrin 

The concentration of α-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). α-Cypermethrin does not have a 

planar structure, which makes it difficult to bind to the benzene rings of the PS 41 µm particles. A 

decrease in the measured concentration in the aqueous phase can nevertheless be seen (Reichel 

et al., 2022/Figure 4d). The benzene rings of α-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 µm = PMMA 48 µm < PS 41 µm < 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 µm. 

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 α-cypermethrin is not affected by the presence of the other TOrCs. 

Comparing the sorption on PS 78 nm and PE 48 µm with an initial TOrCs concentration of 

10 mg/L, the sorption on the nanoparticles 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 H2O2 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 IV) 

Polymer type Particle treatment Pyrolysis products in TD 

(%) / Standard deviation (%) 

PA No treatment 74.5 / 19.0 

Fenton 17.1 /12.7 

H2O2 3.0 / 3.7 

PS No treatment 79.3 / 12.5 

Fenton 78.8 / 16.9 

H2O2 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 µm), PS (78 nm, 40 and 

41 µm), PE (48 µm) 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:  

  Phenanthrene: PMMA 48 µm << PS 40 µm < PS 41 µm < PE 48 µm < PS 78 nm 

 α-Cypermethrin: PS 41 µm < PS 40 µm < PE 48 µm < PMMA 48 µm < PS 78 nm 

 Triclosan: PE 48 µm < PS 78 nm. No sorption on PS 41 µm, PS 40 µm and PMMA 48 µm 

was detected. 

With the particle 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 nanoparticles 

(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 

[µm] 

Particle 

type 

Mass 

[µg] 

Number of 

particles 

Surface particles 

[m2] 

41 PS 22-63 586 – 1679 3.10*10-6 - 8.86*10-6 

40 PS 23-64 660 – 1837 3.32*10-6 - 9.23*10-6 

0.078 PS 29-69 1.12*1011 – 

2.67*1011 

2.14*10-3 - 5.10*10-3 

 

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 

quantification 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 µm in the presence of triclosan and a-cypermethrin. 

In laboratory experiments, pure microplastic particles were treated with H2O2 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 µm) 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 aquatic organisms, 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 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 µm) or sediment 

microparticles (45 – 53 µm). 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 

m3) 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-1 [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-1 were recorded. The particle size that were offered had a size of 1 – 90 µm [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 

Type 

Particle size 

[µm] 

Investigated 

organism 

Main outcome  Reference 

PS 0.07 Daphnia magna  Population growth was 
reduced 

 reduced body size 

 number and body size of 
neonated were lower 

[173] 

1 Daphnia magna  Exposed to two pesticides 
(dimethoate, deltamethrin) 
with or without PS particles 

 PS particles alone: no 
effects 

 Increasing pesticide 
concentrations: decreased 
mobility and increased 
mortality 

 PS reduced the 
concentration of one 
pesticide (deltamethrin) 

[172] 

20-250 

(powder), 0.02-

200 µm 

(suspension 

Daphnia magna, 

Artemia 

franciscana 

 MP were found inside the 
guts 

 Exponential correlation 
between MP uptake in the 
intestine and size of MP  

[174] 

 1 C. dubia  Inhibition of reproduction 
and DNA damage 

 Chronic toxicity and 
genotoxicity 

 

PE 1 and 100 Daphnia magna  1 µm particles are ingested 
and cause immobilization 

 100 µm particles had no 
visible effects 

[175] 
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PE, PP 10 - 27 Hyalella azteca  PP: were significantly more 
toxic than PE 

 Chronic exposure to PE and 
PP: led to a significant 
decrease in growth and to a 
decrease in the reproduction 

 [160] 

 

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) 

CaCl2*2H2O 5.880 

MgSO4*7H2O 2.460 

NaHCO3 1.296 

KCl 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 µL of 

sample with 50 µL 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 µm 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 
phenanthrene 
[mg/L] 

Sample 
environment 

Solvent control 0 + 48 0 0 

Control 0 + 48 0 0 

MP control 0 + 48 0 0 

Sediment control 0 + 48 h 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 µL 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.  



Sublethal and lethal effects of particles in in vitro and in vivo assays depend on particle type and 
size 

64 

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 aqueous 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 sublethal and lethal effects of particles in in vitro and in vivo 

assays depend on particle type (plastic or silica) and size can partially be accepted.  
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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 

quantify 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:  

(i) 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, α-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 particles. 

(ii) 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 µm, PS 41 µm, PS 78 nm; 
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PMMA 48 µm; PE 48 µm) were treated with selected TOrCs (phenanthrene, triclosan, α-

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 µm particles. In further experiments, a mixture of TOrCs 

(phenanthrene, triclosan, α-cypermethrin) was simultaneously sorbed on PS 78 nm and 48 µm. 

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 H2O2 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 

(1 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.  

(iii) 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, α-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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Appendix I  

Organic Contaminants and Interactions with Micro‐ and Nano‐Plastics in the 

Aqueous 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 

(GC), liquid 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. 

 

Julia Reichel conducted the literature study and wrote the manuscript. Oliver Knoop contributed 

to the chapter 3.4. and reviewed the manuscript. Johanna Grassmann, Jörg E. Drewes and 

Thomas Letzel reviewed the manuscript and contributed to the discussion.  
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Appendix II 

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 Jörg E. Drewes reviewed the manuscript and contributed to the 

discussion.  
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Appendix III 

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 Jörg E. Drewes reviewed the manuscript and 

contributed to the discussion.  
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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, H2O2, and Fenton reactions) were evaluated for their 

effectiveness in removing organic matter from microplastic samples without altering polymer 

properties. Results showed that H2O2 and Fenton reactions were effective, while KOH dissolved 

certain polymer particles. 

 

Mohammed S. M. Al-Azzawi designed and wrote the manuscript. Mohammed S. M. Al-Azzawi 

and Simone Kefer performed the size analysis and evaluated the experiments. Mohammed S. M. 

Al-Azzawi and Jana Weißer performed the FTIR analysis and evaluated the experiments. 

Mohammed S. M. Al-Azzawi and Julia Reichel performed the Pyr-GC/MS analysis and evaluated 

the experiments. Christoph Schwaller, Karl Glas, Oliver Knoop and Jörg E. Drewes reviewed the 

manuscript and contributed to the discussion.  
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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. 

 

Astrid Bartonitz designed, performed, evaluated the experiments and wrote the manuscript. 

Ihuoma N. Anyanwu, Juergen Geist, Hannes K. Imhof, Julia Reichel, Johanna Grassmann, Jörg 

E. Drewes and Sebastian Beggel reviewed the manuscript and contributed to the discussion.  
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