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II !Zusammenfassung  

Die Produktion und der Einsatz polymerer Werksto"e steigen seit Jahren kontinuierlich. 

Gleichzeitig wŠchst damit auch der Eintrag von Mikroplastik (MP) Ð kleinster Partikel aus 

der Abnutzung jener Materialien Ð in unsere Umwelt. Ein Bewusstsein fŸr MP ist  

mittlerweile in breiten Teilen der Bevšlkerung angekommen, sodass Forschung und 

Entwicklung auf diesem Gebiet ebenfalls immer mehr an Bedeutung gewinnen. Die 

Unzureichende Standardisierung und das Fehlen geeigneter Analysemethoden 

erschweren jedoch noch i mmer die Erfassung und Nachverfolgung  von MP, sodass es 

nach wie vor weitestgehend unreguliert bleibt. FŸr die Etablierung gesetzlicher Reglungen 

sind vor allem massebasierte Analysemethoden von Vorteil. Neben 

thermogravimetrischen Methoden existieren jedoch bisher kaum Alternativen auf diesem 

Feld. In diesem Kontext wird seit einigen  Jahren der Einsatz der 

Kernresonanzspektroskopie (NMR) nach vormals nur qualitativer Anwendung auf MP nun 

auch fŸr ihre quantitative Nutz ung geprŸft. Diese Arbeit befasst sich  mit dem aktuellen 

Stand der quantitativen NMR -Spektroskopie (qNMR) und testet Mšglichkeiten zur 

Optimierung und Weiterentwicklung im Bereich der MP -Analytik. Zu Beginn wird die 

Reduzierung von Probenmengen und damit Aufwand und Messdauer der Methode durch 

Zusammenlegung verschiedener Polymertypen in gemeinsam messbare Gruppe n sowie 

der Eignung homopolymerer Kalibrierungen fŸr die Detektion von Copolymeren geprŸft.  

Bestehende Restriktionen wŠhrend der Messung werden sich  zu Eigen gemach t und 

extraktive Verf ahren zur Probenvorbereitung implementier t. Schlie§lich wird der Ein#uss 

realer Umweltproben erfasst und Ma§nahmen zur Reduktion von Stšrfaktoren erarbeitet. 

Im Ergebnis umfasst die Methode mindestens sechs Polymertypen von PMMA, PS, BR und 

PVC bis hin zu PA und PET sowie separate AnsŠtze fŸr Polymere wie PAN und LDPE. Ein 

modulares Probenvorbereitungsprotokoll, inklusive extraktiver Fraktionierung in 

Messgruppen und chemischen Aufschlusses zur Matrixreduktion, wird etabliert und um 

Mšglichkeiten zur Di"u sionsmessung und Anwendung auf Niederfeld gerŠten erweitert. 

Die praktische Anwendung wird an realen Beispielen, wie Flie§gewŠsserbio!lmen sowie 

zur QualitŠtskontrolle von zerti!zierten Referenzmaterialien , vorgestellt. DarŸber hinaus 

werden erste Einblicke in zukŸnftige Entwicklungsmšglichkeiten, etwa zur Detektion von 

Reifenabrieb, gegeben.  
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III !Summary  

The production and use of polymeric materials have been increasing continuously for 

years. At the same time, the entry of microplastics (MP) Ð tiny particles resulting from the 

wear and tear of these materials Ð into our environment is growing  as well. By now, 

awareness of MP has reached broad sections of the population  and also r esearch and 

development on this !eld are similarly becoming increasingly important. However, 

insu$cient standardization and the lack of suitable analytical methods  still make 

recording and tracking of MP di$cult, so that it  remains largely un regulated. Mass -based 

analytical methods are particularly advantageous for the establishment of legal 

regulations. Apart from thermogravimetric methods, however, there are currently few 

alternatives in this !eld. In this context, the use of nuclear magnet ic resonance 

spectroscopy (NMR), previously only qualitatively applied to MP, has now also been 

examined for its quantitative bene!ts. This work deals with the current state of 

quantitative NMR spectroscopy (qNMR) and tests possibilities for optimization and further 

development for this purpose. Initially, the reduction of sample volumes and thus 

minimized e"ort and measurement time of the method will be examined by combining 

di"erent polymer types into simultaneously  measurable groups, as well as the suitability 

of homopolymer calibrations for the detection of copolymers. Existing restrictions during 

measurement will be adopted, and thus extractive procedures for sample preparation are 

implemented. Finally, the in#uence of real environmental samples wil l be assessed, and 

measures to reduce interfering factors will be taken in to account . As a result, the method 

encompasses at least six polymer types, from PMMA, PS, BR, and PVC to PA and PET, as 

well as separate approaches for polymers such as PAN and LDPE. A modular sample 

preparation protocol, including extractive fractionation into mea surement groups and a 

chemical digestion method for matrix reduction, will be established and expanded to 

include options for di"usion measurement and application to low -!eld instruments. 

Practical application will be presented using real -world examples, such as freshwater  

bio!lms, as well as the use for quality control of certi!ed reference materials. 

Furthermore, initial insights into future development possibilities, like for the detection of 

tire abrasion, will be provided.  
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IV!AbkŸrzungsverzeichnis  

µFTIR Mikro -Fourier -Transform -Infrarotspektroskopie  

µRaman Mikro -Ramanspektroskopie  

4F-PS Poly(4-#uorstryol)  

ASE Accelerated solvent extraction  

BfG Bundeanstalt fŸr GewŠsserkunde  

BHT Butylhydroxytoluol  

BR Polybutadien  

CDCl3 Deuteriertes Chloroform  

CHCl3 Chloroform  

DMSO Dimethylsulfoxid  

EPR Ethylen-Propylen -Copolymer  

FA AmeisensŠure  

HMDSO Hexamethylsiloxan  

LDPE Low-Density Polyethylen  

LM Lšsungsmittel  

LOD Nachweisgrenze  

LOQ Bestimmungsgrenze  

MP Mikroplastik  

NMR Kernresonanzspektroskopie  

NOD NMR in nicht -deuterierten Lšsungsmitteln  

NR Naturkautschuk  

PA Polyamid (Hier speziell Polyamid 6.6)  

PAN Polyacrylnitril  
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PE Polyethylen  

PET Polyethylenterephthalat  

PIR Polyisopren  

PLE Pressurised liquid extraction  

PMMA Polymethylmethacrylat  

PP Polypropylen  

ppm  Parts per million  

PS Polystyrol, Polystyren  

PVC Polyvinylchlorid  

Py-GC/MS Pyrolyse-Gaschromatographie gekoppelt mit 

Massespektroskopie  

qNMR Quantitative Kernresonanzspektroskopie  

RMSD Standardfehler der Regression  

SBR Styrol -Butadien -Copolymer  

SNR Signal-Rausch-VerhŠltnis  

STD Standard  

TFA Tri#uoressigsŠure  

TFE Tri#uorethanol  

THF Tetrahydrofuran  
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V!Einleitung  

Der Einsatz von Plastikwerksto"en ist in der heutigen Gesellschaft kaum mehr 

wegzudenken. In Form von Verpackungen, Textilfasern, Bausto"en und 

Elektronikbauteilen begegnet es uns nahezu alltŠglich, dank oftmals individuell 

anpassbarer hochmodularer Eigenschaften sowie kostengŸnstige r Produktion. WŠhrend 

in den genannten Bereichen die Verwendung vor allem wirtschaftlichen Aspekten 

unterworfen ist, gibt es fŸr andere Bereiche wie in der Anwendung als Wirksto"trŠger in 

Medikamenten kaum Alternativen. Somit ist es nicht verwunderlich, dass die 

Plastikproduktion weltweit seit Jahren kontinuierlich wŠchst und auf mittlerwei le 413,8 

Mt /a angestiegen ist. 1,2 Ein Abrei§en dieses Trends ist dabei bisher nicht in Sicht. Mit den 

enormen Produktionsmengen und der breiten Anwendung von Plastikwerksto"en geht 

jedoch auch die Diskussion um Verbleib und Entsorgung der Materialien einher. Nicht 

selten gelangt Plastik durch fehlende Recyclinginfrastrukturen, langer Lagerung auf 

Deponien und unsachgemŠ§er Entsorgung letztlich in die Umwelt. Dort verbleibt es, dank 

seiner zuvor gewŸnschten Eigenschaften wie chemischer und biologischer Pers istenz, 

nahezu unverŠndert. Ein extremes  Beispiel dieses Eintrags ist der sogenannte ã north  

paci!c garbage patchÒ, eine Ansammlung enormer Mengen PlastikmŸlls im 

Nordpazi!schen Ozean zwischen Asien und Nordamerika. 3 WŠhrend ein solches Beispiel 

fŸr das menschliche Auge gut sichtbar und š"entlichkeitswirksam wahrnehmbar ist, geht 

damit eher unau"Šllig ein weiteres mindestens ebenso weitreichendes Umweltproblem 

einher Ð Mikroplastik. Es entsteht meist durch den Zerfa ll oder Abrieb grš§erer Plastikteile, 

wird teilweise aber auch bereits als solches produziert und eingesetzt. Trotz 

zunehmender Berichterstattung und wachsendem Bewusstsein ist Mikroplastik weiterhin 

weitgehend unreguliert. Die GrŸnde hierfŸr liegen nicht zuletzt auch in der noch 

unzureichenden Erforschung der Partikel und darin bestehenden Schwierigkeiten. 

Gerade die breite DiversitŠt in Hinblick auf Entstehung, Transport, Verwitterung, aber 

auch Gefahren fŸr Menschen, Tiere und …kosysteme erfordert ebenso vielfŠltige 

Methoden zur Identi!katio n und Quanti!zierung, welche Ÿblicherweise zu Beginn jeder 

Forschungsfrage stehen. Bis heute sind viele Methoden weiterhin in Entwicklung, sodass 

eine Standardisierung nach wie vor ausbleibt. Ziel dieser Arbeit ist es , einen Beitrag zur 

Entwicklung der notwendigen Analyseverfahren zu leisten. Der Schwerpunkt liegt dabei 
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auf einer massebasierten Methode, da diese besonders fŸr die Erfassung von 

Sto"mengen und Massentransporten des Mikroplastik von Vorteil sind. Sie sind somit 

Voraussetzung fŸr die Etablierung und Kontrolle gesetzlicher Regularien. Speziell wird der 

Einsatz der quantitative n NMR-Spektroskopie  als Alternative zu den bisher 

dominierenden thermogravimetrischen Verfahren untersucht, um so auch in diesem Feld 

der Bestimmungsmethoden eine breitere Auswahl sowie eine Mšglichkeit zur 

†berprŸfung bestehender Verfahr en zu scha"en.  
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VI!Theorie  

VI.1!Mikroplastik  

VI.1.1!Entstehung, Vorkommen und Folgen  

In den vergangenen Jahren hat das Thema ãMikroplastikÒ (MP) sowohl medial als auch 

politisch viel Beachtung erfahren. Dabei werden verstŠrkt auch die potentiellen Risiken 

dieser Partikel diskutiert. Was genau allerdings als MP bezeichnet wird, kann dabei sehr 

unterschiedlich ausfallen und ist ebenso in der Fachliteratur teils versch ieden de!niert. 

Im Allgemeinen umfasst der Begri" polymere Partikel in der Grš§enordnung weniger 

Millimeter oder gar Mikrometer. 4Ð6 Hierbei wird meist eine obere Grš§engrenze von 

5 mm und eine untere Grenze von 1  µm verwendet. 6,7 Je nach Fragestellung und Art der 

Studie, existieren aber auch abweichende Einteilungen und Abgrenzungen. 8 So wird nicht 

selten die Porengrš§e, der in der Probenahme verwendeten Filter und Netze, als untere 

Grenze angesetzt oder in Hinblick auf eine stŠrkere Fokussierung auf das PrŠ!x 

ãMikro-Ò der Bereich von 1 mm bis 1  µm herangezogen. 5,9 Eine erweiterte Unterteilung in 

zusŠtzliche Kategorien wie Makro -, Meso-, und Nanoplastik kommt dabei ebenso vor, 

wobei gerade zuletzt genannter Begri" zunehmend an Bedeutung gewinnt. 10,11 Neben 

Grš§e und Form werden darŸber hinaus auch strukturelle Eigenschaften diskutiert. Oft 

spielt ein anthropogener Ursprung der Partikel eine entscheidende Rolle und schlie§t 

gleicherma§en vollsynthetische Polymere, als auch modi!zierte natŸrliche Polymere wie 

Kautschuk mit ein. 11 So kann eine Abgrenzung zu natŸrlichen Polymeren wie Cellulose, 

Proteine n oder DNS gelingen. Teilweise werden aber auch Sto"e ausgeschlossen, welche 

an anderer Stelle durchaus zu MP gezŠhlt werden. Dies ist beispielsweise der Fall, wenn 

Reifenabrieb getrennt von MP thematisiert wird oder Kriterien wie Wasserunlšslichkeit 

und ein fester Aggregatzustand vorausgesetzt werden und so etwa Polyglykole oder 

Polyvinylalkohol  herausfallen. 11 Allein an diesen Beispielen wird deutlich, wie schwierig 

die genaue Abgrenzung des Begri"s aufgrund der diversen Natur der betrachteten 

Partikel ausfŠllt. Bis heute liegt daher keine allgemein gŸltige De!nition des Begri"s 

ãMikroplastikÒ vor.9,11Ð13 
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UnabhŠngig von der De!nition wird Ÿblicherweise zwischen zwei Wegen der Entstehung 

unterschieden. Als ãPrimŠres MikroplastikÒ werden Partikel bezeichnet, welche direkt in 

Form von MP produziert werden. 11 Diese werden meist als Additive oder FŸllsto"e in 

Kosmetika, Hygieneartikeln, Waschmitteln, Farben sowie in der Landwirtschaft eingesetzt, 

aber auch als Wirksto"trŠger in Medikamenten. 4,14 ãSekundŠres MikroplastikÒ wiederum 

entsteht erst durch Fragmentierung grš§erer plastikbasierter Werksto"e. 11 

Beispielsweise  beim Abrieb von Autoreifen, beim Waschen von Kleidung, wobei eine 

Vielzahl von Fasern ausgewas chen wird oder durch Zersetzung aufgrund verschiedener 

photolytischer, chemischer sowie mikrobieller Prozesse in der Umwelt, etwa  wenn 

PlastikmŸll im Meer treibt. 4,14 Analog zu der De!nition von MP, existieren hier ebenso teils 

unterschiedliche Abgrenzungen. MP, welches beim vorgesehenen Gebrauch eines 

Objektes, etwa durch Abrieb, entsteht, wird mitunter ebenfalls zu primŠrem MP gezŠhlt. 

Andere Studien wiederum zŠhlen diese Partikel zu sekundŠrem MP. 11 Egal welche 

De!nition letztlich genutzt wird  Ð einmal  in die Natur eingebracht, kann MP in vielen FŠllen 

Abbildung 1: AusgewŠhlte Grš§enunterteilungen von Nano -, Mikro -, Meso- und Makroplastik  (nach 
Hartmann et al., 2019). 1Ð10 
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nicht mehr eindeutig einer der beiden Kategorien zugeordnet werden. Die Klassi!zierung 

ist daher weniger von analytischer  Bedeutung, sondern hilft vielmehr , Ma§nahmen und 

Eintragswege besser zu koordinieren. Zum Beispiel schrŠnkt die EuropŠische Union auf 

Basis dieser Einteilung das Inverkehrbringen von PrimŠre m MP seit 2023 schrittweise 

ein.15 Welchen E"ekt diese Ma§nahme schlie§lich hat, ist jedoch recht umstritten. Eine 

genaue AbschŠtzung der Eintragsmengen von primŠren und sekundŠren MP ist  aufgrund 

der Vielzahl beteiligter Parameter , Annahmen und Unsicherheiten bisher kaum mšglich. 

Momentan wird angenommen, dass es sich beim Gro§teil des detektierten MP um 

sekundŠres MP handelt. 4,16 In diesem Zusammenhang scheinen Ma§nahmen zur 

Reduktion von sekundŠrem MP daher deutlich dringender.  

Neben der Entstehung, ist auch der Verbleib und der Transport von MP in der Umwelt von 

Bedeutung. Mittlerweile wurde MP in nahezu allen Umweltbereichen dokumentiert. Zu 

Beginn lag der Fokus vor allem auf GewŠssern, sodass etliche Befunde fŸr Seen, FlŸsse 

oder Meeresober#Šchen vorliegen. 17Ð19 Selbst in der Tiefsee wurde Mikroplastik 

nachgewiesen. 20 Erst seit ein paar Jahren wŠchst nun ebenfalls das Interesse an weiteren 

Medien wie Luft oder Erde, etwa durch die Detektion in Aerosolen und Schnee oder auf 

Agrar#Šchen und an Stra§enrŠndern. 21Ð24 In Folge dessen ist die Datenlage fŸr GewŠsser 

momentan deutlich umfassender als fŸr die Ÿbrigen Bereiche. 25Ð27 AbhŠngig von der Art 

des MP, der Quelle und des Eintragswegs sowie des Umweltmediums, bilden sich meist 

Konzentrationszonen und Senken fŸr MP. Landwirtschaftlich genutzte FlŠchen sowie 

urbane RŠume sind oft stŠrker belastet. 28 Durch Meeresstršmungen wiederum kšnnen 

sich teils riesige Teppiche aus Plastik bilden, welche Unmengen an MP durch Reibung 

untereinande r erzeugen. 3 FŸr alle Bereiche gilt dabei, dass sich trotz ihres persistenten 

Charakters etliche Eigenschaften des MP aufgrund verschiedener Umweltein#Ÿsse 

verŠndern. UV-Strahlung, Additive und Bio!lme haben starken Ein#uss auf Dichte, 

PolaritŠt und Morphologie der  Partikel. 29 Folglich erfolgt in terrestrischer Umgebung die 

Verwitterung langsamer als an Meeresober#Šchen. 30 Die Partikelanzahl wiederum steigt 

mit der Verweildauer des MP in der Umwelt. So entstehen mit fortsetzender 

Fragmentierung zunehmen d mehr Partikel bei gleichbleibender Gesamtm asse, sodass 

voraussichtlich mit sinkender Partikelgrš§e ein Anstieg der MP -Konzentration 

einhergeht. 12 
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Mittlerweile erfolgten auch Studien an Lebewesen, mit Nachweis von MP sowohl in Tieren 

als auch im Menschen. Hierbei zeigt sich, dass mit steigendem trophischem Level die 

Belastung mit MP zunimmt. 31,32 Durch den bisherigen starken Fokus auf GewŠsser scheint 

besonders der Verzehr von Fischen und MeeresfrŸchten fŸr Menschen relevant zu sein. 33Ð

35 Aber auch in Trinkwasser und anderer Nahrung konnte MP nachgewiesen werden. 36,37 

Im Menschen selbst wurde MP vor allem in Blut und Gewebe beobachtet. 38,39 Genaue 

Zahlen zur MP -Belastung sind jedoch bisher kaum vorhanden. 33,35 Viele Studien zu den 

Auswirkungen von MP sind vor allem e"ektbasiert. Meist werden dabei deutlich hšhere 

Konzentrationen  eingesetzt , als sie in der Umwelt beobachtet werden. 40,41 Eine Studie von 

BUCCI et al. zeigte etwa, dass nur rund 17% der erfassten Publikationen relevante MP -

Konzentrationen verwendeten. 40 Die MP-Partikel zeigten E"ekte wie den Anstieg des 

oxidativen Stresses im Kšrper einhergehend mit der Agglomeration sowie Translokation 

in verschiedene Organe und Gewebe. 41,42 Auch erste Studien zum Passieren der Blut -Hirn -

Schranke sind erfolgt, wobei all diese E"ekte besonders von der Grš§e der Partikel 

abhŠngig scheinen. 43,44 Dennoch  geht  aus den E"ektstudien hervor, dass mehr noch als 

die Polymere selbst, vor allem verschiedene Begleitsto"e fŸr eine Vielzahl der Wirkungen 

verantwortlich sind. Nach der Fertigung enthalten die Materialien meist zahlreiche  

Additive, Monomere , aber auch Metalle und Katalysatoren, welche in der Umwelt nach 

und nach entweichen kšnnen. 45,46 Ebenso erfolgt aufgrund der vergleichsweise 

hydrophoben Ober#Šche eine verstŠrkte Adsorption weiterer toxischer Sto"e aus der 

Umwelt. 5,45Ð47 Auch die VerdrŠngung und die Verwechslung mit natŸrlichen Materialien 

kann Ein#uss auf  …kosysteme haben  und so etwa zu MangelernŠhrung, Agglomeration 

toxischer Sto"e oder der Errichtung schadhafter Nester fŸhren. 48Ð50 Die potentiellen 

E"ekte von Mikroplastik sind somit vielfŠltig  und  oftmals noch schwer abzuschŠtzen. 

Noch existieren zu wenige Daten,  die au§erdem  oft mit etlichen Unsicherheiten  belastet 

sind . So wie sie etwa durch die Extrapolation der Daten von  Versuchstieren auf Menschen  

entstehen .12,33,41,51 
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VI.1.2!Separierung aus der Umwelt  

In der Umwelt lassen sich je nach regionalen Gegebenheiten verschiedene Arten von MP 

nachweisen. Die hŠu!gsten Typen sind unter anderem Low - und High Density Polyethylen 

(LDPE, HDPE), Polypropylen (PP), Polystyrol (PS), Polyamid (PA), Polyethylenterephthalat 

(PET) sowie Polyvinylchlorid (PVC).5 Weitere Polymere und teils stark schwankende 

Konzentrationen sind dabei ebenso Ÿblich. 16 Au"Šllig ist, dass der Abgleich der MP -

Befunde mit den vorliegenden Produktionsmengen oftmals nicht Ÿbereinstimmt. 5 Zum 

einen fŸhren unterschiedliche Materialeigenschaften und Einsatzgebiete zu 

verschiedenen Fragmentierungs - und Eintragswegen in die Umwelt. 14 Ein weiterer Faktor 

sind die Analyseverfahren selb st. Die diverse Natur der MP -Polymere verhindert im 

Allgemeinen eine universelle Analyse. Entsprechend mŸssen die Ziel polymere sowie 

Bestimmungsmethoden zuvor festgelegt werden, woraus sich bereits Abweichungen  

ergeben k šnnen. 

Die direkte Messung von MP aus Umweltproben ist meist nicht mšglich , da anorganische 

sowie organische Matrix bestandteile Partikel maskieren  kšnnen .52 Auch liegen teils 

niedrige Konzentrationen vor, sodass zunŠchst eine Aufkonzentration der Probe erfolgen 

muss.53 Nicht selten muss so bereits eine Entscheidung bei der Wahl der entsprechenden 

Probenahmemethode erfolgen. Je nach Medium werden Netze und Manta Trawls, 

Abbildung 2: †bersicht Ÿber hŠu!g vertretene Typen von Mikroplastik.  
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Sedimentationsboxen und Durch#usszentrifugen oder aber verschiedene Greifer und 

Bohrer verwendet. 54,55 Auch einfache Sammelproben in Tanks oder Flaschen sind 

mšglich. 54 Um anschlie§end MP von der Ÿbrigen Matrix zu trennen , sind verschiedene 

Methoden im Einsatz. Das einfachste Verfahren hierbei ist manuelles Sortieren. Mit 

blo§em Auge oder unterstŸtzt durch Lichtmikroskope werden Partikel hŠndisch 

isoliert. 53,56 Der Vorteil der Methode liegt in der einfachen Umsetzung und den 

kostengŸnstigen Anforderungen. 53 Nachteil sind allerdings neben hohem zeitlichem 

Aufwand, zum einen die vergleichsweise hohe untere Grenze erkennbarer Partikel, zum 

anderen besteht eine hohe Verwechslungsgefahr, gerade bei wenig au"Šlligen Partikeln, 

etwa in schwarzer Farbe. 53,56 Da eine Charakterisierung der Partikel nur anhand optischer 

Merkmale erfolgen kann, werden teils unterstŸtzende Verfahren, wie ein vorsorgliches 

AnfŠrben oder das Testen mit einer hei§en Nadel genutzt. 56 Ein starker Bias durch das 

ausŸbende Personal bleibt denn och selbst bei Anwendung strikter Sortierprotokolle 

bestehen. 53 

Das hŠu!gste Verfahren zur Isolierung der MP -Partikel ist die Dichteseparation. 57 Die 

Umweltprobe wird dabei in einer meist gesŠttigten Salzlšsung aufgewirbelt und 

anschlie§end sedimentieren gelassen. Aufschwimmende Partikel werden nach einiger 

Zeit abgetrennt und so isoliert. 58 Teilweise kommen eigens entwickelte Laborap paraturen 

zum Einsatz.59 Die E"ektivitŠt der Trennung ist dabei von der Art der verwendeten 

Salzlšsung sowie der untersuchten MP -Polymere abhŠngig. 57 WŠhrend Natriumchlorid 

beispielsweise  gŸnstig in gro§en Mengen erhŠltlich und unbedenklich in Anwendung und 

Entsorgung ist, lŠsst sich damit jedoch nur ein geringer Zuwachs der Lšsungsdichte auf 

etwa 1,2  g/cm% erzielen.57 Zum Vergleich, PET weist eine Dichte von etwa 1,37 -1,45 g/cm% 

auf und  kšnnte so mit  nicht isoliert werden. 57 Hšhere Dichten kšnnen nur durch andere 

Salze wie Zinkchlorid oder Natriumiodid erzielt werden. Dies allerdings sowohl zum Preis 

deutlich teurer er Ausgangsmaterialien als auch eine s hšheren toxischen Potential s.57 Ein 

Problem entsteht bei diesem Verfahren dann, wenn sich die Dichte der MP -Partikel durch 

Agglomeration mit anderen Sto"en und durch Verwitterung in der Umwelt verŠndert. 58 

So ergeben sich teils starke Abweichungen bezŸglich der Wieder!ndungsraten im 

Vergleich zwischen den Studien. 57,58,60 
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Eine Weiterentwicklung der Dichteseparation stellt die š lbasierte Separation von MP -

Partikeln dar. Die DurchfŸhrung Šhnelt stark der Dichteseparation, nur dass  hierbei 

verschiedene …le anstelle der Salzlšsungen zum Einsatz kommen. 61 Die Isolierung der 

Partikel erfolgt auf Basis der HydrophobizitŠt der MP -Partikel und ist grš§tenteils 

dichteunabhŠngig. 61 Da es sich um eine vergleichsweise neue Methode handelt, sind viele 

der Verfahren noch nicht vollends ausgereift und bedŸrfen weiterer Entwicklung. 25 

WŠhrend die bisher beschriebenen Methoden die Grš§e und Morphologie der Partikel 

erhalten haben, werden bei extraktiven Verfahren die Partikel zunŠchst gelšst, um im 

Anschluss ausgefŠllt oder direkt gemessen zu werden. Neben klassischen Fest -FlŸssig-

Extraktionen und Soxhlet -Methoden etablierte sich hierbei in den letzten Jahren die 

ãPressurised liquid extractionÒ  (PLE), auch ãAccelerated solvent extractionÒ (ASE) 

genannt. 62Ð65 In diesem Verfahren wird die Umweltprobe, eingeschlossen in einer 

gasdichten Kamm er, bei zugleich hoher Temperatur sowie hohem Druck mit 

Lšsungsmittel versetzt. 62 †blicherweise liegen die Temperaturen dabei deutlich Ÿber dem 

bei AtmosphŠrendruck vorherrschenden  Siedepunkten der Lšsungsmittel. Dies 

ermšglicht eine Extraktion in wenigen Minuten bei gleicherma§en geringem 

Arbeitsaufwand, wobei allerdings nur eine geringe SelektivitŠt erzielt werden kann. 62,66,67 

Die Investitionskosten sind hierbei vergleichsweise hoch, da entsprechende GerŠte 

vorausgesetzt werden.  

Trotz Separation der Partikel fŸhr en anhaftender Bio!lm sowie koextrahierte 

Matrix elemente  oftmals zu Problemen bei der darau"olgenden Analyse des MP. Es ist 

daher Ÿblich, dass vor oder nach der entsprechenden Isolierung der Partikel eine 

weiterfŸhrende Entfernung der Matrix erfolgen muss. Zu diesem Zweck werden je nach 

Art der Matrix und Ziel polymere verschiedene Aufschlussverfahren angewendet. Diese 

lassen sich grob in saure, alkalische, oxidative sowie enzymatische Verfahren 

einteilen. 52,68Ð70 Besonder s die organische Matrix wird dabei nach und nach zersetzt, 

wobei die Bedingungen so gewŠhlt werden sollten, dass die Partikel selbst mšglichst nicht 

angegri"en werden. WANDER et al. nutzten beispielsweise eine Natriumhydroxidlšsung 

nach vorangegangener Dichteseparation an PS, PE und PP -Partikeln. 71 PAPINI et al. 

untersuchten PS und ABS -Partikel nach Zersetzung in Wassersto"peroxid und PEEZ et al. 

entfernten verschiedene biologische Matrizes von PET -Fasern durch Einsatz einer 
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halbkonzentrierten SchwefelsŠure gemischt mit Wassersto"peroxid. 64,72 All die 

genannten Protokolle sind dabei nicht universell auf andere Matrizes und Polymertypen 

Ÿbertragbar, wie unter anderem Untersuchungen von PFEIFFER und FISCHER zeigen.52,69,70 

Meist ist daher e ine Optimierung und Anpassung an die zu untersuchenden Proben 

erforderlich. Enzymatische Zersetzungen dagegen werden eher selten verwendet, da 

hšhere Kosten sowie ihre geringe VerfŸgbarkeit einen breiten Einsatz meist verhindern. 70 

Als Alternative zur Zersetzung der organischen Matrix kšnnen, vor allem bei extraktiver 

Isolierung des MP, auch zusŠtzliche Waschschritte mit passenden Lšsungsmitteln dienen. 

Diese sollten die Zielpolymere nicht lšsen, kšnnen aber eine Reduktion stšrender  

Begleitsubstanzen erziel en. Sowohl Studien von FULLER und GAUTAM als auch von DIERKES 

et al. zeigten beispielsweise die optimale Kombination eines Methanol -Waschschrittes mit 

anschlie§ender PLE. 62,66 

 

VI.1.3!HŠu!g verwendete Bestimmungsmethoden  

Im Bereich der MP -Analyse werden die Verfahren vorwiegend in zwei Kategorien 

unterteilt: partikel - und massebasierte Methoden. 53,73 Partikelbasierte Verfahren sind im 

allgemeinen rein optische Charakterisierungsmethoden, welche Auskunft Ÿber 

Morphologie, Anzahl und Grš§e der enthaltenen MP -Partikel geben. 53 Das einfachste 

unter den partikelbasierten Verfahren stellt dabei die visuelle Charakterisierung anhand 

von Lichtmikroskopie dar. 53 Es kann gleichzeitig zur Separation der Partikel genutzt 

werden und wur de entsprechend bereits in Kapitel VI.1.2 diskutiert . Hohe Messgrenzen 

sowie ein e starke AbhŠngigkeit  vom  DurchfŸhrenden stehen hierbei in starkem Kontrast 

zur einfache n und gŸnstige n Umsetzung.  Per Auge kšnnen Partikel bis etwa 1  mm erfasst 

werden . Mittels eines Mikroskops kann diese Grenzen bis auf teils 3  µm gesenkt werden. 53 

Zu beachten ist, dass mit sinkender Nachweisgrenze auch die Verwechslungsgefahr steigt. 

Eine Aufreinigung der Proben zur Matrixreduktion ist nicht zwingend erforderlich, gerade 

aber bei niedrig angesetzten Nachweisgrenzen meist zu empfehlen. 53 

Wenn auch die visuelle Charakterisierung vor allem in Feldstudien nach wie vor 

Anwendung !ndet, haben sich aufgrund der vielfŠltigen Nachteile dieser Methode 

mittlerweile die Fourier -Transform -Infrarotspektroskopie (FTIR) sowie die Raman -
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Spektroskopie im Bereich der partikelbasierten Methoden durchgesetzt. 53 Beide 

Verfahren kšnnen meist komplementŠr zueinander eingesetzt werden. Es existieren 

jeweils eine Reihe verschiedener Variationen, die von Einzelpartikelanaly sen bis hin zu 

Imaging -Verfahren  reichen. Oft  wird jedoch eine Kopplung mit Mikroskopen in Form der 

sogenannten µFTIR oder µRaman -Methoden genutzt. 53,68,74 Detektiert wird die Interaktion 

einfallender elektromagnetischer Strahlung mit MolekŸlschwingungen, woraus die 

jeweilige Stru ktur der enthaltenen Sto"e abgeleitet werden kann. Bei der FTIR kann dies 

als Re#exions-, Transmissions -, oder ãAttenuated Total Re#ectionÒ-Messung (ATR) 

realisiert werden . FŸr die Raman-Spektroskopie erfolgt die Messung anhand von 

gestreuter Strahlung. 53 Durch  Abgleich des sogenannten ãFingerprintÒ -Bereichs des 

resultierenden Spektrums mit entsprechenden Datenbanken, lassen sich dann die 

enthaltenen Polymere im Anschluss an die Messung zuordnen. Beide Verfahren haben 

den Vorteil, deutlich niedrigere Mes sgrenzen als die zuvor beschriebene visuelle 

Charakterisierung zu ermšglichen. Die theoretische Nachweisgrenze ergibt sich aus der 

WellenlŠnge der jeweils verwendeten Strahlung. Praktisch sind allerdings meist etwas 

hšhere Nachweisgrenzen zu beobachten. FŸ r die µFTIR liegt sie bei etwa 10 -20 µm, fŸr die 

Raman-Spektroskopie sind noch niedrigere Grenzen bis auf 1  µm Ÿblich, wobei das 

theoretische Limit bei etwa 300  nm liegt. 53,68 Die VerfŸgbarkeit bereits vorhandener 

Datenbanken sowie die weite Verbreitung de r MessgerŠte haben recht frŸh zur 

Etablierung beider Methoden im Bereich der MP -Analytik beigetragen. Hinzu  kommt, dass 

partikelbasierte Verfahren im Gegensatz zu massebasierten Verfahren keine Zerstšrung 

der Messprobe bewirken und so weitere Untersuchungen im Anschluss ermšglichen. 73 

Gleichzeitig kommen auch sie mit Nachteilen einher. Die FTIR -Spektroskopie kann leicht 

durch Additive, wie Ru§ aus Reifenpolymeren sowie durch verbliebene Feuchtigkeit in der 

Probe gestšrt werden Ð beides Sto"e, welche ebenfa lls im jeweiligen Wellenbereich 

absorbieren. 53,74 Die Raman-Spektroskopie wiederum wird hŠu!g durch #uoreszierende 

Begleitsto"e, stammend aus Polymeradditiven oder Matrixbestandteilen, gestšrt. 53,68 

Abseits dieser Problematik enthalten die bisher vorhandenen Datenbanken vor allem 

Spektren neu produzierter Polymere. 74 Durch Verwitterung in der Umwelt werden 

zusŠtzlich neue funktionelle Gruppen in die MolekŸlstruktur eingebracht und so auch die 

Spektren beein#usst. Nicht selten werden diese Methoden daher  in der Untersuchung 
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von Verwitterungsprozessen von MP eingesetzt. 73 Der Bedarf MP -spezi!scher DatensŠtze, 

welche zusŠtzlich Spektren verwitterter Proben enthalten ist allerdings weiterhin hoch. 

Der grš§te Nachteil beider Verfahren liegt in der benštigten Messdauer. Aufgrund 

geringer Eindringtiefen der Strahlung in die Probe wird zu untersuchendes Material auf 

#ache Filter aufgetragen und systematisch analysiert. 73 In AbhŠngigkeit der Filtergrš§e 

ergeben sich dabei Messdauern von wenigen Stunden bis hin zu mehreren Tagen. 53,68 Oft 

werden nur Teilproben der Filter vermessen und die Ergebnisse auf die Gesamtprobe 

extrapoliert, um die benštigte Zeit zu reduzieren. Dabei erfolgte zeitnah die Etablierung 

automatisierter Auswerteprozesse. Aufgrund der anfallenden hohen Datenmengen is t 

dies im Allgemeinen auch notwendig. 53,68,73 

Auf Seiten der massebasierten Verfahren werden vorwiegend thermogravimetrische 

Methoden eingesetzt, wie die Pyrolyse -Gaschromatogra!e gekoppelt mit 

Massenspektrometrie (py -GC/MS) oder verwandte Formen wie die Thermoextraktion und 

Desorption GC/MS (TED-GC/MS) sowie Thermogravimetrische GC/MS (TG -GC/MS).53,63,73 

Bei all den genannten Verfahren erfolgt eine thermische Zersetzung der Probe mit 

anschlie§ender Analyse der gasfšrmigen Abbauprodukte durch GC/MS. 63,73 Je nach 

Verfahren wird die Probe dabei vollstŠn dig pyrolysiert  (py-GC/MS), werden zunŠchst die 

Abbauprodukte adsorbiert, um erst nachtrŠglich desorbiert und vermessen zu werden  

(TED-GC/MS) oder aber es erfolgt parallel zur GC/MS -Messung eine thermogravimetrische 

Analyse der Probe (TG-GC/MS).63 Massebasierte Verfahren zerstšren die Probe selbst, 

wodurch keine Angaben zu Morphologie und Partikelanzahl erfolgen kann, liefern jedoch 

neben der Identi!kation der Substanzen auch massebasierte Konzentrationen. 63,73 

Entsprechend werden diese Verfahren vor allem  zur Nachverfolgung von Sto"stršmen 

und Materiallasten in der Umwelt verwendet. 73,74 Sie besitzen keine grš§enabhŠngigen 

Nachweisgrenzen und sind, anders als partikelbasierte Verfahren, von 

Fragmentierungsprozessen unbeein#usst. 73 In der Theorie eignen sich massebasierte 

Analysemethoden somit auch fŸr die Analyse von Nanoplastik. Tendenziell  besteht ein 

vergleichsweise geringer Ein#uss durch Witterungsprozesse an MP. Diese !nden 

vorwiegend an der Materialober#Šche statt und werden damit stŠrker durch o ptische 

Verfahren erfasst, als durch solche, welche das gesamte Material analysieren. 63 Die 

Nachteile der massebasierten Methoden wiederum sind sehr verfahrensabhŠngig. Die 
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angefŸhrten Beispiele identi!zieren und quanti!zieren MP anhand von 

Markersubstanzen. 53,63,73 Die Polymerstruktur selbst wird nicht erfasst. Je nach 

KomplexitŠt der Umweltmatrix , aber auch Spezi!tŠt der Abbauprodukte , kšnnen Befunde 

unter - sowie Ÿberbewertet werden. 53,73 Zum Beispiel existieren nur wenige spezi!sche 

Pyrolyseprodukte fŸr PVC, welche zugleich in sehr geringen Konzentrationen 

auftreten. 63,73,75 Um dennoch ausreichend hohe Nachweis - und Bestimmungsgrenzen zu 

ermšglichen, mŸssen entsprechend meist deutlich weniger spezi!sche Substanzen als 

Marker verwendet werden. 67 Bei PE besteht da s Problem , dass dessen Abbauprodukte 

auch durch natŸrlich auftretende Oligomere aus Laub und €hnlichem entstehen und sich 

oftmals nicht eindeutig abgrenzen lassen. 76 Die Bestimmungsgrenze der py -GC/MS liegt 

je nach Polymerart bei 0,01 -1 µg.73 Reichen die enthaltenen MP -Mengen nicht aus, kšnnen 

in Verfahren wie der TED -GC/MS auch grš§ere Probenmengen bis zu 100  mg vermessen 

werden. 53,73 Dabei ist auch die Detektion von Additiven mšglich, sofern ausreichend hohe 

Konzentrationen enthalten sind und die notwendi gen Datenbanken zur Identi!zierung 

vorliegen. 73 Im Vergleich zu den langen Messdauern bei µFTIR und µRaman sind fŸr 

thermogravimetrische Verfahren Analysen innerhalb von 0,5 -2 h mšglich. 53 Eine teilweise 

Automatisierung ist ebenso mšglich. 63 

Sowohl fŸr partikelbasierte Methoden wie auch fŸr massebasierte Methoden sind nach 

wie vor keine universellen Verfahren zur MP -Analyse vorhanden. 53,73 Ebenso mangelt es 

weiterhin an einer Standardisierung der Prozesse. Je nach Ziel und Anforderung der 

Untersuchung mŸssen verschiede ne Techniken angewandt und teil weise kombiniert 

werden, da immer wieder bestimmte Eigenheiten der Methoden eine Anwendung 

einschrŠnken oder gar ganz ausschlie§en. 73 Der Bedarf an neuen Verfahren zur 

Identi!zierung und Quanti!zie rung von MP ist daher weiterhin vorhanden, sodass 

mittlerweile etliche Alternativen zu den hier genannten Methoden entwickelt wurden. 

Beispiele sind die Durch#usszytometrie, Rasterelektronenmikroskopie oder auch 

Kernspinresonanz -spektroskopie, welche im Weiteren behandelt wird und Grundlage der 

nachfolgenden Arbeit darstellt. 53,72,74,77 
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VI.2!Kernspinresonanzspektroskopie ( NMR ) 

VI.2.1!Grundlagen  

Die in Atomkernen enthaltenen Protonen und Neutronen besitzen einen jeweils eigenen 

Drehimpuls Ð auch Spin genannt Ð welcher sich in der Summe fŸr einen Atomkern zu 

einem Kernspin addiert. 78 Da die Atomkerne  gleichzeitig eine Ladung aufweisen, 

resultieren Ladung und Spin in der Bildung eines magnetischen Feldes, charakterisiert 

durch das magnetische Moment µ  entsprechend Gleichung (1) .78,79  

 ! " #$ %&%' ( )*  (1) 

I stellt dabei die Kernspin -Quantenzahl dar, welche eine fŸr die jeweilige Art des 

Atomkerns spezi!sche Konstante mit Werten von I=0, 1/2, 1, 3/2, É ist und & das 

magnetogyrische VerhŠltnis, eine ebenfalls kernspezi!sche Konstante. 78,80,81 Eine 

Besonderheit ergibt sich fŸr I=0. In diesem Fall summieren sich die Eigenspins der 

Protonen und Neutronen so, dass sich fŸr den Gesamtkern kein Spin ergibt. 78 FŸr die 

NMR-Spektroskopie  bedeutet dies, dass die jeweiligen Kerne nicht detektiert werden 

kšnnen. Obwohl sich  sowohl  I als auch & nicht vorhersagen lassen, ergibt sich doch eine 

empirische Regel , um diese GrenzfŠlle auszumachen. Kerne mit sowohl gerader 

Protonen - als auch Neutronenzahl resultieren stets in I=0. In allen Ÿbrigen FŠllen kšnnen 

die Kerne fŸr die NMR genutzt werden. 78 

Werden die Kernspins einem Šu§eren homogenen Magnetfeld ausgesetzt, richten sich 

alle Einzelspins im Kern entsprechend parallel oder antiparallel zu diesem aus. Dabei 

entsteh t jeweils eine feste Anzahl mšglicher Orientierungen, welche sich nach 

Gleichung  (2) berechne n lŠsst.78Ð80  

 + " , %' (  (2) 

Dabei ist m die magnetische oder auch Orientierungsquantenzahl und folgt ganzzahligen 

AbstŠnden mit Werten zwischen -I und +I. 78,80,81 FŸr das 1H sowie das 13C-Isotop ergeben 

sich beispielsweise zwei ZustŠnde mit m 1=1/2 und m 2=-1/2.78 TatsŠchlich ist diese 

Ausrichtung in der Praxis nicht starr, sondern die Kerne prŠzessieren um die Feldachse 

des Šu§eren Magnetfeldes . Die rotierenden Spins folgen also einer Kreisbewegung um 

diese Achse. Die daraus resultierende Kreisfrequenz wird als Lamorfrequenz '  

bezeichnet und ergibt sich entsprechend  Gleichung (3).78 Sie ist von der 
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MagnetfeldstŠrke  B abhŠngig und lŠsst sich nach Umrechnung in eine Frequenz (  

entsprechend Gleichung (3) auch durch Gleichung (4) beschreiben. 81  

 - " . / " , 01 (3) 

 1 " 2#34, 0 (4) 

Beein#usst durch das Šu§ere Magnetfeld variieren die sich daraus ergebenden 

OrientierungszustŠnde, auch Kern -Zeeman-Niveaus genannt, in ihrem Energiebetrag. 78 

Das parallel ausgerichtete Niveau ist jeweils etwas stŠrker besetzt als das antiparallel 

ausgerichtete Niveau. 81 Die Energie eines Niveaus berechnet sich hierbei nach 

Gleichung  (5), wobei z als die Richtung des Šu§eren Magnetfeldes de!niert ist. 78,79 

 5 " 6 ! 732" 6 * - + " 6 #* 3+  (5) 

Die beschriebenen PhŠnomene bilden die Voraussetzung fŸr die eigentliche NMR -

Spektroskopie. Wird im zuvor dargestellten Zustand eine elektromagnetische Welle 

orthogonal zur Magnetfeldachse z eingestrahlt, kann es unter bestimmten Bedingungen 

zur ãResonanzÒ kommen. Dabei !ndet ein Energieaustau sch zwischen den 

OrientierungszustŠnden der Spins statt, wŠhrend gleichzeitig die Magnetisierung von der 

z-Ebene quer ausgelenkt wird. 78,80 In Summe werden vorwiegend Spins in niedrigeren 

Niveaus auf entsprechend hšhere Niveaus angehoben, sodass der 

Besetzungsunterschied ausgeglichen wird. 80 Bedingung fŸr die Resonanz ist, dass die 

Energie der eingestrahlten Welle dem Unterschied zwischen den OrientierungszustŠnden 

entspricht. Dabei gilt, dass nur †bergŠnge nach ) m=±1 erlaubt  sind.79 Die 

Energiedi"erenz ergibt sich entsprechend  Gleichung (6) und Gleichung (7) zu 

Gleichung  (8).78,81 

 85 " 9 * - " 9 #* 3  (6) 

 * " : 4&, 0) (7) 

 85 " : 1 (8) 

In der Praxis handelt es sich bei der eingestrahlten Welle Ÿblicherweise um Frequenzen 

im Radiowellenbereich. 80 Im Anschluss an die Anregung beginnen Relaxationsprozesse. 

Dabei fallen die Spins auf ihr ursprŸngliches Niveau zurŸck. 80 WŠhrenddessen erzeugt die 

entstandene Quermagnetisierung ein sich langsam abschwŠchendes elektrisches Signal 

in einer dafŸr vorgesehenen Spule. Meist wird fŸr die Erzeugung der Radiowelle und 
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Detektion des Signals die gleiche Spule in orthogonaler Ausrichtung zum Šu§eren 

Magnetfeld verwendet. 80 Beim elektrischen Signal spricht man entsprechend seines 

Verlaufs vom ãfree induction decayÒ, kurz FID. 80 

Das FID ist die Grundlage aller nachfolgenden Analysen. UrsprŸnglich wurden zu dessen 

Detektion der sogenannte ãcontinuous waveÒ-Modus  (CW) verwendet. Dabei  wird jeweils 

die Radiowellenfrequenz oder die MagnetfeldstŠrke konstant gehalten, wŠhrend der 

jeweils andere Parameter variiert wird. 79 So lŠsst sich Ÿber den Verlauf des Experiments 

ein Spektrum der verschiedenen Resonanzsignale aufzeichnen. Seit EinfŸhrung der 

Fourier -Transformation, erfolgt die Anregung mittlerweile in Form von Pulsen, welche 

mehrere  Frequenzen gleichzeitig anregen und so die Aufnahme eines vollen Spektrums 

in kŸrzester Zeit erlauben. 78,79 Die Breite der Frequenzanregung wird dabei von der 

PulslŠnge bestimmt. 79 Die Fourier -Transformation selbst dient letztlich dazu, im Anschluss 

an die Messung das FID -Signal zur Auswertung von der Zeit -DomŠne in die Frequenz -

DomŠne zu ŸberfŸhren. 78,79 

Da der Verlauf des FID schlie§lich auf die Relaxation der Spins zurŸckzufŸhren ist, ist ein 

VerstŠndnis dieser Prozesse zur korrekten Anwendung der NMR unabdinglich. 

Grundlegend werden zwei Relaxationsmechanismen unterschieden. Der erste 

Mechanismus ist di e longitudinale Relaxation, auch Spin -Gitter -Relaxation genannt, 

welche Ÿber die Relaxationszeit T 1 gekennzeichnet wird. T 1 beschreibt die Zeit, welche die 

Magnetisierung nach zuvor erfolgter Querauslenkung benštigt, um in die z -Achse 

zurŸckzukehren. 80 Die transversale Relaxation oder auch Spin -Spin-Relaxation, 

Abbildung 3: Standard NMR -Pulssequenz mit a=Relaxationszeit, 
b=Radiowellenpuls, c=FID.  
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charakterisiert durch die Relaxationszeit T 2, beschreibt wiederum die Abnahme der 

Quermagnetisierung selbst. Anders als fŸr T 1, ist nicht die RŸckkehr der Spins auf ihre 

ursprŸnglichen Energieniveaus Ursache fŸr die Abnahme, sondern eine Dispersion der 

PhasenkohŠrenz zwischen den Spins innerhalb der x,y -Ebene.79 Hinzu kommen in der 

Praxis Ein#Ÿsse durch schwache InhomogenitŠten des Magnetfeldes, welche zu einer 

noch kŸrzeren Relaxationszeit fŸhren, in diesem Fall als T 2*  beschrieben. So gilt immer 

T2* <T2.82 Auch gilt im Allgemeinen fŸr FlŸssigkeiten, T1*T 2 sowie fŸr Feststo"e T1>>T2.83 Da 

sowohl T 1 als auch T2*  entscheidende Parameter zur Gestaltung der NMR -Spektroskopie 

sind, wurden verschiedene Experimente zu deren Bestimmung entwickelt. T 1 wird 

Ÿblicherweise durch das ãinversion recoveryÒ -Experiment bestimmt, T 2 wiederum durch 

das ãCarr-Purcell -Meiboom -GillÒ-Experiment (CPMG).80,84 Wie bereits aus der 

Beschreibung der Relaxationszeiten deutlich wird, werden heutzutage sowohl Messungen 

in FlŸssigkeiten als auch in Festkšrpern durchgefŸhrt. 81 Ebenso werden verschiedenste 

Kernisotope bet rachtet, von 1H und 13C bis hin zu 15N, 17O, 19F, 29Si oder auch 31P.78,79,81 Die 

meisten Aspekte der FlŸssig -NMR gelten ebenso fŸr Festkšrper, dennoch unterscheiden 

sich beide Varianten stark in ihrer praktischen DurchfŸhrung. Entsprechend gelten die 

AusfŸhrungen nachfolgender Kapitel in erster Linie fŸr die NMR von FlŸssigkeiten.  

Tabelle 1: †bersicht zu hŠu!g vermessenen Kernisotopen in der NMR. 79 

Isotop  I NatŸrliche HŠu!gkeit [%]  " [10 7radT -1s-1] 

1H 1/2  99,9885 26,7522 

2H 1 0,0115 4,1066 

13C 1/2  1,107 6,7283 

14N 1 99,63 1,9338 

15N 1/2  0,368 -2,7126 

17O 5/2  0,038 -3,6281 

19F 1/2  100 25,1815 

29Si 1/2  4,68 -5,3190 

31P 1/2  100 10,8394 

 

VI.2.2!Qualitative NMR -Spektroskopie  

In der NMR-Spektroskopie wird im Normalfall nur eine Kernsorte gleichzeitig detektiert. 

Diese hat, entsprechend der in Kapitel VI.2.1 beschriebenen  Grundlagen, eine de!nierte 
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Resonanzfrequenz. 78,81 WŸrde nun jeder Kern des gleichen Isotops eben diese 

Resonanzfrequenz aufweisen, wŠre der Nutzen der NMR -Spektroskopie Šu§erst gering. 

GlŸcklicherweise wird die Resonanzfrequenz eines Kerns jedoch auch von etlichen 

Šu§eren Faktoren beein#usst. In der qua litativen NMR -Spektroskopie sind vor allem die 

chemische Verschiebung sowie verschiedene Kopplungse"ekte von Bedeutung. Die 

chemische Verschiebung, gekennzeichnet durch +, gibt die Abweichung der tatsŠchlichen 

Resonanzfrequenz eines Kerns von einer de!nierten Referenz an. 78 Beein#usst wird sie 

von elektromagnetischen Interaktionen der umgebenden Elektronen, welche in PrŠsenz 

des Šu§eren Magnetfeldes wiederum selbst ein Magnetfeld erzeugen. †blicherweise 

wirken diese lokalen Magnetfelder dem Šu§eren Magnetfeld entgegen. Es gibt aber auch 

FŠlle, in denen der gegenteilige E"ekt auftritt. 78 FŸr den betrachteten Kern bedeutet dies, 

dass wenn er von den lokalen Magnetfeldern beein#usst wird, anstelle des 

ursprŸnglichen Magnetfeldes B 0 ein e"ektives Magnetfeld B e!  wirkt. AusgedrŸckt wird 

dieser Ein#uss durch die Abschi rmkonstante ,, die sich nach Gleichung  (9) berechnet. 78  

 3!"" " 3# 6 ; 3# (9) 

Abschirmung entsteht vorwiegend durch elektronenziehende oder  -schiebende Gruppen 

in Nachbarschaft zum Kern. Weitere E"ekte, wie anisotrope Bedingungen, beispielsweise 

an Doppelbindungen oder Ringstršme in aromatischen Strukturen tragen jedoch ebenso 

bei.85 Durch Abschirmkonstante und e"ektive s Magnetfeld Šndert sich die 

Resonanzfrequenz folglich entsprechend Gleichung (1 0).81 

 1 " 2#3#4, 0&( 6 ; ) (10) 

Da sich Messbedingungen und allen voran die MagnetfeldstŠrke zwischen verschiedenen 

GerŠten unterscheiden kšnnen, wird anstelle der Resonanzfrequenz des betrachteten 

Kerns (( Signal) die zuvor beschriebene chemische Verschiebung genutzt. Sie berechnet sich 

nach Gleichung (11), ist gerŠteunabhŠngig und ermšglicht den Vergleich verschiedener 

Experimente. 80 

 < "
1$%&'() 6 1*!"!+!',

1*!"!+!',
 (11) 

Eine qualitative Auswertung der Spektren kann durch Abgleich mit Literaturwerten oder 

simulierten Spektren an Hand von Inkrementrechnungen vollzogen werden. 85 Gerade fŸr 

die Identi!kation von Verbindungen sowie zur StrukturaufklŠrung in der organischen 
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Chemie ist sie von gro§er Bedeutung. Die Unterschiede der chemischen Verschiebung 

liegen Ÿblicherweise in der Grš§enordnung von etwa 10 -6, weshalb sie allgemein in ppm 

(ãparts per millionÒ) angegeben wird. 80,81 Als Referenz dient das Signal eines zugesetzten 

internen Standards ( ( Referenz). FŸr die Isotope 1H, 13C und 29Si wird traditionell hierzu 

Tetramethylsilan (TMS) verwendet. 86 Anstelle eines internen Standards kšnnen auch das 

Lšsungsmittelrestsignal oder kŸnstliche Signale, wie etwa nach der ERETIC -Methode, 

verwendet werden. 77,86,87 Lšsungsmittelrestsignale entstehen durch die Notwendigkeit , 

Lšsungsmittel zu nutzen, welche keine Signale fŸr die entsprechende Kernsorte erzeugen. 

Da dies gerade bei hŠu!g auftretenden Kernen, wie 1H nahezu unmšglich ist, werden 

klassischerweise mit Deuterium ( 2H) angereicherte Lšsungsmittel gewŠhlt. Praktisch 

werden allerdings nur Anreicherungen k napp unterhalb der 100% erreicht, sodass die 

verbliebenen 1H-Kerne weiterhin ein schwaches Signal  bekannter chemischer 

Verschiebung  erzeugen. 88 

Ein zweites wichtiges Element in der qualitativen Auswertung von NMR -Spektren sind 

Kopplungse"ekte. Kopplungen entstehen, Šhnlich wie die Abschirmungse"ekte, 

aufgrund der Beein#ussung durch benachbarte Teilchen  oder durch Strukturelemente 

desselben innerhalb eines MolekŸls . Anders als bei der chemischen Verschiebung sind 

unterschiedliche Orientierungen der Kernspins Ursache des PhŠnomens. 80 HauptsŠchlich 

treten zwei Arten von Kopplungen auf. Direkte oder auch Dipol -Dipol Kopplungen treten, 

wie ihr Name b ereits andeutet, durch direkte †bertragung bei rŠumlicher NŠhe 

zueinander auf. Sie sind vorwiegend in Festkšrpern zu beobachten. Zwar existieren auch 

in FlŸssigkeiten direkte Kopplungen, praktisch werden sie  mit Ausnahme hochviskoser 

Lšsungen  durch  die im Vergleich schnelleren MolekŸlbewegungen allerdings nicht 

detektiert .78,81 Deutlich grš§ere Bedeutung besitzt die zweite Art der Kopplung, welche als 

indirekte oder skalare Kopplung bezeichnet wird. Skalare Kopplungen werden anders als 

die direkten Kopplung en Ÿber gemeinsame Bindungselektronen Ÿbertragen. 80 Deren 

Spins werden durch die Kernspins beein#usst und geben so die Information Ÿber das 

MolekŸl hinweg weiter. Sie nehmen mit steigender Entfernung der Kopplungspartner ab 

und kšnnen in der Regel Ÿber bis zu vier Bindungen beobachtet werden. 81 Wenn zwei 

benachbarte Spins dieselbe Orientierung aufweisen, verstŠrkt sich das e"ektive 

Magnetfeld eines Kerns. Sind sie einander entgegengesetzt , schwŠchen sie sich 
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dementsprechend ab. 81 FŸr zwei koppelnde Kerne resultieren so zwei mšgliche ZustŠnde , 

die das Signal in zwei Teilsignale gleicher IntensitŠt aufgespalten. Der Abstand zwischen 

diesen Teilsignalen wird als Kopplungskonstante bJAX bezeichnet. 80,81 A und X sind die 

jeweils koppelnden Kerne und b gibt die Anzahl der dazwischen liegenden Bindungen an. 

Koppeln mehr als zwei Kerne miteinander, erweitert sich die Aufspaltung, wobei, 

basierend auf der statistischen HŠu!gkeit der mšglichen Spin -Orientieru ngen, 

Inten sitŠtsmuster analog einer Binomialverteilung beobachtet werden. 81 Die Anzahl der 

Teilsignale, auch MultiplizitŠt M genannt, ergibt sich fŸr AX n-Systeme entsprechend  der 

Gleichung (12).80  

 = " , >%' (  (12) 

Alle hierbei koppelnden Kerne weisen dann die gleiche Kopplungskonstante J auf. 78 Sie 

wird, im Gegensatz zur chemischen Verschiebung, in Hz angegeben, da sie unabhŠngig 

von der StŠrke des Šu§eren Magnetfeldes ist. In der Praxis dominiert die NMR -

Spektroskopie an 1H und 13C-Isotopen. FŸr die 1H-NMR sind dabei vor allem Kopplungen 

Ÿber drei Bindungen entscheidend. Sie sind am intensivsten ausgebildet und liefern 

entscheidende Informationen zur StrukturaufklŠrung von Verbindungen. 80,85 Die 

Kopplung zweier magnetisch Šquivalenter Kerne wird nicht beobachtet. 79 Daher bilden 

sich hŠu!g fŸr K opplungen Ÿber zwei Bindungen, wie beispielsweise bei 

Wassersto"kernen am gleichen Kohlensto"atom, keine MultiplizitŠten aus. Bei 

Kopplungen Ÿber eine Bindung wiederum handelt es sich meist um 1H-13C Kopplungen. 

Auch wenn diese Kopplung durchaus statt!ndet, ist im 1H-Spektrum oftmals kaum eine 

Aufspaltung zu beobachten. Die Ursache liegt in der natŸrlichen HŠu!gkeit der Isotope. 

WŠhrend das 1H-Isotop nahezu alle Wassersto"atome ausmacht, tritt das 13C-Isotop nur 

mit  etwa 1,1% HŠu!gkeit auf. 80 Die rest lichen Kohlensto"atome bestehen aus dem NMR -

inaktiven 12C-Isotop. In der Folge wird nur ein geringer Teil des 1H-Signals aufgespalten, 

wobei sogenannte 13C-Satelliten mit jeweils einer relativen IntensitŠt von 0,55% 

entstehen. 79 FŸr 13C-Spektren kehrt sich diese Situation um, wobei intensive Kopplungen 

mit 1H zu beobachten sind. 80 

Neben der Auswertung der chemischen Verschiebung und skalaren Kopplungen wurden 

mit der Zeit eine Reihe modi!zierter NMR -Sequenzen entwickelt, welche weitere 

qualitative Informationen Ÿber die Probe liefern kšnnen oder ihre Messung vereinfachen. 
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Unter  anderem kšnnen bestimmte Kopplungen eliminiert werden, etwa bei der 

Breitband -Entkopplung der 1H-Kerne in der 13C-NMR.80 Eine ebenso entscheidende 

Technik ist die UnterdrŸckung von Lšsungsmittel -Signalen wŠhrend der Messung (NoD). 

HierfŸr sind verschiedene Sequenzen mšglich, welche meist entweder auf der lokalen 

SŠttigung der entsprechenden Frequenz beruhen oder zur Dispers ion der 

lšsungsmittelspezi!schen Magnetisierung fŸhren. 84,89 Dadurch kšnnen Messung en auch 

in nicht deuterierten Lšsungsmitteln e rfolgen, weshalb diese Technik vor allem zur 

Reaktionskontrolle oder in Online -Messungen Anwendung !ndet. 89,90 Gleiches gilt fŸr 

Lšsungsmittel, fŸr welche deuterierte Derivate nicht oder nur zu sehr hohen Preisen 

erhŠltlich sind. 91 Schlie§lich sind, im Gegensatz zur bisher beschriebenen 

eindimensionalen NMR (1D -NMR), auch zweidimensionale Messungen (2D -NMR) mšglich, 

bei denen mehrere Frequenzachsen gleichzeitig aufgezeichnet werden. 81,85,92 Gerade 

komplizierte Spektren werden so oftmals vereinfacht und erl auben eine bessere 

Zuordnung der detektierten Signale, was Messungen von Polymeren, Proteinen sowie 

Peptiden mšglich macht. 81,85 

 

VI.2.3!Quantitative 1H-NMR  Spektroskopie  

Neben Identi!kation und StrukturaufklŠrung kann die NMR -Spektroskopie auch zur 

quantitativen Analyse (qNMR) von Lšsungen genutzt werden. Das Prinzip beruht auf dem 

proportionalen Zusammenhang zwischen Signal#Šche und der Anzahl beteiligter Kerne. 93 

Leider ist die NMR -Spektroskopie zuallererst eine relative Quanti!zierungsmethode. 94 

Dies bedeutet, dass aus einer einzelnen Messung heraus keine absoluten 

Konzentrationen bestimmt werden kšnnen, sondern nur der Vergleich verschiedener 

Signale innerhalb eines Spektrums mšglich ist. Dies wird zum Beispiel in der 

pharmazeutischen Chemie zur Reinheitskontrolle von Sto"en genutzt. 86,93 Voraussetzung 

ist dabei, dass fŸr alle enthaltenen Sto"e ein Signal detektiert werden kann. Bei Kenntnis 

der MolekŸlstrukturen reicht  dann bereits ein einzelnes Signal aus, um das 

GesamtmolekŸl quanti!zieren zu kšnnen .93 Gerade letztere r Gedanke  wird vor allem in 

der Polymerchemie genutzt, um die molare Masse von Polymeren anhand weniger 

Signale zu bestimmen. 95,96 Neben diesen beid en Anwendungsbereichen existieren noch 
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etliche weitere fŸr die qNMR, beispielsweise fŸr kinetische Messungen, metabolische 

Studien oder auch fŸr Reaktionsmonitoring. 86,94 FŸr diese Vorhaben sind allerdings 

ebenso absolute Quanti!zierungen notwendig, welche durch entsprechende 

PrŠparationen mšglich sind. Dazu existieren verschiedene Verfahren.  

Die erste Methode basiert auf der zuvor beschriebenen Reinheitskontrolle. Kšnnen alle 

Sto"e detektiert und identi!ziert werden, ist bei Kenntnis der genauen Einwaage der 

untersuchten Probe eine Quanti!zierung durch Berechnung der jeweiligen Di"erenz zu 

100% mšglich. 93 FŸr Umweltproben ist diese Verfahren kaum geeignet, da gerade die 

Identi!kation aller Sto"e im Allgemeinen nicht realisiert werden kann. Die zweite 

Methode basiert auf der Zugabe eines internen Standards. Da ein relativer Vergleich der 

Signal#Šchen inn erhalb eines Spektrums mšglich ist, kann bei Kenntnis der 

MolekŸlstruktur eines Sto"es, durch den Abgleich mit dem internen Standard, dessen 

Konzentration bestimmt werden. 86 Nachteil der Methode ist, dass eine genaue Einwaage 

des internen Standards zu jeder Probe einzeln erfolgen muss. Hinzu kommt, dass die 

genaue Struktur der Zielsubstanz sowie andere Ein#ussfaktoren, etwa durch 

Matrixe"ekte, bekannt sein mŸssen. 86,93 Entsprechend wird eine solche Quanti!zierung 

vor allem bei geringen Probenmengen angewendet.  

Muss eine grš§ere Probenanzahl untersucht werden, eignet sich meist eher die 

Bestimmung anhand der Kalibriermethode. Dabei erfolgt die Messung mehrerer 

Referenzproben bekannter, aber variierender Konzentrationen. 77 Anhand der Messungen 

kann dann das Integral des Signals gegen dessen Konzentration aufgetragen werden und 

so eine Kalibriergerade erstellt werden. 86 Proben unbekannter Konzentration kšnnen 

anschlie§end vermessen werden und ihre Konzentration durch Interpolation der 

Kalibriergeraden ermittelt werd en. Vorteil des Verfahrens ist, dass nach einmal erfolgter 

Kalibrierung keine weitere PrŠparation der Proben erforderlich ist, solange sich die 

Messbedingungen nicht Šndern. 77 Um letzteres auszuschlie§en, sollte daher in 

regelmŠ§igen AbstŠnden eine entsprechende Kontrollprobe untersucht werden , da auch 

nur so systematische Fehler entdeckt werden kšnnen. 77 Gleichzeitig, setzt die Methode 

jedoch auch voraus, dass mšglichst konstante Bedingungen zwischen den Messungen 

erhalten bleiben  sowie entsprechende Refer enzsubstanzen vorhanden sind. 86 
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Die bisher genannten Verfahren setzen  voraus, dass die untersuchten Signale 

basisliniengetrennt vorliegen und eindeutig zugeordnet werden kšnnen. Ist dies nicht der 

Fall, beispielsweise wenn unerwŸnschte Begleitsto"e die untersuchten Signale 

Ÿberlagern, kann die sogenannte Standardaddition er folgen. Hierbei wird die unbekannte 

Probe zunŠchst ohne zusŠtzliche PrŠparation vermessen. 86 Anschlie§end wird eine 

de!nierte Konzentration des gleichen MolekŸls in Form einer Referenzsubstanz der Probe 

zugesetzt. Wir d die Probe neu vermessen, kann der Zuwachs des Integrals bestimmt 

werden. 86,93 Dieser Vorgang kann beliebig oft wiederholt werden, um zusŠtzliche 

Datenpunkte zu erhalten. 93 Am Ende, werden alle ermittelten  Signal#Šchen gegen die 

zugegebene Konzentration aufgetragen und die sich daraus ergebene Gerade auf eine 

Signal#Šche von 0 extrapoliert. Der sich daraus ergebende negative Konzentrationswert 

entspricht im Betrag der ursprŸnglichen Konzentration der Prob e.86 Da der 

Arbeitsaufwand dieses Verfahrens vergl eichsweise hoch ist, wird es meist nur fŸr geringe 

Probenmengen und bei Ausschluss aller Ÿbrigen Mšglichkeiten angewendet.  

Letzten Endes kann auch eine Kombination der beschriebenen Methoden genutzt werden. 

So kann die Verwendung eines internen Standards zur Normalisierung von Messwerten 

einer Kalibriergeraden dienen und so beispielsweise Schwankungen der Messparameter 

ausgleichen.77 Wenn in diesem Fall der interne Standard zuvor dem Lšsungsmittel 

zugesetzt wird, ist eine genaue Bestimmung von dessen Konzentration nicht erforderlich, 

solange derselbe Lšsungsmittelansatz genutzt wird. Eine weiter e Variation stellt die 

Verwendung  eines externen Standards dar. HierfŸr sind spezielle Lšsungsmittelršhrchen 

notwendig. Diese besitzen zwei Kammern, eine innere, welche die eigentliche Probe 

enthŠlt, sowie eine davon getrennte Šu§ere, in welche der entsprechende Standard 

gefŸllt wird. 93 Wichtig ist es dabei , die verwendeten Volumina genau zu bestimmen, da 

ander enfalls fehlerhafte Quanti!zierungen erfolgen. Als Alternative zum 

Standardadditionsverfahren kann auch das sogenannte ãPeak -FittingÒ angewendet 

werden. Hierbei handelt es sich nich t um eine verŠnderte PrŠparation oder Messung der 

Probe, sondern um eine spezielle Variante der nachtrŠglichen Auswertung des Spektrums. 

Der Spektrenverlauf wird dabei softwaregestŸtzt nachgebildet, wodurch einzelne Signale 

virtuell aufgetrennt werden. 97 Dies kann sowohl zur quantitativen als auch qualitativen 

Auswertung genutzt werden. 94 Voraussetzung ist allerdings das Wissen um die Anzahl der 



  VI Theorie 

30 
 

beteiligten Signale, da andernfalls ein fehlerhaftes Fitting erfolgt. Auch ist es nur bei 

geringer †berlappung anwendbar. 94 

FŸr die richtige Anwendung der qNMR ist eine genaue Beachtung der verschiedenen 

Relaxationsprozesse sowie des Signal -Rausch-VerhŠltnisses (SNR) entscheidend. 

†blicherweise werden nicht nur einzelne FIDs (Scans) aufgenommen, sondern mehrere 

hintereinander g emessene FIDs akkumuliert. 79 Durch die Summierung der Scans 

verstŠrken sich die gemessenen SignalintensitŠten, wŠhrend das zwischen den Signalen 

auftretende natŸrliche Rauschen sich meist mittelt und kaum zunimmt. Dadurch wird mit 

steigender Scananzahl ein e relative Verbesserung der im Spektrum enthaltenen Signale 

erzielt. 79 Beachtet werden muss hierbei, dass die Zunahme der SignalintensitŠt nicht 

linear verlŠuft, sondern nur entsprechend der Quadratwurzel der aufgenommenen Scans 

ansteigt. Eine Verdopplung der Scananzahl geht folglich nur mit einer Zunahme um den 

Faktor 1,4 einher. 79 Ein weiterer Faktor ist die Wartezeit zwischen den Scans. Ist sie zu kurz, 

kann die ursprŸngliche Magnetisierung nicht vollstŠndig wiederhergestellt werden. 

Werden, wie Ÿblich, mehrere Scans aufgenommen, schwŠcht sich dann mit 

fortschreitendem Verlauf die SignalintensitŠt ab und fŸhrt zu fehlerhaften Integralen 

unter den Signalen. Da wie in Kapitel VI.2.1 bereits  erwŠhnt, fŸr FlŸssigkeiten im 

Allgemeinen T 1*T 2 gilt, wird vor allem die Relaxationszeit T 1 ŸberprŸft. Bei der 

longitudinalen Relaxation handelt es sich um einen exponentiell verlaufenden Prozess. 85 

Um eine ausreichende Relaxation zu gewŠhrleisten, wird daher fŸr quantitative NMR -

Experimente eine Wartezeit von mindestens 5T 1 empfohlen. 86 Alternativ kann auch ein 

geringerer Messwinkel genutzt werden. So kann die Magnetisierung, durch Variation der 

LŠnge des Radiowellen impulses, auch um weniger als 9 0¡ ausgelenkt werden. Die 

Relaxation kann so in kŸrzerer Zeit ablaufen, dies fŸhrt aber auch zu geringeren 

IntensitŠten der aufgenommenen Spektren. 86 Um ein Šhnliches SNR zu erhalten, muss 

folglich eine hšhere Anzahl Scans aufgenommen werden. Durch Bestimmung des 

Ernst-Winkels, kann die Auslenkung so optimiert werden, dass sich trotz notwendiger 

Zunahme der Scananzahl eine mšglichst kurze Messdauer bei gleichbleibendem SNR 

ergibt. 86 In der Praxis ist dafŸr aber die genaue Kenntnis der Relaxationszeiten notw endig, 

weshalb sich das Verfahren meist nur fŸr routinemŠ§ige Prozesse lohnt.  
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VI.2.4!Quantitative Aspekte weiterer Kerne und Varianten  

qNMR ist nicht nur auf Protonen beschrŠnkt. Auch andere Kerne, lassen sich theoretisch 

nach denselben Prinzipien, wie zuvor in Kapitel VI.2.3 beschrieben, auswerten. In der 

Praxis erfolgt dennoch kaum eine Anwendung auf alternative Isotope. Die GrŸnde fŸr 

diesen Umstand sind vielfŠltig. ZunŠchst mŸssen die entsprechenden Kerne in den 

untersuchten Verbindungen enthalten sein. Gerade fŸr Kernsort en, wie 19F oder 29Si, ist 

dies selten der Fall. Davon abgesehen ist die natŸrliche HŠu!gkeit der Isotope 

entscheidend. WŠhrend bei Wassersto" fast ausschlie§lich 1H Isotope auftreten, liegen 

die Anteile der NMR -aktiven Isotope fŸr andere gŠngige Kerne w ie Sauersto" oder 

Schwefel weit unter 5%. 78,81 Lediglich fŸr Sticksto" wŠre das hŠu!g auftretende Isotop 14N 

denkbar. Dieses ist allerdings durch ein elektrisches Quadrupolmoment geprŠgt, welches 

sich aufgrund der hšheren Kernspinquantenzahl von I=1 bildet. Daraus folgt eine 

VerŠnderung der Relaxationsprozesse und schlie§lich eine starke Verbreiterung der 

detek tierten Signale. 79,98 Da bereits qualitative Auswertungen sich so oftmals schwierig 

erweisen, sind quantitative Anwendungen fŸr dieses Isotop auf einige wenige Ausnahmen 

limitiert. 98 

FŸr organische Verbindungen ist neben Wassersto" auch Kohlensto"  relevant . Hierbei 

kann das 12C-Isotop aufgrund des fehlenden Kernspins nicht detektiert werden. 78 Das 

NMR-aktive 13C-Isotop hingegen ist, analog zu Sauersto" und Schwefel, von einer geringen 

natŸrlichen HŠu!gkeit betro"en Ð diese betrŠgt hier lediglich rund 1,1%. 80 Zusammen mit 

einem geringeren magnetogyrischen VerhŠltnis als 1H, ergeben sich nur schwache 

IntensitŠten, sodass zu dessen Analyse etliche Scans akkumuliert werden mŸssen. 81 

Nichtsdestotrotz erfolgt in der organischen StrukturaufklŠrung regelmŠ§ig die Messung 

von 13C-Spektren. Eine quantitative Auswertung erfolgt dabei meist nicht. Neben der 

geringen IntensitŠt, ist dafŸr der benachbarte Wassersto" verantwortlich. Anders als fŸr 

1H-Spektren, wo durch die geringe HŠu!gkeit von 13C-Isotopen kaum Kopplung auftritt, ist 

sie im umgekehrten Fall stark ausgeprŠgt. Um unter anderem das †berlappen der Signale 

zu verhindern sowie deren Identi!kation zu ermšglichen wird meist eine 

Breitbandentkopplung der 1H-Kerne genutzt. Bei der Breitbandentkopplung erfolgt, 

parallel zur Messung des Kohlensto"s, die dauerhafte Einstrahlung von Radiowellen im 

1H-Resonanzfrequenzbereich. Diese liegen dadurch gesŠttigt vor und es werden wieder 
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Singuletts fŸr die 13C-Signale beobachtet. 80 Damit einher geht der sogenannte Kern -

Overhauser -E"ekt (Nuclear Overhauser E"ect, NOE). In Folge der Entkopplung wird ein 

Teil der IntensitŠten der 1H-Kerne auf rŠumlich benachbarte Kerne Ð hier also 13C-Kerne Ð 

Ÿbertragen. Die daraus resultierende IntensitŠtszunahme wirkt sich zwar positiv auf die 

qualitative Auswertung der Spektren aus, da sie aber unregelmŠ§ig verlŠuft, ist eine 

quantitative Auswertung nicht mehr mšglich. 80 

Auch zweidimensionale NMR -Experimente (2D -NMR) werden vielfach in der 

StrukturaufklŠrung genutzt. FŸr die quantitative Betrachtung sind sie allerdings oft von 

den gleichen Problemen wie bei den zuvor diskutierten Kerne n betro"en, da sie meist 

heteronuklear durchgefŸhrt werden. 99 Die Beteiligung anderer Kerne neben 1H 

beein#usst durch geringe IntensitŠten und abweichende Spinquantenzahlen folglich 

diese Experimente. Hinzu kommen E"ekte durch ungleichmŠ§ige 

Magnetisierungstransfers, verschiedene Relaxation s-, Misch- und Evolutionszeiten sowie 

variierende Kopplungskonstanten. 99 In Summe sind meist lange Messzeiten und hohe 

Konzentrationen notwendig und schlussendlich auch keine Quanti!zierungen mšglich. 

Zwar existieren durchaus quantitative AnsŠtze fŸr die 2D -NMR, diese setzen allerdings 

komplexe Anpassungen der Pulssequenzen u nd detaillierte Kenntnisse Ÿber die Probe 

voraus. 99 FŸr die breite Anwendung sind sie daher oft ungeeignet.  

Die bisher behandelten Experimente basiere n vorwiegend auf Messungen im #Ÿssigen 

Zustand. Einige Sto"e jedoch lassen sich nur schlecht in geeigneten Lšsungsmitteln lšsen 

oder aber Šndern bestimmte Eigenschaften von Interesse. Die NMR-Spektroskopie kann 

in solchen FŠllen auch auf Festkšrper angew andt werden. Die dafŸr notwendigen GerŠte 

unterscheiden sich allerdings etwas von den Ÿblichen FlŸssig-NMR-GerŠten.80 Grund 

dafŸr sind allen voran anisotope E"ekte. In Kapitel VI.2.2 wurden  beispielsweise Dipol -

Dipol -Kopplungen vorgestellt. WŠhrend sich diese E"ekte in #Ÿssige m Zustand 

herausmitteln, !ndet in Festkšrpern kaum Teilchenbewegung statt und die 

entsprechenden E"ekte werden sichtbar. 83,85 Um diesem Problem zu begegnen wird 

sogenanntes ãmagic angle spinningÒ (MAS) angewendet. 85 Beim MAS wird die Probe im 

Winkel von 54,74¡ zum Šu§eren Magnetfeld gedreht. 80,83,85 Dies erzeugt einen 

gleichmŠ§igen Wechsel von x -, y- und z -Achse, wodurch isotrope Bewegungen simuliert 

werden. 83 Wichtig dabei ist, dass die Rotationsfrequenz Ÿber der Frequenz der 
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anisotropen E"ekte liegt, da andernfalls ãspinning sidebandsÒ entstehen. 85 Die 

Festkšrper -NMR wird vor allem im Bereich der Materialwissenschaften 

angewendet. 81,83,100 Sie erlaubt die Untersuchung von Morphologie, MolekŸlstruktur, 

MolekŸldynamiken sowie verschiedener Phasenbereiche, beispielsweise in 

Polymergemischen. 81,83 Analog zur FlŸssig-NMR kšnnen auch relative Quanti!zierungen 

innerhalb der Probe erfolgen. Anders als in #Ÿssigen Proben lŠsst sich ein homogen  

verteilter zusŠtzlicher Standard jedoch deutlich schwieriger einfŸgen.  Daher bleiben 

absolute Quanti!zierungen in der Regel aus. 100 

Zur Messung von NMR -Versuchen kšnnen unterschiedliche GerŠte genutzt werden. 

WŠhrend heutige GerŠte meist stark gekŸhlte supraleitende Spulen zur Erzeugung des 

Magnetfeldes verwenden, wurden ursprŸnglich Dauermagneten zu diesem Zweck 

eingesetzt. 85 Aufgrund hoher Kosten fŸr Anscha"ung und Betrieb, entsprechende r 

Anforderungen an die Sicherheit und die Bedienung sowie Grš§e der GerŠte wird seit 

einigen Jahren wieder vermehrt auf die Nutzung kleinerer GerŠte mit Dauermagnet 

gesetzt. Da im Gegensatz zu suprale itenden Spulen, welche bei 1H-Resonanzfrequenzen 

von etwa 300 -1200 MHz arbeiten, Dauermagnete nur Frequenzen von bis zu 100  MHz 

erreichen, werden sie auch als Niederfeld - oder auch Benchtop -GerŠte bezeichnet. 78,101 

Anders als Hochfeld gerŠte benštigen sie fŸr den Betrieb kein KŸhlmittel, wie #Ÿssigen 

Sticksto" oder Helium , und sind so deutlich gŸnstiger im Betrieb aber auch in der 

Anscha"ung. Gleichzeitig sind aufgrund des schwŠcheren Magnetfeldes aber auch nur 

geringere Au#šsungen mšglich. Die Folge sin d breitere Signale, lŠngere Messzeiten, um 

ein ausreichendes SNR zu gewŠhrleisten, sowie schlie§lich auch eine schlechtere 

Trennung der Signale. 102 Die Benchtop -NMR wird daher meist fŸr Routineanalysen 

bekannter Gemische oder aber wenig komplexer Lšsungen verwendet. Technische 

Restriktionen aufgrund der Verwendung von Dauermagneten verhindern zudem bisher 

die Implementierung eines MAS-Systems in die GerŠte. 103,104 Erste Arbeiten in diese 

Richtung sind zwar mittlerweile erfolgt, auf dem freien Markt sind allerdings noch keine 

entsprechenden GerŠte verfŸgbar. 104 Festkšrper messungen an Niederfeld gerŠten sind 

daher meist auf Relaxationsstudien sowie Imaging -Verfahren beschrŠnkt. 103  
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VI.2.5!Di"usions -NMR  

In der Schnittmenge zwischen ein - und zweidimensionaler NMR -Spektroskopie be!ndet 

sich eine Gruppe weiterer spezialisierter NMR -Techniken, die auf Di"usionsprozessen  

basieren . MolekŸle in Lšsung erfahren eine Reihe verschiedener zufŠlliger Bewegungen, 

angefangen von Rotationen bis hin zu Translationen. Letztere werden dabei durch die 

Di"usion beschrieben und mittels der Stokes -Einstein -Gleichung ausgedrŸckt. 105 Der 

darin enthaltene Di"usionskoe$zient ergibt sich dabei, unter Annahme sphŠrischer 

Teilchen, nach Gleichung (13). 

 ? "
@A

B0CD-
 (13) 

Hierin bezeichnet -  die ViskositŠt und r H den hydrodynamischen Radius. 106 Die 

Kombination mit klassischer NMR -Spektroskopie gelang schlie§lich durch eine 

Erweiterung des HahnÕschen Spin-Echo Experiments. In der Folge entstand zunŠchst die 

sogenannte ãpulsed gradient spin echoÒ Sequenz (PGSE), welche nach einem initialen 

90¡  Puls einen zusŠtzlichen Gradientpuls anwendet. 106,107 Dadurch werden ortsabhŠngige 

Phasenwinkel induziert, welche sich nach der GradientenstŠrke g und -dauer + richten.  

Nach einer de!ni erten Warteperiode Ð auch als Di"usionszeit ) bezeichnet Ð erfolgt die  

Negierung des zuvor verwendeten Gradienten durch Einstrahlung eines 

entgegengerichteten zweiten Gradientpulses. Zwar wŸrden die erst dephasierten Spins 

durch die Pulsumkehr so wieder refokusiert, aufgrund der in der Wartezeit statt!ndenden 

Di"usionsproz esse be!nden sich jedoch nicht alle MolekŸle zu Beginn der Umkehr noch 

an ihrer ursprŸnglichen Position. Da der eingestrahlte Gradientenpuls ortsabhŠngig ist, 

werden nur die MolekŸle, welche sich in der Di"usionszeit kaum bewegt haben, wieder 

einem FID zugefŸhrt . Alle Ÿbrigen Teilchen fŸhren zu einem entsprechenden 

Signalverlust. 106 Die so erzielte Signalreduktion wird durch die Stejskal -Tanner -Gleichung 

(14) beschrieben.  In der Praxis ergibt sich diese allerdings zu Gleichung (15). 107  

 %" %#E. /0 1&12134.
2
567 (14) 

 %" %#E. /0 1&12134.
2
5676 F (15) 

Die ErgŠnzung um den Term -R trŠgt den statt!ndenden Relaxationsprozessen Rechnung. 

Da es sich um ein echobasiertes Experiment handelt, werden zwar die meisten Spins 

refokussiert, die in der Warteperiode relaxierten Spins kšnnen jedoch nicht erneuert 
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werden. Neben der  ursprŸnglichen PGSE-Sequenz wurden  im Laufe der Zeit weitere 

Variationen, wie unter anderem die ebenfalls hŠu!g angewendete ãpulsed gradient 

stimulated echoÒ Sequenz (PGSTE), entwickelt .106,108 

Der Nutzen der Di"usions -NMR ergibt sich in einer Reihe verschiedener Anwendungen. 

So kann, durch Messung bei verschiedenen GradientenstŠrken, -dauern oder 

Di"usionszeiten, nach entsprechender Auftragung des natŸrlichen Logarithmus der 

IntensitŠt gegen #GHG<G&8 6
2

5
) (Stejskal-Tanner -Plots) der Di"usionskoe$zient als Betrag 

der Steigung ermittelt werden. 106 Eine solche Messreihe kann auch zur Erzeugung 

sogenannter ãdi"usion ordered spectroscopyÒ -Spektren (DOSY) genutzt werden. Dabei 

handelt es sich um eine Art zweidimensionales Spektrum, bei dem neben der chemischen 

Verschiebung eines Kernes, anstelle eines  zweiten Kerns, der Di"usionskoe$zient 

aufgetragen wird. 106 Daraus ergibt sich eine virtuelle Trennung selbst einiger sich 

Ÿberlappender Signale, weshalb die se Methode besonders zur qualitativen Analyse von 

Mischproben geeignet ist. Voraussetzung ist allerdings ein hinreichend gro§er 

Unterschied zwischen den Di"usionskoe$zienten. 106,107,109 

Die quantitative Nutzung der Di"usions -NMR ist hingegen weniger etabliert , da diese Art 

NMR-Spektroskopie vom Grundsatz her nicht quantitativ  anwendbar ist . Ursache dafŸr 

sind zum einen die Di"usionsprozesse selbst, zum anderen aber auch die verschiedenen 

Relaxations - und Kopplungsprozesse. 107,109 All diese Ein#Ÿsse wirken fŸr verschiedene 

Signale unterschiedlich stark. Gerade fŸr die qualitative Auswertung ergibt sich daraus 

der gro§e Nutzen der Di"usions -NMR. FŸr die quantitative Auswertung allerdings  fŸhrt 

dies zu sehr komplexen AbhŠngigkeiten der SignalintensitŠten. 110 WŠhrend der 

Di"usionskoe$zient , wie zuvor beschrieben , routinemŠ§ig bestimmt werden kann, 

gestaltet sich dies auf Ebene der Relaxationen hingegen sehr schwierig. Eingangs wurde 

hierfŸr der Term -R etabliert. Dieser ist von der verwendeten NMR -Sequenz abhŠngig und 

erfordert zur Bestimmung genaue Kenntnis Ÿber die Relaxationszeiten T 1 und T2.107,109,111 

Vorangetrieben wurden diese Arbeiten durch ANTALEK et al. sowie spŠter auch 

BARRéRE et al.107,109,111 Beide Arbeitsgruppen nŠh erten sich einer quantitativen Anwendung 

durch eben solche rechnerische Kompensation en der Relaxationsprozesse. Das daraus 

entwickelte Verfahren wird als ãqDECRAÒ bezeichnet und stellt die ProportionalitŠt in den 
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aus Di"usionsmessungen erhaltenen Teilspektren wieder her. 107,109,111 Das Verfahren 

erfordert jedoch die Bestimmung etlicher Parameter sowie bisher kaum etablierte 

spezialisierte Software. Insgesamt ist die qDECRA nur unter hohem Aufwand und auch 

nur in bestimmten Grenzen durchfŸhrbar. 107,109,111 Die Di"usions -NMR verbleibt somit 

bisher vor allem eine qualitative Technik.  

 

VI.3!Mikroplastik -Analyse  mittels NMR  

Nachdem die vorangegangenen Kapitel UrsprŸnge und Folgen von Mikroplastik sowie die 

Grundlagen der NMR -Spektroskopie erlŠutert haben, soll im Folgenden nun ein Blick auf 

die Kombination eben jener Analysetechnik und  die Zielverbindungen geworfen werden.  

Um die NMR -Analyse von Mikroplastik besser zu verstehen, mŸssen zunŠchst die 

Besonderheiten der Polymeranalytik mittels NMR beachtet werden. NMR an Polymeren 

!ndet analog zur organischen MolekŸl chemie  als Mittel der StrukturaufklŠrung breite 

Anwendung. 96 Hinzu kommt dabei auch die Mšglichkeit , gleichzeitig das 

Molekulargewicht der Polymere bestimmen zu kšnnen. Dabei werden spezi!sch Signale 

der  Endgruppen mit Signalen der Wiederholeinheiten ins VerhŠltnis gesetzt. Nach dem 

gleichen Prinzip kšnnen auch die Anteile verschiedener Strukturen in Copolymeren 

ermittelt werden. 95,96 Trotz dieser zusŠtzlichen Mšglichkeiten birgt die 

NMR-Untersuchung von Polymeren auch Nachteile in sich. Viele Untersuchungen werden 

mittels Festkšrper -NMR durchgefŸhrt. Teilweise wird d iese Variante gewŠhlt, da so 

Morphologie und Phasenzusammensetzung von Polymergemischen besser bestimmt 

werden kšnnen, aber auch auf Grund der  unzureichenden  Lšsungseigenschaften vieler  

Polymere. 83,112 Die Lšslichkeit unterscheidet sich meist sehr zwischen den verschiedenen 

Polymerarten , wobei fŸr viele von ihnen  jeweils nur eine limitierte Auswahl mšglicher 

Lšsungsmittel  existiert. WŠhrend Polystyrol (PS) beispielsweise von Aceton, Ÿber 

Chloroform bis hin zu Tetrahydrofuran (THF) in einer Vielzahl verschiedener Sto"e gelšst 

werden kann, lŠsst sich Polyacrylnitril (PAN) lediglich in wenigen verwandten 

Verbindungen, wie Dimethylformamid oder Dimethylsulfoxid  (DMSO) au#šsen.112 

Polymere wie Polyamid 6.6 (PA) oder Polyethylenterephthalat (PET) hingegen benštigen 

meist stark saure Bedingungen. 112 Polyethylen (PE) und Polypropylen (PP) lšsen sich erst 
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bei hšheren Temperaturen in meist aromatischen Verbindungen, wie Toluol oder Xylol, 

wobei ihre Lšslichkeit mit sinkendem Verzweigungsgrad ebenfalls abnimmt. 77,112 Hinzu 

kommt, dass vernetzte Polymere erst gar nicht gelšst werden kšnnen. Lediglich ein 

Quellen der einzelnen Segmente ist in passenden Lšsungsmitteln zu beobachten. 112 

Folglich kšnnen diese Polymere ohne entsprechende Spaltung der Netzstruktur nicht 

mittels FlŸssig -NMR vermessen werden. Diese Besonderheit der Polymeranalytik mittels 

NMR ist keine sfalls verwunderlich. Schlie§lich widerspricht das Lšsen der Polymere meist 

ihrem Einsatzzweck und den damit geforderten Eigenschaften, allen voran einer hohen 

chemischen Resistenz. In Form von Mikroplastik jedoch fŸhrt d as zu erheblichen 

Herausforderungen hinsichtlich des Findens geeigneter Lšsungsmittel. GŠngige 

deuterierte Lšsungsmittel umfassen deuterierte Derivate von Chloroform (CDCl 3), Wasser 

(D2O), DMSO (DMSO-d6), Methanol (MeOH -d4), Toluol (Toluol -d8) sowie Benzol (Benzol -

d6).113 Gerade die beiden letztgenannten Verbindungen sind jedoch vergleichsweise teuer 

und fŸr Routineuntersuchungen eher ungeeignet. Ebenso reicht vielfach diese Auswahl 

an Lšsungsmittel nicht aus, sodass mittlerweile auch Messungen in nicht -deuterierten 

Lšsungsmitteln vermehrt g enutzt werden. 102 

In Bezug auf MP erfolg en die Untersuchungen mittels NMR vor allem auf qualitativer 

Ebene. Beispiele sind hierbei unter anderem Versuche von GIAGANINI et al., welche den 

Ein#uss von Licht und Temperatur a uf  PET, PE und PP untersuchten.114 Auch MAUEL et al. 

untersuchten die Verwitterung von MP  unter Verwendung von Festkšrper -NMR und 

relativen Quanti!zierungen innerhalb der Probe .115 CORTI et al. wiederum nutzten den 

Einsatz von DOSY-Spektren zur Evaluation solcher Prozesse in Seeproben. 116 Weitere 

Arbeiten auf dem Gebiet der Di"usions -NMR erfolgten unter anderem durch DUKEK et al., 

welche molekulare und morphologische Untersuchungen an PET durchfŸhrten. 117 

Obwohl die hier genannten Arbeiten bereits eine breite Variation verschiedener NMR -

Techniken aufweisen, wird aus diesen Beispielen ersichtlich, dass der momentane Fokus 

der NMR-Analyse in Bezug auf MP vor allem auf der Untersuchung von 

Witterungsprozessen liegt. 118,119 Sie dient dabei meist der Identi!kation von 

Abbauprodukten und VerŠnderungen in der MolekŸlstruktur des MP sowie teilweise auch 

zur quantitative n AbschŠtzung beider Prozesse . Anwendung en zur absoluten 

Quanti!zierung von MP, allen voran in Umweltproben, hingegen existieren bisher nur 
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wenig , gewinn en seit einigen Jahren jedoch zunehmend an Relevanz.Erste Arbeiten auf 

diesem Gebiet erfolgten durch PEEZ et al. beginnend im Jahr 2019. 77 Grundlage des 

Verfahrens ist eine externe Kalibrierung verbunden mit der Implementierung eines 

internen Standards zur Normalisierung der Integrale, wobei die Polymere PET, LDPE und 

PS validiert wurden. Als interner Standard diente dabei das jeweilige 

Lšsungsmittelrestsignal. Wenig spŠter kam der Einsatz eines Peak -Fitting -Verfahrens zur 

Quanti!zierung teils Ÿberlappender Signale von Polyvinylchlorid (PVC), Styrol -Butadien -

Acrylnitril -Copolymer (ABS) und PA hinzu. 97 WŠhrend die ersten Experimente anhand rein 

arti!zieller Model lproben erfolgten, wurden daraufhin auch verschiedene organische 

Matrizes untersucht. Hierzu wurde PET zu Proben von Flusswasser, aquatische m Bio!lm 

sowie kleineren Wirbellosen gegeben. 64 Die Methode selbst wurde um einen chemischen 

Aufschluss basierend auf halbkonzentrierter SchwefelsŠure und Wassersto"peroxid 

sowie eine lšsungsmittelbasierte Extraktion erweitert. An den Polymerfasern selbst 

wurde dabei kein Schaden durch das Verfahren f estgestellt, jedoch konnte ein mšglicher 

Ein#uss durch in der Matrix enthaltenes Calciumcarbonat ermittelt werden. Die zu Beginn 

erfolgte NMR -Spektroskopie an LDPE gibt Einblicke in die Herausforderungen fŸr MP -

Analysen bei hšheren Temperaturen, wie es fŸ r diese Klasse an Polymeren notwendig 

ist.77 So diente Toluol -d8 als Lšsungsmittel und ist damit aufgrund seines Preises eher 

ungeeignet fŸr Routineuntersuchungen. Auch empfahlen PEEZ et al. eine Begrenzung der 

Temperatur auf maximal 60¡C, da andernfalls keine stabilen Bedingungen fŸr eine 

ausreichend prŠzise Quanti!zierung gewŠhrleistet werden kšnnen. Leider sind die 

meisten PE- und PP-Verbindungen erst bei deutlich hšheren Temperatu ren in gŠngigen 

Lšsungsmitteln lšslich. 120 Folglich ist das beschriebene Verfahren vermutlich auf einige 

wenige Ausnahmen begrenzt. 2022 erfolgte dann der Einsatz nicht -deuterierter 

Lšsungsmittel fŸr die NMR -Analytik von MP. 102 Verwendet wurde eine WET -Sequenz zur 

LšsungsmittelunterdrŸckung mit Dichlormethan als neue m internen Standard. Im 

gleichen Rahmen wurde auch die Eignung von Niederfeld gerŠten evaluiert, wobei 

vergleichbare Ergebnisse fŸr Richtigkeit, PrŠzession, LOD sowie LOQ erzielt wurden. Die 

Messdauer verlŠngerte sich infolge dessen bei einem 80  MHz-GerŠt auf etwa 30  min, im 

Vergleich zu weniger als 5  min auf einem 500  MHz-GerŠt. Insgesamt fŸhrten PEEZ et al. im 

Verlauf ihrer Studien Untersuchungen an PET, PA, PS, ABS, LDPE sowie PVC durch.64,77,97,102 
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Wie anfangs erwŠhnt ist die absolute Bestimmung von MP mittels NMR vergleichsweise 

neu und bisher wenig etabliert. Nichtsdestotrotz erfolgten nach Verš"entlichung der 

ersten Arbeiten auch Studien einiger weiterer Arbeitsgruppen. Direkt ein Jahr nach der 

Studie durch PEEZ et al. verš"entlichten NELSON et al. ein Šhnliches Verfahren, ebenfalls 

basierend auf einer externen Kalibrierung, zur Untersuchung des biologisch abbaubaren 

Polymers Polybutylenadipat -Terephthalat  (PBAT).121 Die Separierung aus Bodenproben 

erfolgte sowohl durch Soxhlet -Extraktion  als auch mittels ASE, wobei Chloroform und 

Methanol bei Temperaturen von 110 -120¡C zum Einsatz kamen. WeitergefŸhrt wurden 

diese Arbeiten unter anderem durch R†TI et al. und STEINER et al., welche ebenfalls PBAT 

zusŠtzlich zu Polylactat (PLA) untersuchten. 122Ð124 Der Fokus lag vor allem auf der 

Bestimmung des PLA/PBAT -VerhŠltnisses, weniger auf absolute n Quanti!zierungen. 

PAPINI et al. hingegen erprobten eine Methode analog zu der von PEEZ et al., um PS und 

ABS in Umweltproben aus dem MŸndungsgebiet des Tiber zu bestimmen. 72 Nach 

Matrixentfernung mittels Wassersto"peroxid sowie Dichteseparation basierend auf einer 

ZnCl2-Lšsung konnte allerdings nur PS nachgewiesen werden. WANDER et al. nutz ten die 

quantitative Bestimmung von MP mittels NMR zur Validierung eines neuen 

Extraktionsschemas. 71 Dabei wurde PS in CDCl3 ebenfalls im Anschluss an eine 

Dichteseparation quanti!ziert. SpŠtere Untersuchungen erfolgten dann allerdings ohne 

NMR durch Nahinfrarotspektroskopie. Ein deutlich teureres Verfahren verš"entlichten 

PFOHL et al.125 Untersucht wurde Polyurethan (PU) gelšst in deuteriertem 

Hexa#uorisopropanol (HFIP -d8). Die Quanti!zierung erfolgte als 1 -Punkt Kalibrierung 

nachfolgend einer Soxhlet -Extraktion oder wahlweise Dichteseparation. Inwiefern dieses 

Verfahren fŸr eine umfassende Umweltanalytik genutzt werden kann, ist neben den 

Kosten auch in Hinblick auf die Z ielmolekŸle eher fraglich. Die Sto"klasse der 

Polyurethane vereint eine Vielzahl unterschiedlicher Wiederholeinheiten, deren 

gemeinsame namensgebende Struktu r allerdings nur ein einzelnes sehr schwaches Signal 

der NH -Gruppe in der 1H-NMR erzeugt. Dieses wiederum kann mitunter stark durch die 

Ausbildung von Wassersto"brŸcken beein#usst werden. 125,126 Eine universelle 

Quanti!zierung der Polyurethane mŸsste folglich vermutlich anhand anderer Protonen 

erfolgen, wofŸr wiederum die Erstellung entsprechend detaillierter Datenbanken mit 

Referenzspektren  Voraussetzung  wŠre. 
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VII!Aufbau und Ziele der Arbeit  

Ziel dieser Arbeit ist die Optimierung und Weiterentwicklung der quantitative n NMR zur 

Analyse von MP, sodass sie auf Umweltproben angewendet werden kann. Sie schlie§t 

damit direkt an Studien von unter anderem PEEZ et al., NELSON et al. und weiteren an, 

welche zuvor die qNMR in besagtes Forschungsfeld einfŸhrten . Wie in Kapitel VI.3 

ausfŸhrlich dargestellt, existierte bereits eine breite Basis verschiedener validierter 

Prozesse und Werkzeuge, welche jedoch bisher voranging an arti!ziellen Proben getestet 

wurden. Sie umfasst Polymere wie ABS, PS, PET, PA, LDPE, PVC und PBAT. FŸr all diese 

Polymer e erfolgte  die Validierung, jedoch jeweils in separaten Prozessen. Mšglichkeiten 

wie eine LšsungsmittelunterdrŸckung, die Anwendung auf Niederfeld gerŠten sowie Peak -

Fitting wurden ebenfalls bearbeitet . Auch erste Tests zur Implementierung chem ischer 

AufschlŸsse erfolgten. Um nun eine praktische Anwendung auf Realproben zu 

ermšglichen, soll die hier vorgestellte Arbeit die Kombination dieser Werkzeuge 

erforschen und wenn nštig um teils essentielle Elemente erweitern. Aufgrund der 

KomplexitŠt der  Thematik ist die Arbeit in verschiedene Forschungsschwerpunkte 

aufgeteilt, welche nun im Folgenden erlŠutert werden.  

In der Analyse von Umweltproben ist neben der Auswahl der Bestimmungsmethode vor 

allem die Festlegung der Zielsubstanzen von Bedeutung. Gerade bei einer so vielfŠltigen 

Sto"gruppe wie MP ist dies essentiell. Noch vor dem eigentlichen Beginn der Studien 

musste daher die Basis der Zielsubstanzen festgelegt werden. Die Auswahl soll ein 

mšglichst breites Bild der Probe liefern kšnnen, gleichzeitig jedoch auch systematisch und 

Ÿbersichtlich ve rbleiben. Hierzu erfolgten zunŠchst zwei †berlegungen. Zum einen 

wurd en die Produktionsmengen verschiedener Polymersorten verglichen, um die am 

wahrscheinlichsten eingetragenen Polymertypen zu identi!zieren. Eine Auswahl anhand 

bereits vorhandener MP -Studien blieb dementgegen dabei unberŸcksichtigt, um einen 

Bias durch die verwendeten Analyse - und Probenvorbereitungsverfahren auszuschlie§en. 

Polymertypen  wie ABS, PVC, PET, PMMA, PE, PP und PU gerieten so in den Fokus. Zum 

anderen sollte das Verfahren sich auf Homopolymere zur Kalibrierung beschrŠnken und 

es sollte geprŸf t werden , ob sich so auch Copolymere gleicherma§en analysieren lassen. 

Identische Wiederholeinheiten in beispielsweise PS und ABS kšnnen so zusammengefasst 
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werden, da eine Unterscheidung im NMR -Spektrum kaum mšglich ist. Letztlich wurden  

auch technische Aspekte bedacht und berŸcksichtigt . Polymer e wie PU, welche eine zu 

hohe VariablitŠt in ihrer Struktur aufweisen , oder PE und PP, welche sich nicht unter 

stabilen Messbedingungen analysieren lassen, k onnten daher nicht in die Auswahl 

aufgenommen werden. Damit wurden schlie§lich anstelle eines ABS die Polymere PS, BR 

und PAN gewŠhlt. Hinzu kamen PMMA, PVC, PA, PET und in einigen Versuchen auch LDPE. 

Die Entwicklung der Methode selbst erfolgte dann in drei S chritten. Diese bilden den 

Hauptteil der Arbeit und werden in den Kapiteln VIII.1-VIII.3 nŠher behandelt.  

Kapitel VIII.1 untersucht die simultane Quanti!zierung der gewŠhlten Polymere in 

gemeinsamen Proben. Ziel ist es dabei , mšglichst viele Polymertypen anhand ihrer 

Lšslichkeitseigenschaften in praktisch messbare Gruppen zusammenzufassen. Durch 

diese ZusammenfŸhrung kann zum einen die Probenmenge reduziert werden, 

gleichzeitig verkŸrzt sich neben dem Arbeitsaufwand auch die M essdauer einer 

Gesamtanalyse. Hinzu kommt die Vereinfachung der nachfolgenden Probenaufbereitung, 

da weniger Separationsschritte erforderlich sind.  

Kapitel VIII.2 behandelt die Fraktionierung aus Mischproben. Die zuvor identi!zierten 

Messgruppen liegen in einer Umweltprobe gemeinsam vor, mŸssen vor der Analyse 

jedoch entsprechend quantitativ getrennt werden. Besonderer Fokus wurde hierbei auf 

extraktive Verfahren gelegt, da die anschlie§ende Unter suchung mittels qNMR ebenfalls 

in Lšsung erfolgt. Unterschiedliche Lšsungseigenschaften der Polymer e kšnnen so 

optimal ausgenutzt werden. Gleichzeitig wird die Separierung von anorganischer Matrix 

erprobt.  

Kapitel VIII.3 fokussiert den Ein#uss organischer Matrix auf die qNMR -Analyse der 

MP-Proben. Schwerpunkt e sind dabei zunŠchst die Identi!kation der Spektrenbereiche, 

die mit organische n Matrix bestandteilen  Ÿberlager n, sowie die anschlie§ende Erprobung 

von Mšglichkeiten zur Reduktion dieser E"ekte. Neben klassisch chemischen 

AufschlŸssen werden dabei auch alternative Verfahren wie zusŠtzliche Extraktionsschritte 

und erweiterte Messsequenzen berŸcksichtigt. Letztlich erfolgt die Anwendung auf 

Umweltproben , die mit bekan nten Mengen MP versetzt wurden,  zur Validierung des 

Gesamtverfahrens.  
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ZusŠtzlich zu den drei vorangegangenen Kapiteln  werden in Kapitel VIII.4 verschiedene  

Szenarien zur Anwendung der qNMR auf MP erlŠutert. StŠrken der Methode, ideal 

besetzbare Nischen sowie Hinweise dar auf , auf welche Bereiche die qNMR in Zukunft 

ausgeweitet werden kann, werden anhand von praktischen Beispielen verdeutlicht. So 

wird zunŠchst der Einsatz als QualitŠtskontrolle zur Entwicklung zerti!zierter 

Referenzmaterialien erprobt und anschlie§end  ein Blick auf die Mšglichkeit zur 

Anwendung auf Reifenpolymere und den damit verbundenen Besonderheiten gelegt.  

Zum Abschluss erfolgt ein erster Ausblick in den Vergleich mit bereits etablierten 

Methoden in Kapitel VIII.5. Im Bereich massebasierter Verfahren haben sich fast 

ausschlie§lich thermogravimetrische Methoden durchgesetzt, weshalb der Vergleich zur 

py-GC/MS gezogen wird. Da die qNMR eine eher junge Methode auf dem Feld der MP -

Analytik ist und ihre Optimierung in viele n Anwendungsfeldern noch aussteht, wird 

zunŠchst nur ein Vorversuch diskutiert. Verbliebene Schwachstellen und verfŸgbare 

StŠrken sollen so ermittelt werden und sinnvoll anschlie§ende Forschungsschwerpunkte 

identi!zieren.  



VIII.1 Hauptteil  Ð Simultane Quanti!zierung von Polymeren  

43 
 

VIII !Hauptteil  

VIII.1 !Simultane Quanti!zierung von Polymeren  

 

GŸnther, M. & Imhof, W. Simultaneous quanti!cation of microplastic particles by non -

deuterated (NoD) 1H-qNMR from samples comprising di"erent polymer types. The Analyst 

148, 1151Ð1161 (2023), doi:10.1039/D2AN01751B.  

 

Eigenanteil der dargestellten Ergebnisse  

Konzeption, Planung und DurchfŸhrung der Experimente erfolgte in eigener 

Verantwortung. Die anschlie§ende Auswertung und Diskussion der Ergebnisse sowie 

Anfertigung des publizierten Skriptes inklusiver der Darstellungen und Tabellen wurde 

ebenfalls selbst durchgefŸhrt. Die Ideengebung der Arbeit als auch Korrektur der 

publizierten Manuskripte erfolgte unter Mitwirkung von Prof. Dr. Imhof.  
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Simultaneous quanti!cation of microplastic particles by non -

deuterated (NoD) 1H-qNMR from samples comprising di"erent 

polymer types  

Marcel GŸnther, Wolfgang Imhof  

Abstract  

Facing microplastic contamination and thereby caused impacts on the environment and 

health will be probably one of the most concerning challenges in our immediate future. 

Yet still data on those emerging pollutants is scarce in many aspects leading to an o ngoing 

development and expansion of analytical procedures and approaches. In recent years, 

despite being used formerly only for qualitative aspects, nuclear magnetic resonance 

spectroscopy (NMR) was introduced to the quanti!cation of microplastic particle s. By the 

combination of linear regression procedures, internal standards and integration of proton 

NMR, the so-called qNMR method allows mass -based quanti!cation of microplastic in a 

limited amount of time and independent of particle size. Based on this approach, further 

optimization through simultaneous dissolution and quanti!cation of multiple polymers is 

investigated. Individual requirements, known issues and considerations will be 

demonstrated along with additional possibilities for !ve polymers: po lystyrene (PS), 

butadiene rubber (BR), polyvinylchloride (PVC), polyethylene terephthalate (PET) and 

polyamide (PA). The applicability of homopolymer -based calibrations is demonstrated for 

both, the quanti!cation of multiple homopolymers dissolved in a sh ared solvent system 

as well as the quanti!cation of copolymers for the example of a styrene -butadiene 

copolymer (SBR). Linearities, limits of detection and quanti!cation as well as precision and 

accuracy comparable to solely measured microplastic particl es are achieved. The 

improvement signi!cantly reduces preparation and measurement time in combination 

with lowered costs. Additionally, enhanced reliability was achieved by implementing 

hexamethyldisiloxane (HMDSO) as an internal standard in NoD measureme nts, replacing 

dichloromethane (DCM).  
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Introduction  

Microplastic particles (MPP) globally emerged as a steadily growing problem Ð yet despite 

ever-growing concerns on occurrence and e"ects no satisfactory solutions to those issues 

were found so far. The term ÒmicroplasticÓ itself vaguely describes polymeri c particles of 

small size. However, a precise de!nition has not been con!rmed yet, which even further 

impedes research on this topic. 5,10,127,128 Commonly an upper size limit of 5 mm is 

considered, whereas a lower limit is most often orientated on sampli ng methods or is 

sometimes not even made. 5,128,129 Moreover, origin and composition are often discussed, 

for example, whether tire wear particles should be included or not and where a distinction 

to naturally occurring polymers like cellulose and lignin should be set. 5,11,12,130 

Furthermore, MPP can be introduced to the environment through several routes. Either 

as primary MPP directly produced and implemented in i.e., cosmetics or as secondary 

MPP formed by degradation of macroplastic products and applicat ions.11,33,129 By time 

MPPs were found in almost every environmental domain, like rivers, soil, atmosphere, sea 

or lakes. 18,19,23,35,131,132 Even in far -out regions like mountains, the deep sea and the arctic 

zone MPPs were detected. 20,21 In most studies, secondary MPPs were found to comprise 

the main fraction of detected MPPs. These degradation processes are either caused by 

UV-light, chemical reactions, such as oxidation and hydrolysis or under certain conditions 

even through microbial p rocesses.129 However, those processes seldom lead to complete 

mineralization but rather cause ongoing fragmentation eventually leading to the 

formation of so -called ÒnanoplasticsÓ, which presumay remain in the respective 

environmental components for centuries. 12,30,127,133 

For MPP those aspects as well as many further issues, like the variety of chemical 

compositions, lead to ongoing development and application of an extensive number of 

analytical techniques used for their determination. Most renowned techniques include 

FTIR- and Raman -spectroscopy as well as pyrolysis GC -MS.27,53,130,134 Up to now, none of 

these methods is able to cover the full scope of necessary investigations. FTIR - and 

Raman-spectroscopy for example are often hindered by nontransparent or #uorescent 

additives and can only give particle number -based results. 27,127,130 On top, both techniques 

are regularly challenged by low particle sizes. 127,134 Pyrolysis GC-MS on the other hand 

struggles with complex matrices and inhibits subsequent investigations as samples are 
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destroyed while being measured. 27,53,134 Despite that, results are mass -based, which is 

favoured for the implementation of laws and regulations, as they are more suitable for 

routine analytical screening and increase the comparability of di"erent studies. 53,127 

Recently, quantitative nuclear magnetic resonance spectroscopy (qNMR) was introduced 

as a novel approach to quantitative MPP determination. 77 It depicts interesting bene!ts 

such as size independency, fast measurements and mass -based results. The method is 

based on proton measurements in solution followed by external calibration. 77 After being 

!rst applied in 2018 by PEEZ et al. various improvements were applied. These include the 

integration of a chemical digestion protocol for the removal of matrix compounds and 

respective signals, the addition of further polymers, enhancement of analysis by 

incorporating peak -!tting al gorithms, broadening of solvent selection by NoD methods 

and lowered costs through the application of benchtop NMR devices. 64,77,97,102 Comprising 

all published papers, the technique already includes validated methods for low -density 

polyethylene (LDPE), polystyrene (PS), polyethylene terephthalate (PET), polyamide (PA), 

polyvinylchloride (PVC) and acrylonitrile -butadiene -styrene -copolymers (ABS).64,77,97,102 

Despite all those advances, however, several necessary improvements are still missing. 

Up to now, the method was only applied to model samples prepared in laboratories. The 

characterization of complex environmental samples, nevertheless, requires the 

measu rement of mixed samples including several di"erent types of polymers. In this 

paper, the next step toward environmental applications is presented by investigating the 

measurement of mixed polymer samples. In a proof -of -concept approach, simultaneous 

quant i!cation of up to three di"erent polymers in a single sample is investigated and 

respective results are discussed. Alongside these investigations also the reliability of those 

results was improved by exchanging the internal standard (INST) used for NoD 

measurements and the application of homopolymer -based calibrations on copolymer 

samples is discussed.  
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Experimental  

Materials  

Model samples of the following polymers were prepared, from polyethylene 

terephthalate (PET) as !bers with a length of 500  µm and a diameter of 10 -20 µm by 

SchwarzwŠlder Textil -Werke Heinrich Kautzmann GmbH, Germany; polyamide (PA) as 

!bers with a length  of 500  µm and a diameter of 27 -30 µm by SchwarzwŠlder Textil -Werke 

Heinrich Kautzmann GmbH, Germany; polystyrene (PS) as expanded beads with a size of 

0.5-1 mm by Kissenwelt, Germany; polybutadiene rubber (BR) with a MW of 200.000 -

300.000 g/mol, cut from bulk mass and purchased from Sigma -Aldrich Chemie GmbH, 

Germany; polyvinylchloride (PVC) as powder with a particle size <250  µm by Werth -Metall, 

Germany; styrene -butadiene copolymer (SBR) (styrene content 22 -25 %) cut from bulk 

mass, supplied by WAGU Gummi technik GmbH, Germany. Although used as model MPP 

all polymers were not intentionally produced as reference materials.  

Solvents were purchased as listed: tetrahydrofuran (THF) *99.5% (.50 ppm H 2O) and 

tri#uoroacetic acid (TFA) *99.9% were purchased from Carl Roth GmbH & Co. KG, 

Germany; formic acid (FA) 98% was purchased from AppliChem GmbH; Germany. The 

internal standard hexamethyldisiloxane (HMDSO) 99,7% (NMR grade) was purchased 

from Thermo F isher Scienti!c Inc., Germany.  

 

Sample preparation  

Two initial groups of polymers were prepared. The !rst group consisted of PVC, PS and 

BR in THF containing 0.1% HMDSO. The second group incorporated PET and PA in a 

mixture of 85  % TFA and 15% FA spiked with 0.1% HMDSO. 

For each group, two sets of !ve calibration samples each, as well as three model samples 

for validation, were prepared. The calibration samples were prepared in the range of 

2.5 to 0.5 mg/mL and 0.5 to 0.1 mg/mL using stock solutions, whereas for the model 

samples MPPs were weighted directly into each preparation vial aiming for concentrations 

randomly distributed within the calibration range. Three additional model samples in THF  
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were prepared from SBR, at concentrations between 2.3 and 3.1 mg/mL, thus the styrene 

and butadiene content could be expected within the calibrated concentration range.  

All samples were prepared in 20 ml glass vials, being transferred to 5 mm NMR tubes 

made of glass and caps made of polytetra#uoroethylene (PTFE) before measuring. 

Cleaning was performed using three times the respective solvents as well as three times 

acetone. Afterwards, both were dried overnight at 110¡C. To avoid contamination with 

other polymer materials only glass wear or equipment made of PTFE was used. Clothes 

were covered by lab coats made from 100 % cotton. Additionally, blind samples, not 

containi ng any polymers, were prepared and measured according to the same 

procedures as controls.  

!

NMR measurements  

NMR experiments were performed at room temperature on a Jeol¨ 500 spectrometer 

with a 500 MHz 5mm TH ATM probe head. Calibration samples were measured three 

repetitive times, model samples were measured !ve repetitive times within one day as 

well as !ve repetitive times within one week.  

The groups of polymers described in the sample preparation section were measured 

using the following parameters: polymers in THF: 1D WET (automated Jeol sequence) 

[Target: THF; Signals: 2], scans: 25, acquired size: 16384, spectral width: 15 ppm, receiver 

gain: auto, relaxation delay: 5 s, acquisition time: 2.18383 s; polymers in TFA/FA: 1D WET 

(automated Jeol sequence) [Target: TFA; Signals: 1], scans: 25, acquired size: 16384, 

spectral width: 15  ppm, receiver gain: auto, relaxation delay: 5 s, acquisition  time: 

2.18383 s. To ensure a su$cient relaxation delay, preliminary tests using di"erent 

relaxation delays were performed. As  a further increase did not alter the results , a 

relaxation delay of 5  s was chosen.  

!

Data analysis  

Measured spectra were analysed with the software MestReNova.135 Phase correction and 

baseline correction were performed manually. Spectra in THF were referenced by the 
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HMDSO signal at 0.07 ppm; spectra in TFA/FA were referenced to the HMDSO signal at 

0.08 ppm. Adipodisation was set to 1 Hz. Signals were integrated in the following regions: 

In THF: HMDSO at (-)0.25-0.35 ppm, PVC at 4.25-4.70 ppm, BR at 5.05 -5.70 ppm and P S at 

6.10-7.40 ppm. In TFA/FA: HMDSO at (-)0.25-0.25 ppm, PA1 at 0.90 -1.61 ppm, PA2 at 

2.10-2.70 ppm, PA3 at 3.00 -3.35 ppm and PET at 3.80 -4.80 ppm.  

Normalization of integrals and calculation of signal -to -noise ratios (SNR) were performed 

according to the method of PEEZ et al.77 Bias values were calculated as relative error of 

calculated concentrations compared to true (scale -based) concentrations. Precision 

represents the relative standard deviation of repetitive measurements. LOD and LOQ 

were calculated either according to DIN 32645 or as described by PEEZ et al. based on SNR 

values.77 

 

Results and discussion  

MPP selection  

In general, almost every polymer can be introduced into the environment as MPP. It is 

therefore indeed desired to include as many relevant polymer types as possible in a 

respective analytical method. On the other hand, the tool must be performed in an 

appr opriate amount of time and e"ort. Therefore, the number of polymer types had to 

be limited during our research. Up to now, data on MPP analytics by qNMR are almost 

exclusively published by PEEZ et al.64,77,97,102,121 Thus, we focussed on polymers already 

investigated in those studies to allow subsequent comparison of the results. An exception 

was made for ABS copolymers as greater viability in terms of possible MPP variations is 

expected from quanti!cations based on homopolymers. Thus, PS, BR and PAN are 

investigated instead. Finally, the following polymers were selected for our investigations: 

PS, BR, PVC, PET, PA and initially also PAN. 
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Solvent selection  

Probably the most crucial part of quantifying multiple polymers within one combined 

sample is !nding a suitable solvent for all targeted MPPs. Along with chemical and 

analytical requirements also economical aspects must be included in such selections. 

Solvents for this study were selected according to several demands listed in the next 

paragraph. These incorporate necessary requirements for the selection of suitable 

solvents for simultaneous qNMR on multiple polymers and is based on considerations 

mentione d by PEEZ et al.64,77,97,102 

First of all, the position of solvent signals must be considered as an overlap with MPP 

signals and INST signals must be avoided, especially if NoD measurements are performed. 

Also, the number and form of such signals are important, as fewer sharp signals are less 

likely to overlap and regions for integration or suppression can be narrowed. Second, the 

physicochemical properties are important. Thus, the solvent must be inert to prevent any 

reaction with MPP or INST and it should allow the dissolution of tho se in su$cient 

quantities. Also, low vapour pressure is bene!cial, as this indicates reduced risk of 

changes of concentrations during sample preparation and measurement. Finally, 

economical aspects as availability and cost need to be considered as well.  

In addition to those aspects also the expected suitability of solvents for solid -liquid 

extractions of MPP was considered, as the combination of qNMR and such sample 

preparation is planned for our subsequent research. Hence, to improve the connectivity 

to these studies and to enable a wider range of solvents for our experiments , non -

deuterated solvents were chosen.  

Intentionally, PS, BR and PAN were planned for simultaneous investigations, so the whole 

spectrum of ABS -related polymers can be covered by a single measurement. 

Unfortunately, it was not possible to !nd a solvent suitable for all three polymers. PAN 

depi cts a rather narrow selection of possible solvents Ð polar aprotic solvents such as 

dimethyl sulfoxide (DMSO), dimethylformamide (DMF) or dimethylacetamide (DMAc) Ð 

which is even smaller when reviewed in line with the before -mentioned list of 

requirements. 136Ð139 After some preliminary tests, THF was selected for PS, PVC and BR 

instead, as all three polymers are soluble at room temperature and concentrations up to 
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more than 10 mg/mL can be prepared. To lower the corresponding cost, non -deuterated 

THF was chosen. It exhibits two signals at 1.72 and 3.58 ppm in NMR spectra, which can 

be suppressed without disturbing relevant MPP signals. 113 Additionally, THF can be easily 

removed from samples by evaporation, being a possible solvent for extractive sample 

preparations.  

In terms of PET and PA, both polymers require rather acidic conditions to be dissolved. 

Earlier studies by PEEZ et al. were performed using either TFA or FA diluted with 

chloroform. 77,97 Preliminary tests with those solvents revealed no su$cient solubility of 

PET in FA. On the other hand, PA seemed to be soluble in TFA at !rst sight, as no particles 

were visible after the addition of TFA and stirring for a few minutes. However, NMR 

measurements of those samples exhibited no signals for PA. Although both polymers are 

in the liquid state, the emergence of two separate phases, with PA forming only very small 

bubbles attached to the NMR tube walls, probably led to such a misassumption. Afte r 

some optimisations, a mixture of 15  % FA and 85 % TFA was found to su$ciently dissolve 

PET and PA, while still allowing measurements by NMR. Dilution of this mixture with 

chloroform, which could have lowered costs for measurements, unfortunately, led t o 

precipitation of the dissolved polymers. Thus, the non -diluted mixture of TFA and FA was 

used for investigations on PET and PA. Despite those solubility criteria, no signal overlap 

with PA is observed. TFA depicts one signal at 11.19 ppm, FA shows anothe r signal at 

7.84 ppm. The signal at 7.84 ppm is expected to overlap with the aromatic signals of PET. 

Since PET also exhibits polymer -speci!c signals at 8.1 ppm, this compromise can still be 

made. 77 

PAN only allowed quanti!cations in DMSO considering the listed requirements. As most 

other polymers can be quanti!ed more easily in di"erent solvents alongside other MPPs 

only sole quanti!cations would be performed. Thus, PAN was excluded from further 

investigations.  
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Polymers in THF 

Tabelle 2: Summary of relevant data for calibration curves measured in non -deuterated THF for the 
concentration range of 2.5 -0.5 mg/mL and 0.5 -0.1 mg/mL, including linearity, root -mean -square deviation 
(RMSD), limit of quanti!cation and limit of determination either  calculated according to DIN 32645 or based 
on SNR-values according to SUN et al.140 

Calibrated  
range  

Polymer  Linearity  
r# 

RMSD LOQ 

(DIN 

32645) 

LOD 

(DIN 

32645) 

LOQ 

(SNR) 
LOD 

(SNR) 

[mg/mL]     [µg/mL]  [µg/mL]  [µg/mL]  [µg/mL]  

2.5-0.5 PS 0.99962 0.02245 187.44 50.01 93.34 28.00 

BR 0.99951 0.01901 209.51 56.47 5.48 1.65 
PVC 0.99955 0.00686 204.13 54.87 144.64 43.39 

0.5-0.1 PS 0.99996 0.00887 12.88 3.26 92.47 27.74 
BR 0.99990 0.00316 20.23 5.20 6.17 1.85 

PVC 0.99912 0.00329 54.66 15.15 159.06 47.72 

 

Spectra of PS, BR and PVC dissolved in THF (Abbildung 4) depict  four relevant signals 

alongside two suppressed THF signals at 1.78 ppm and 3.62 ppm. The four signals belong 

to the methyl groups of HMDSO at 0.07 ppm, to the proton in / -position to the chlorine 

atom of PVC at 4.48 ppm, to the proton of the double bond o f BR at 5.38 ppm and !nally 

to the aromatic protons of PS at 6.30 to 7.30 ppm. In theory, for PS, BR and PVC further 

signals deriving from CH 2-groups could be found between 1 and 2 ppm. Since, due to the 

suppression of solvent signals for THF, the  region between 1 ppm and 4 ppm should not 

Abbildung 4: 1H-NMR spectra of PS, BR and PVC measured in non -deuterated THF including HMDSO as INST. 
Coloured sections mark integrated areas: HMDSO at ( -)0.25-0.35 ppm, grey; PVC at 4.25-4.70 ppm, purple; BR 
at 5.05-5.70 ppm, blue; PS at 6.10 -7.40 ppm, green.  
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be analysed under quantitative aspects, those signals cannot be used for MPP 

quanti!cations. Besides, those signals would be rather unspeci!c for the polymers and 

distinction would be barely possible.  

All three polymers depict calibration curves with linearities greater than 0.999 (cf. Tabelle 

2), thus a perfect linear correlation is realised. These results were additionally con!rmed 

by Mandel tests. Tabelle 3 moreover presents results for model samples. Accuracy is 

expressed as relative bias of the calculated value compared to the true (scale -weighted) 

mass. All bias values are within the required range of 80 Ð 120% for trace analytical 

purposes, with the majo rity of results concentrating around 95% Ð 105%. Precision 

however, is expressed as relative standard deviation either by !ve measurements within 

one day or !ve measurements distributed over seven days. This way precision can be 

evaluated not just for ma nual spectra analysis, as performed by PEEZ et al., but for the 

measurement as well (cf. PEEZ et al.).64,77,97,102 For the calibration between 2.5 and 

0.5 mg/mL precision values greater than 98% were achieved for all polymers, whereas for 

the lower concentration range of 0.5 -0.1 mg/mL still precision values greater than 89% 

were possible. Abbildung 5 shows the calibration curve including all data points for 

Abbildung 5: Calibration graph (      ) of PS in THF at 2.5-0.5 mg/mL. Additionally, the con!dence interval ( ááááá) 
and data points for the calibration samples ( !), that were used for the linear regression, as well as model 
samples (x), which allow subsequent metho d validation are depicted. For further calibration graphs of BR, 
PVC, PET and PA as well as for 0.5-0.1 mg/mL refer to Abbildung 31-Abbildung 42. 
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calibration samples and model samples for PS as an example, also proving also a very 

narrow con!dence interval (cf. Abbildung 31-Abbildung 42 for other MPPs). Overall, 

calibrations down to 0.1 mg/mL can be su$ciently validated for PS, BR and PVC in non -

deuterated THF, as further proven by DIN -based LOD and LOQ values pictured in Tabelle 

2. LOD and LOQ were calculated either based on DIN 32645 or on SNR values as described 

by SUN et al.140  

Tabelle 3: Summary of relevant data for model samples measured in non -deuterated THF for the 
concentration range of 2.5 -0.5 mg/mL and 0.5 -0.1 mg/mL, including scale -based mass of MP (m true ), calculated 
MP mass based on 1H-NMR and calibration method (m calc.), accuracy as bias relative to m true , precision as 
relative standard deviation (RSD) either based on repetitive measurements within one day or one week.  

 Calibration [2.5 -0.5 mg/mL]  Calibration [0.5 -0.1 mg/mL]  

Model sample  

m  

true  
m  

calc.  
Bias  RSD 

day  
RSD 

week  
m  

true  
m  

calc.  
Bias  RSD 

day  
RSD 

week  

[mg]  [mg]  [%] [%] [%] [mg]  [mg]  [%] [%] [%] 

PS1 2.20 2.261 102.8 99.8 99.2 0.49 0.512 104.4 99.5 99.3 

PS2 1.73 1.706 98.8 99.7 99.5 0.36 0.370 103.2 99.3 99.3 

PS3 0.75 0.742 98.4 99.8 99.8 0.27 0.255 95.7 98.4 99.3 

BR1 2.17 2.201 101.3 99.8 99.8 0.43 0.433 100.0 99.1 99.3 

BR2 1.34 1.367 102.3 99.9 99.6 0.24 0.240 102.2 99.0 97.7 

BR3 0.76 0.766 100.7 99.9 99.4 0.17 0.144 86.4 98.0 97.6 

PVC1 2.37 2.357 99.3 99.4 98.2 0.43 0.441 101.7 96.8 97.9 

PVC2 1.38 1.435 103.9 99.1 98.2 0.26 0.271 104.1 95.4 92.5 

PVC3 0.65 0.558 85.2 99.2 95.5 0.17 0.157 94.1 89.0 95.9 

 

Comparison of these values reveals a rather strong dependency of DIN -based limits on 

the calibrated range of concentrations, whereas SNR -based limits values only exhibit 

minor changes. Herein the three analysed polymers give di"erent results. While according 

to the SNR-based limits BR can be quanti!ed down to concentrations around 6 µg/mL, 

PVC can only be quant i!ed until around 150 µg/mL, although a calibration down to 

100 µg/mL was su$ciently performed as previously described. When comparing the 

signals of BR and PVC as pictured in Abbildung 4 the di"erence between both polymers 

can be explained by chemical structure and signal shape. For BR the signal consists of two 

protons inheriting the same chemical shift therefore expressing a singlet. Thus, a sharp 

and very intense signal is present. Th e PVC signal on the other hand consists only of one 
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proton giving rise to a triplet shaped signal. It, therefore, depicts only a rather weak and 

broad signal. Although precision and accuracy are still in a su$cient range for trace 

analytics, samples of lower concentrations already give comparable greater deviations for 

PVC. Further decrease of the concentration would probably lead to insu$cient values.  

While this limit for PVC was indicated by the SNR -based LOD and LOQ (cf. Tabelle 2), no 

such indication was made by DIN -based LOD and LOQ. We therefore recommend, that 

SNR-based limits should be rather used for a rough prediction for the general capabilities 

of a method itself with the given parameters, whereas DIN -based values are more  suitable 

for statistical analysis of a speci!c calibration set measured. Despite these parameters, 

Abbildung 4 further indicates a wide separation of MPP signals, which would allow a later 

transfer to benchtop NMR devices without concern of signal overlap.  

 

Polymers in TFA/FA 

Most signals of PET and PA can be found in a range of 1 to 5 ppm (see Abbildung 6). For 

PA !ve singlets are present, each induced by two magnetically equivalent CH 2-groups. 

Thus, almost identical signal intensities are observed. Signals at 3.18 ppm ( / -NH, PA3) and 

2.40 ppm ( / -CO, PA2) are used for individual calculations, as su$cient baseline separation 

indicates no overlap at later transfer of the methodology to benchtop NMR devices. For 

Abbildung 6: 1H-NMR spectra of PET and PA measured in non -deuterated TFA/FA (85:15) including HMDSO as 
INST. Coloured sections mark integrated areas: HMDSO at ( -)0.25-0.35 ppm, grey; PET at 3.80-4.80 ppm, 
yellow; PA1 at 0.90-1.61 ppm, purple; PA 2 at 2.10-2.70 ppm, blue; PA3 at 3.00 -3.35 ppm, green.  
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signals at 1.54 ppm ( 0-CO), 1.36 ppm (0-NH) and 1.09 ppm ( &-NH) such overlap has to be 

expected. Therefore, these signals were integrated as one area (PA 1), although individual 

analysis would be possible on likewise high -!eld devices if required. Proton signals of 

amide groups themselves are in general rather weak. Since only low concentrations were 

measured in this study, no suitable signal could be obser ved. For PET two signals are 

present in proton NMR measurements. One signal at 4.52 ppm is caused by four protons 

of the ethylene unit, whereas the remaining four aromatic protons are found at around 

8.1 ppm. Signals for the solvent mixture consisting of T FA and FA can be found at 7.84 

ppm (FA) and 11.19 ppm (TFA), among which TFA is suppressed. The FA signal however 

overlaps with the aromatic protons of PET, which is why only one signal for PET can be 

used in further calculations. At 0.08 ppm again the HMD SO singlet can be found.  

Linearities of the calibration curves for all PA signals depict values greater 0.999 ( Tabelle 

4). For PET values of 0.99993 (2.5-0.5 mg/mL) and 0.99773 (0.5 -0.1 mg/mL) are calculated. 

Nevertheless, su$cient linearities were achieved, which are almost identical to the 

previously discussed PS, BR and PVC quanti!cation. For both polymers in TFA/FA 

calculated bias values are between 91% and 106%, which allow su$cient accuracy for 

trace analytical purposes such as MPP quanti!cation (cf.  Tabelle 5). Precision values are 

greater than 97% and thus comparable to the polymers quanti!ed in THF as well (cf. 

Tabelle 3 and Tabelle 5). For LOD and LOQ values similar interpretations as in the previous 

segment can be discussed.   

Abbildung 7: Normalized intensities for repetitive measurements of PS ( ! ), PVC (! ), BR (" ), PA1 (" ) and PET 
(# ) distributed over !ve days. For each polymer the model samples depicting the highest normalized Intensity 

is shown. (For other samples cf. Tabelle 29-Tabelle 37) 
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Tabelle 4: Summary of relevant data for calibration curves measured in non -deuterated TFA/FA (85:15) for 
the concentration range of 2.5 -0.5 mg/mL and 0.5 -0.1 mg/mL, including linearity, root -mean -square deviation 
(RMSD), limit of quanti!cation and limit of determina tion either calculated according to DIN 32645 or based 
on SNR-values according to SUN et al.140 

Calibrated  
range  

Polymer  Linearity  
r# 

RMSD LOQ 

(DIN 32645)  
LOD 

(DIN 32645)  
LOQ 

(SNR) 
LOD 

(SNR) 

[mg/mL]     [µg/mL]  [µg/mL]  [µg/mL]  [µg/mL]  

2.5-0.5 PET 0.99993 0.00256 82.59 21.08 10.02 3.01 

PA1 0.99996 0.00477 62.83 15.90 27.53 8.26 
PA2 0.99992 0.00231 90.43 23.16 22.50 6.75 

PA3 0.99999 0.00075 30.99 7.74 24.59 7.38 

0.5-0.1 PET 0.99773 0.00298 83.59 24.63 10.14 3.04 
PA1 0.99951 0.00338 42.09 11.35 29.95 8.98 

PA2 0.99955 0.00110 40.40 10.85 24.30 7.29 
PA3 0.99920 0.00144 52.65 14.52 26.96 8.09 

 

Tabelle 5: Summary of relevant data for model samples measured in non -deuterated TFA/FA (85:15) for the 
concentration range of 2.5 -0.5 mg/mL and 0.5 -0.1 mg/mL, including scale -based mass of MP (m true ), calculated 
MP mass based on 1H-NMR and calibration method (m calc.), accuracy as bias relative to m true , precision as 
relative standard deviation (RSD) either based on repetitive measurements within one day or one week.  

 Calibration [2.5 -0.5 mg/mL]  Calibration [0.5 -0.1 mg/mL]  

Model sample  

m  

true  
m  

calc.  
Bias  RSD 

day  
RSD 

week  
m  

true  
m  

calc.  
Bias  RSD 

day  
RSD 

week  

[mg]  [mg]  [%] [%] [%] [mg]  [mg]  [%] [%] [%] 

PET1 2.30 2.291 99.6 99.5 99.8 0.43 0.428 100.1 97.1 98.3 

PET2 1.50 1.510 100.7 99.6 99.2 0.32 0.315 98.5 95.3 97.0 

PET3 0.69 0.726 105.2 98.9 98.9 0.19 0.180 93.4 94.6 96.3 

PA1,1 2.27 2.277 100.2 99.8 99.8 0.43 0.415 96.6 99.3 99.8 

PA1,2 1.47 1.465 99.7 99.8 99.8 0.34 0.341 101.4 99.4 99.7 

PA1,3 0.65 0.637 98.1 99.6 99.8 0.20 0.182 91.0 99.0 99.0 

PA2,1 2.27 2.291 100.8 99.5 99.5 0.43 0.409 95.0 97.9 97.3 

PA2,2 1.47 1.477 100.5 99.7 99.0 0.34 0.335 99.6 99.6 97.6 

PA2,3 0.65 0.639 98.3 99.5 99.0 0.20 0.188 93.8 98.1 97.0 

PA3,1 2.27 2.289 100.7 99.7 99.8 0.43 0.410 95.4 98.7 98.8 

PA3,2 1.47 1.466 99.8 99.8 99.5 0.34 0.333 98.9 98.7 98.3 

PA3,3 0.65 0.626 96.3 99.3 99.5 0.20 0.187 93.4 97.2 97.1 

 

Ultimately, for PA the signal at 3.18 ppm (PA3) is probably best suited for environmental 

investigations as an overlap with matrix signals is less likely in this range. 64 Aside from 

that, all three signals for PA as well as the methylene signal for PET are su$cient for MPP 
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analytics down to concentrations of at least 0.1 mg/mL. Moreover, SNR -based LOD and 

LOQ indicate possible quanti!cations down to 10 µg/mL for PET and 24 µg/mL for PA 

(Tabelle 4). Identical results are obtained for PVC, PS and BR in THF (cf. Abbildung 28). 

Hence PET and PA in TFA/FA as well as PVC, PS and BR in THF can give consistent results 

for at least one weak under the described conditions, presumably being stable for even 

longer time periods.  

 

Comparison of INST  

At !rst DCM was used as an internal standard, as it was already used in publications by 

PEEZ et al.102 Unfortunately, two severe issues occurred during preliminary experiments 

using DCM, which led to the conclusion that this compound might be not su$cient to be 

used as an INST in qNMR measurements. For PET and PA in TFA/FA linearities greater than 

0.97 were almost unachievable after normalisation. Using the same data set without 

normalisation led to improved results, although normalisation should compensate for 

variations between measurements. For all compounds used within these experiments, 

except DCM, boiling points are at least 40  ¡C above room temperature. However, DCM 

has a boiling point of 40  ¡C 141, thus and since normalisation led to impaired results, 

evaporation of DCM, either during sample preparation or during measurement, was 

considered.  

Abbildung 8: 1H-NMR measured for PS, BR and PVC in non -deuterated THF referenced by DCM (top) and 
HMDSO (bottom) as INST. 
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Tabelle 6: Linearities of calibration curves for polymers dissolved in non -deuterated THF or non -deuterated 
TFA/FA (85:15) using either DCM or HMDSO as INST for normalisation of integrated areas.  

Solvent  Polymer  Linearity r# using DCM as INST  Linearity r# using HMDSO as INST  

THF PS 0.99915 0.99962 

BR 0.99912 0.99951 
PVC 0.99912 0.99955 

TFA/FA PET 0.95629 0.99993 
PA1 0.97133 0.99996 

PA2 0.94266 0.99992 
PA3 0.96116 0.99999 

 

Additionally, as can be seen in Abbildung 8, signals of BR and DCM in THF were barely 

separated, which could hinder a transfer to NMR systems with lower magnetic !eld force 

(i.e., benchtop devices). We therefore decided to exchange the INST for both solvents.  The 

new INST had to ful!l several requirements. First, it should not lead to any overlap with 

other signals, should be inert and it should prevent a change of its concentration during 

sample preparation and measurement.  

To ensure these conditions, compounds depicting only one signal preferably as a singlet 

were favoured. Also, a boiling point signi!cantly higher than room temperature and 

su$cient solubility in target solvents were required. Second, availability and cos ts were 

considered.  

As a result, hexamethyldisiloxane was selected. Due to its chemical shift around 0.07  ppm, 

overlap with other signals is very unlikely. At the same time, it has a boiling point at 100 ¡C, 

while being inexpensive and available from many di"erent suppliers.  These factors 

already established HMDSO as a common qNMR standard in a wide range of publications 

prior to this research. 142Ð145 

Finally, HMDSO as an INST leads to improved calibrations for polymers in both solvent 

systems Ð THF and TFA/FA. Linearities greater 0.999 (cf. Tabelle 6) were achieved, although 

only a minor di"erence can be observed for THF. Despite this, separation of signals was 

improved (cf. Abbildung 8), allowing a simpler transfer of this analytical technique to 

benchtop NMR devices.  
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Application on copolymers  

In a !nal step, application of homopolymer -based calibrations for copolymer samples, 

consisting of the same repeating units were investigated. For this purpose, three model 

samples prepared from SBR were quanti!ed by the calibration curves measured in TH F 

within the concentration range of 0.5 -2.5 mg/mL. Based on the technical data sheet 

provided by the manufacturer, the styrene content of SBR is between 22 and 25  wt%. 

Considering the listed additives, a butadiene content of around 66.4 Ð 71.9 wt% can be 

calculated. Additionally, the styrene to butadiene ratio was calculated from NMR spectra, 

indicating a ratio of 21.8% (additives being neglected). Tabelle 7 depicts the calculated bias 

and precision values based on the ratio calculated from NMR spectra along with results 

based on the minimal, maximal and mean contents stated by the manufacturer.  

Abbildung 9 further compares the 1H-NMR spectra of SBR as well as PS and BR measured 

in THF. Di"erences in both 1H-NMR spectra (Abbildung 9) can be explained on one hand 

by the smaller styrene -content in the SBR sample compared to the homopolymer sample 

and on the other hand a broadening of the butadiene signal can be observed as 

copolymerisation leads to an increased chemical variety within the polymer chain.  

Except for the maximal possible styrene content, bias values within the target range for 

trace analytical quanti!cations of 80 -120% are achieved (cf. Tabelle 7). Herein the best 

results are obtained if referred to the NMR -based ratio. For butadiene, bias values greater 

95%, for styrene greater 89% can be calculated. Thus, the model samples indicate 

su$cient applicability of homopolymer -based calibrations on co polymer incorporating 

samples. This allows quanti!cations of MP by repeating units without requiring repetitive 

Abbildung 9: 1H-NMR spectra of PS, BR and PVC (     ) compared to the 1H-NMR spectra of SBR (     ), both 
measured in non -deuterated THF including HMDSO as INST. Coloured sections mark integrated areas: 
HMDSO at (-)0.25-0.35 ppm, grey; butadiene unit at 5.05 -5.70 ppm, blue; styrene unit at 6.10 -7.40 ppm, green.  
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calibrations for homopolymers and copolymers. It further supports the approach of 

homopolymer -based method development, discussed at the beginning of this chapter. 

Furthermore, the selection of MPP standards that would be required for a full sample 

analysis is narrowed, once the method can be applied on environmental samples.  

Tabelle 7: Model samples of SBR measured in non -deuterated THF. As the true composition of SBR is only 
stated for a certain range instead of exact content ratios, the calculated mass (m calc.) is compared to the 
assumed true mass (m true ), according to the highest possible amount of styrene (Max). the lowest possible 
amount (Min), the mean value (Mean) and additionally to the ratio determined by a 1H-NMR experiment (NMR). 
Furthermore, relative bias and relative standard deviation (RSD) were calculated.  

  Styrene -content  Butadiene -content  

Model 

sample  

Compared 

value  

m true  m calc.  Bias  RSD m true  m calc.  Bias  RSD 

[mg]  [mg]  [%] [%] [mg]  [mg]  [%] [%] 

SBR1 

NMR 0.65 

0.60 

91.0 

99.2 

2.35 

2.31 

98.4 

99.6 
Mean 0.71 84.3 2.08 111.3 

Min  0.66 90.2 2.16 107.0 

Max 0.75 79.4 1.99 115.9 

SBR2 

NMR 0.61 

0.54 

88.3 

99.5 

2.19 

2.09 

95.2 

99.6 
Mean 0.66 81.9 1.94 107.7 

Min  0.62 87.5 2.01 103.6 

Max 0.70 77.0 1.86 112.1 

SBR3 

NMR 0.56 

0.50 

89.4 

99.4 

1.99 

1.91 

95.8 

99.6 
Mean 0.60 83.0 1.76 108.3 

Min  0.56 88.6 1.83 104.2 

Max 0.64 78.0 1.69 112.8 

 

Conclusions  

Within this research simultaneous quanti!cation of MPP by qNMR  was demonstrated for 

most of the polymers previously investigated by PEEZ et al. Up to three di"erent types of 

MPP were measured within a single sample, reducing the amount of sample preparation 

as well as the necessity of separation steps and reducing the required time for 

measurements. Depending on the solvent system costs w ere either kept equal or reduced 

by application of NoD procedures. For example, a single measurement of PS would cost 

about 0.30  1 based on the single MP procedure by PEEZ et al. Using the here demonstrated 
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procedure in THF instead, PS, PVC and BR can be simultaneously quanti!ed for only 0.05 

to 0.10  1. In case of PET and PA, costs for measurements are comparable to single 

quanti!cations by PEEZ et al., but due to simultaneous measurements, these costs can be 

reduced to half, if PET and PA both need to be investigated. In relation to results published 

by PEEZ et al. for single polymer procedures, linearities, accuracy, precision as well as LOD 

and LOQ were achieved at competitive quality for multiple polymers in a combined 

procedure. 64,77,97,102 All polymers depict LOQ below 150  µg/mL in a calibrated range of 0.1 

to 2.5 mg/mL, while keeping linearities above 0.999 and accuracies within 95 -105% for 

almost all experiments.  

Moreover, the existing repertoire of polymer types was extended by implementing 

homopolymers instead of copolymers as a basis for quanti!cation. Thus, BR was 

introduced to qNMR -based microplastic quanti!cation, while still allowing the 

quanti!cation of copolymers like SBR. This will allow further investigation by qNMR on 

new !elds of application like e.g., tire wear particles, where rubber -based polymers take 

a key role in quanti!cation and which are presumed to represent a main source of MPP 

pollution .130 Additionally, the exchange of DCM with HMDSO as INST, provides improved 

reliability of the respective quanti!cations.  

The next steps in the development of qNMR with respect to MPP determination will be 

the implementation of polyole!ns Ð especially for high density polyethylene and 

polypropylene Ð as both polymers represent around 33 % of the annually produced plastic 

mat erial in Europe. 146 Thus, a major part of MP found in nature consists of polyole!ns, 

setting their quanti!cation as a key challenge for their environmental application. 

Additionally, the implementation of a solid -liquid extraction procedure is targeted f or 

sample preparation, as such an extraction meets almost identical requirements on MP 

solubilities, hence it would set a perfect basis for the herein presented simultaneous 

quanti!cation.  
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Highly selective solid liquid extraction of microplastic mixtures as a 

pre -preparation tool for quantitative nuclear magnetic resonance 

spectroscopy studies  

Marcel GŸnther, Wolfgang Imhof  

Abstract  

Despite various developments in the application of quantitative nuclear magnetic 

resonance spectroscopy (qNMR) on microplastic within recent years, the method still lacks 

a suitable sample preparation and fractioning procedure. As this poses a crucial 

hindrance to the utilisation on environm ental samples, which will contain various 

mixtures of polymers along with other matrix substances, this research wants to address 

this missing link, presenting an easy -to -apply procedure based on common lab 

equipment. The process selectively separates micr oplastic from inorganic constituents 

while performing the necessary fractioning of di"erent types of microplastic prior to 

qNMR analysis. It allows subsequent quanti!cation of polystyrene (PS), polybutadiene 

(BR), polymethyl methacrylate (PMMA), polyviny lchloride (PVC), polyethylene 

terephthalate (PET) and polyamide (PA) from one single sample, establishing recovery 

rates greater 88% for all tested polymer types. Additionally, we extended our previous 

qNMR protocol by two common polymer types: polymethyl methacrylate and 

polyacrylonitrile, achieving limits of detection down to 1.76 µg/ml and 12.53 µg/ml as well 

as limits of quanti!cation down to 5.88 µg/ml and 41.78 µg/ml. Thus, the qNMR method 

presented herein is now applicable to eight abundant polymer types allowing the 

quanti!cation of up to three di"erent types simultaneously.  
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Introduction  

Over the past decades , research on microplastic (MP) evolved into one of the major topics 

in environmental analytics. Alone the number of publications on the term itself had an 

exponential increase from 2015 to 2022 by a factor of 19. Similar trends can be observed 

for various aspects relating  to  MP as well.147 Despite this emerging interest, there is no 

common de!nition of the term microplastic. Often particle sizes between 5 mm and 1 µm 

are presented along physical and chemical aspects such as polymeric structure and 

biological persistence. 11,33 However, depending on the applied methods and targets, these 

de!nitions can be deeply altered.  

Among other things, these variations emerge from the fast dynamics in MP -related 

analysis. The most applied methods include particle -based techniques like infrared (IR) - 

or Raman spectroscopy on one hand and mass -based methods like pyrolysis gas 

chromatography coupled with mass spectroscopy (pyr -GC/MS) or thermoextraction and 

desorption (TED)-GC/MS on the other hand. 25,53,148 Unfortunately, there is no method 

available yet encompassing all possible types of MP. Thus, more and more other methods 

than those c ommon ones or additional tools for them are developed to overcome certain 

hindrances. 53 

In recent years nuclear magnetic resonance spectroscopy (NMR), although at the 

beginning mainly utili sed for qualitative studies, is considered also for quantitative 

determination of MP. The ! rst applications were published by PEEZ et al. in 2019, followed 

by further optimi sation and implementation of various tools in subsequent years, along 

with other groups like NELSON et al. or PAPINI et al. By now so called qNMR procedures are 

published for various polymers including polystyrene (PS), polyamide (PA), polyethylene 

terephthalate (PET), acrylonitrile -butadiene -styrene -copolymer (ABS), low -density 

polyethylene (LDPE), polyvinylchloride (PVC), styrene -butadiene -copolymer (SBR) or 

polybutylenadipat terephthalate (PBAT). 64,72,77,97,102,121 They are applied to high -!eld 

devices as well as low -!eld devices (benchtop), cover deuterated and non -deuterated 

solvents (NoD) and are combined with ch emical digestion protocols and peak !tting 

calculations. Hence, a highly versatile toolbox is available.  
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Despite these developments and also its !rst applications in environmental studies, 

qNMR still lacks su$cient sample preparation in the context of MP analysis. 72,121 Most 

available publications were only tested for a few polymer types, and thus do not include 

further fractioning or elevated puri!cation. Both aspects are necessary, once applied to 

mixtures of di"erent polymer types containing also other organic and inorganic matter as 

is typical for environmental samples.  

In this study , we want to focus on the fractioning of polymer mixtures prior to qNMR 

analysis. There are already numerous techniques developed for other analyzing methods 

like IR or pyr -GC/MS. The simplest and therefore most common procedure is density 

separation. In a review by BELLASI et al., about 73% of their considered studies appl ied this 

kind of MP separation. 57 Within the method, samples are stirred in saline solutions of 

various densities. Thus, lighter particles agglomerate at the surface. 58 There are even 

speci!cally designed devices to perform such separations. 59 Despite easy handling and 

application, this procedure su"ers from various drawbacks. As many di"erent salts can 

be used for separation, no standardi sed protocol has been  established yet. In addition, 

common sodium chloride solutions do not achieve densities su$cient for heavier 

polymers like polyethylene terephthalate (PET). Instead, often either hazardous or 

expensive salts, such as zinc chloride or sodium iodide must be selected. Finally, the 

density of MP can c hange by weathering and fouling, either disabling such protocols at all 

or necessitat ing additional treatment. All these aspects lead to highly varying results 

between di"erent studies. 57,58,60 

Similar to density separation, oil -based procedures have also been  proposed recently. 

Di"erent from saline solutions, the hydrophobic properties of most polymers are utili sed 

for separation instead of their density. 61 Unfortunately, despite avoiding toxic chemicals 

and being cheaper than heavy saline solutions, still additional detergents, alcohols and 

similar are often required. So according to HE et al., most procedures require further 

development. 149 

Another upcoming separation method, following promising research by FULLER and 

GAUTAM, is called pressuri sed liquid extraction (PLE). 150 This method is a variant of solid 

liquid extractions, at which elevated pressures and temperatures lead to complete or 
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partial solubili sation or emulsi!cation of particles. This way, extraction rate can be 

enhanced as well as extraction time reduced. Although the method is more and more 

considered a suitable MP extraction method from environmental matrices, based on 

literature and ourprel iminary testing, the technique is less selective than extractions at 

atmospheric conditions. 66,67,150 As we also faced di$culties like postpon ing crosslinking at 

such harsh conditions, we concluded that PLE does not allow su$cient frac tioning for 

qNMR. 

Still, as polymers need to be dissolved to be measured by qNMR, considering the before 

mentioned methods, solid liquid extraction poses as the most suitable concept. However, 

di"erent from PLE, harsh conditions must be avoided, to allow NMR -speci!c fractioning 

and later reconstitution before  measurements. Such a procedure will take slightly more 

time,  but  at the same time , it ampli!es the speci!c dissolution properties of the applied 

solvents.  

A similar extraction, although with a di"erent intention, was already proposed by 

CASTELVETRO et al. in 2021 using Soxhlet extraction. 65 They utili sed DCM and xylene for the 

extraction of PS, PET and LDPE, combined with depolymeri sation of PET prior to analysis. 

However, the protocol was developed as a sample preparation method for size exclusion 

chromatography (SEC) analysis and is thus not suitable for qNMR.  

In our recent paper , we combined multiple polymer types in one shared solvent, allowing 

simultaneous quanti!cation of PS, butadiene rubber (BR) and PVC as well as PET and 

PA.151 In this study we extend our qNMR method by two additional polymer types 

polymethylmethacrylate (PMMA) and polyacrylonitrile (PAN), incorporating them into our 

existing fractions. Furthermore, we present a protocol able to su$ciently fractionate six 

out of eight tested polymer types by a conceptional solid -liquid extraction avoiding 

elevated pressure s and using moderate temperatures. Finally, various issues for the 

remaining polymers and how these might be overcome in future research are discussed.  
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Experimental  

Materials  

Eight types of polymers are investigated: Polystyrene (PS) as expanded beads with a size 

of 0.5- 1 mm by Kissenwelt, Germany; polybutadiene rubber (BR) with a MW of 200.000 -

300.000 g/mol, cut from bulk mass and purchased from Sigma -Aldrich Chemie GmbH, 

Germany; (PMMA) as a powder with a grain size of 55 -85 µm provided by Voxeljet AG, 

Germany; polyvinylchloride (PVC) as a powder with a particle size <250 µm by Werth -

Metall, Germany; polyethylene terephthalate (PET) as !bres with a length of 500 µm and 

a diameter of 10 -20 µm, polyamide (PA) as !bres with a length of 500 µm and a diameter 

of 27-30 µm, low -density polyethylene (LDPE) as !bres with a length of 0.5 -0.8 mm and a 

width of 40 µm as well as polyacrylonitrile (PAN) as !bres with a length of 2 mm an d a 

width of 18 µm, all provided by SchwarzwŠlder Textil -Werke Heinrich Kautzmann GmbH, 

Germany. All listed polymers were not produced to act as reference materials and are 

therefore of technical quality.  

As for solvents, tetrahydrofuran (THF) *99.5%, tri#uoroacetic acid (TFA) *99.9%, 

tri#uoroethanol *99.8%, chloroform (CHCl 3) *99.5% and xylene (isomers) *98% were 

purchased from Carl Roth GmbH & Co. KG, Germany; formic acid (FA) 98% was purchased 

from AppliChem GmbH, Germany; hexamethyl disiloxane (HMDSO) 99,7% (NMR grade) 

was purchased from Thermo Fisher Scienti!c Inc., Germ any; deuterated chloroform 

(CDCl3) *99.8% over Ag was purchased from Deutero GmbH, Germany.  

Annealed sea sand (approximately 0.1 -0.3 mm; cleaned with acid) was purchased from 

Kšhler GmbH, Germany.  

 

Extraction setup and general operation  

A glass frit (porous 4; 10 -16 µm) which functions as an extraction vessel is put into a 

narrowly encasing beaker of 50 ml volume. Into that frit, a stirring bar, almost the same 

length as the diameter of the glass frit, is added for agitation. To exclude a ny 

contamination the beaker is sealed by a watch glass or aluminium foil whenever possible. 

Samples are !lled within the glass frit, while the whole beaker is placed into a water or oil 
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bath during operation to allow heating. Solvents are added manually into the glass frit. 

After each extraction cycle, by lifting the frit, the liquid runs into the beaker, where it can 

easily be collected. Extracts are collected in separate vials. Addition ally, the frit and thus 

the sample is rinsed once with approximately 5  ml solvent after each cycle, the liquid as 

well being added to the extract. Afterwards, the frit can be lowered back into the beaker 

to perform another extraction cycle. Before changing  the extracting solvents, the setup is 

dried at room temperature for at least an hour. After each experiment, the setup was 

elaborately cleaned by rinsing using solvents able to dissolve the applied polymers, as 

well as mechanical tools. An exemplary setup  is depicted in Abbildung 43 in the 

supporting information. Preliminary experiments were performed partially on the 

automated extraction system ÒEDGEÓ by CEM as stated. 

 

Extraction of samples  

The polymers PS, BR, PMMA, PVC, PET, PA, PAN and LDPE are tested for extraction using 

THF, TFA in chloroform (20:80), FA in chloroform (40:60) and xylene as extraction solvents. 

6 g annealed sea sand, acting as a model for inorganic constituents, is mixed with the 

respective polymer sample and given into a glass frit.  

We did not test for organic matter removal as part of this publication. The content and 

composition of organic matter can vary signi!cantly depending on the type of sample and 

the sampling site. Freshwater sampled from a river or lake will depict much low er organic 

matter content than a wastewater sample from a respective treatment plant. Thus, such 

removal protocols need to be adjusted accordingly. The scope of this paper is to establish 

a general fractioning method as preparation for subsequent qNMR anal ysis, meant to be 

applied after an appropriate digestion protocol. An overview of possible protocols 

suitable for this purpose is given by PFEIFFER and FISCHER52 as well as THOMAS et al.152 

First individual extractions are performed adding only one polymer type at a time and 

being extracted by just a single type of solvent. Hence, 10 to 15 mg of the respective 

polymer is weighed into the frit. In total three repetitions are performed for each  tested 

polymer and solvent. Additionally, three blinds are analysed for each solvent, omitting any 
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polymer. Following, 15 mixed samples are analysed adding all eight polymer types in one 

shared frit. Again 10 to 15 mg is added for each polymer, preparing three times !ve 

repetitions as well as three blinds not containing any polymer. Those mixed samples  are 

subsequently extracted using !rst THF, then TFA/CHCl 3, FA/CHCl3 and !nally xylene in the 

!rst 10 samples (M d1-Md10) or THF, followed by pure FA and !nally TFA/CHCl 3 in the last 

!ve samples (M p11-Mp15). 

For each solvent, two cycles heated at 50¡C for 30 min are conducted. In the case of xylene, 

the setup was heated to 130¡C. 15  ml of solvent is added in each extraction cycle together 

with 5 ml of solvent for rinsing afterwards. Thus, in total 40 ml of ext ract are collected for 

each solvent and sample.  

 

NMR preparation  

For an elaborate description of the calibration and quanti!cation method please refer to 

our previous paper. 151 Calibration data for PS, BR, PET, PA and PVC are given in the 

supporting information. As NMR solvents TFA/TFE (80:20) is used for PET, PA and PAN, 

CDCl3 is used for PS, BR and PMMA and non -deuterated THF is used for PVC. For mixed 

samples, PS and BR are partially measured in non -deuterated THF as described in the 

following. In all cases, 0.1 vol. -% HMDSO is added to each NMR solvent as an interna l 

standard. The solvent of each extract is evaporated at 60¡C and under a gentle continuous 

stream of air for about one hour. Afterwards, the residues, except for the mixed samples 

extracted by THF, are reconstituted in at least 1 ml of the respective NMR solvent. Samples, 

which concentrations are expected to exceed the calibrated concentration range are 

further diluted, respectively. Dried THF extracts from mixed samples are instead !rst 

dissolved in 2 ml THF before being split into 2 fractions of 1 ml ea ch. These are dried as 

before and treated in analogy to the other samples as already described. One fraction is 

measured in THF, whereas the other one is measured in CDCl 3. For NMR measurements 

0.7 ml of these samples are !lled into NMR tubes, sealed by PTFE caps.  
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NMR measurements  

Measurements were performed at room temperature on a Jeol¨ 500 spectrometer with 

a 500 MHz 5mm TH ATM probe head. Standard proton sequences were selected for 

measurements in CDCl 3, while measurements in THF and TFA/TFE were performed using 

automated 1H WET sequences provided by JEOL. The detailed parameters are as follows. 

CDCl3: standard 1H sequence, scans: 25, acquisition time: 4.36767 s, relaxation delay: 15  s, 

angle: 90¡, receiver gain: 56, set o": 5 ppm, spectral width: 15 ppm, acquired size: 32768; 

TFA/TFE: 1D WET (automated JEOL sequence) [target: TFA, signals: 1], scans: 25, acquisition 

time: 4.36767 s, relaxation delay: 15s, receiver gain: 36, set o": 5 ppm, spectral width: 

15 ppm, acquired size: 32768; THF: 1D WET (automated JEOL sequence) [target: THF, 

signals: 2], scans: 25, acquisition time: 4.36767 s, relaxation delay: 15s, receiver gain: 46, 

set o": 5  ppm, spectral width: 15 ppm, acquired size: 32768.  

 

Data analysis  

NMR spectra are processed by the software ÒMestReNovaÓ.135 Baseline correction and 

phase correction were performed manually. Apodisation was set to 0.5 Hz. Following 

integration ranges were selected. In CDCl 3: HMDSO = -0.25-0.35 ppm, PMMA  = 3.50-

3.70 ppm, BR = 5.05 5.70 ppm, PS = 6.10-6.84ppm [referenced to CDCl 3 at 7.25 ppm]; in 

THF: HMDSO = 0.00-0.10 ppm, PVC = 4.28-4.70 ppm, BR = 5.05-5.70 ppm, PS = 6.33-6.78 

ppm [referenced to HMDSO at 0.07 ppm]; in TFA/TFE: HMDSO = -0.25-0.25 ppm, 

PAN = 2.75 3.115 ppm and 1.71 -2.11 ppm, PA = 3.115-3.25 ppm and 2.20 -2.50 ppm, 

PET = 7.70-7.90 ppm [referenced to HMDSO at 0.08 ppm]. Further calculations were 

conducted according to our previous paper. 151 

Calculations were performed in ÒExcelÓ. Mean values were calculated as arithmetic 

averages, standard deviations are based on repetitions. Recovery rates were calculated 

as mass quanti!ed after extraction divided by the initial mass weighed into frit.  
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Results and discussion  

qNMR protocol extension to PMMA and PAN  

In our previous publication, we validated a qNMR  method for the analysis of PS, BR, PVC, 

PET and PA.151 Here we will add another two dominant types of microplastic polymers to 

this method. Hence the following part will focus on the validation of qNMR methods for 

the quanti!cation of PMMA and PAN. For detailed information on PS, BR, PVC, PET and PA 

please refer to the supporting information.  

PMMA depicts two signals within the spectrum  (Abbildung 44), both arising from methyl 

groups either attached directly to the polymer backbone at 2.07 ppm or bound to an ester 

group at 3.59 ppm. As the signals are in singlet shape while representing a number of 

three protons, sharp and narrow peaks are established  enabling high sensitivity and good 

baseline separation in further calibrations. Other signals within the spectra originating 

from PS, BR and HMDSO do not overlap, BR being the closest one at 5.37 ppm. However, 

despite o"ering two well -established signals , only the second one at 3.59 ppm should be 

used for quanti!cations. The methyl ester group represents a functional group likely 

indicative of PMMA, whereas the methyl group attached to the backbone also occurs in 

various other polymers like PS and PVC. 97 Furthermore, not only polymers but also organic 

matter, is likely to create signals in the region of 2 to 3 ppm, thus bearing the risk of 

potential signal overlap and miscalculations.  64 Unfortunately, PMMA could not be added 

Abbildung 10: Calibration curve (      ) of PMMA (left) and PAN (right), including con!dence intervals ( ---), 
calibration samples (x) and model samples (o).  
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to the mixture of PS, BR and PVC in THF, recently published in our previous study, as 

despite being soluble in THF, dominant THF signals within the spectra would completely 

cover both PMMA signals. 151 Hence a quanti!cation would not be possible in such a 

mixture.  

As for PMMA, PAN depicts two signals in its spectrum ( Abbildung 45), alternating with 

various signals arising from PA. Whereas the !rst signal at 1.89 ppm originates from a CH 2 

group, which is also part of various other polymers, as already explained for PMMA, the 

second signal at 3.06  ppm is caused by a single proton directly neighbouring the polymer -

speci!c nitrile group. Nevertheless, due to the close PA signals and its rath er broad shape 

of signals, quanti!cations of PAN should be treated with care in mixtures including PA. 

High concentrations of PA will lead to a less distinct baseline separation and thus can 

cause minor miscalculations. As an alternative, PAN can be quant i!ed in the absence of 

PET and PA, when measured in DMSO-d6 (Abbildung 47), although thus increasing the 

number of necessary measurements. Initially, the mix of PET and PA was measured in a 

solution containing TFA and FA at concentrations of 80% and 20%. However, although 

highly concentrated TFA dissolves PAN and would thus all ow a potential combination of 

PET, PA and PAN, the containing FA leads PAN to precipitate as preliminary experiments 

had shown. To circumvent this issue, FA was replaced by TFE, while keeping a similar 

concentration of 80% TFA and 20% TFE. In analogy to FA , TFE, even at small concentrations, 

is able to dissolve PA in such a mixture, but does not cause precipitation of PAN. Hence, a 

solvent combination of TFA/TFE (80/20) allows the simultaneous quanti!cation of PET, PA 

and PAN.  

Tabelle 8: Calibration data of PMMA and PAN, including the root mean square deviation (RMSD) as well as 
limit of quanti!cation (LOQ) and limit of detection (LOD).  

 

Polymer  PMMA  PAN 

Solvent  CDCl3 TFA/TFE (80:20) 

Calibration range [mg/mL]  0.5 to 2.5  0.5 to 2.5  

Linearity r"  0.99965 0.99974 

RMSD 0.00667 0.00005 

LOQ [µg/mL]  5.88 41.78 

LOD [µg/mL]  1.76 12.53 
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PMMA as well as PAN could be added to existing mixtures of common microplastics, 

broadening the spectrum of polymer types available to qNMR analysis. The precision and 

accuracy of both polymers are in the range of 93% to 100%. For accuracy, similar values 

of 95.6 -110% were obtained for PVC, PA and ABS by PEEZ et al.97 The precision data in their 

publication on the other hand was only evaluated by replicate data analyses instead of 

separate measurements. Thus, we can only compare the here depicted data with our 

previous publication, as very few research data of MP measu red by qNMR have been 

published so far. For PS, BR and PVC we established precision values of 99.1 -99.9% within 

replicates of the same day. 151 Precision values of PAN and PMMA, all fall within this range 

as well.  

The LOD and LOQ of PMMA are comparable to PET, with both polymers at values below 

10 µg/ml ( Tabelle 8 and Tabelle 40), whereas PAN is comparable to PVC at values between 

10 and 100  µg/ml ( Tabelle 8 and Tabelle 42). The di"erence can be explained by sharp 

signals containing a higher number of protons for PMMA and rather broad signals 

constituted by only one proton for PAN. Both properties are similar in the case of PET and 

PVC and are directly impacting the SNR, w hich is used to determine these values. 

Consequently, the number of scans must be increased, if higher SNR values and thus 

lower LOD and LOQ are required. PEEZ et al. for example, established for the same number 

of scans LOD and LOQ values in the range of 10 -300 µg/ml for most of their examined 

polymer types, with only PET resulting in limits below 10 µg/ml. 97 NELSON et al. on the other 

hand, were using 128 scans Ð around !ve times the number of scans Ð to establish LOD 

and LOQ values between 1 and 5 µg/ml for the polymer PBAT. 121 Nevertheless, even 

higher LOD and LOQ values such as for PAN are expected to be within the range of most 

environmental concentrations.  153,154 At the same time, since we were using rather few 

scans for our validation, a further reduction of these values should be possible, if required.  

Compared to other analytical methods, in general, most techniques report on the number 

of MP, rather than quantifying their overall masses. Within the latter scope of methods, 

pyr -GC/MS represents the dominant technique for MP quanti!cation. 53,148 So far only a 

limited number of studies reported on the LOQ for PAN with values down to 0.4 µg. 155 In 

the case of PMMA even lower LOQ in the range of 0.8 -0.005 µg were reported. 156Ð158 

Although these represent much lower limits compared to qNMR, two additional 
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considerations must be taken into account. First, MP are quanti!ed in terms of 

concentrations in NMR, thus considering the least required volume for a measurement 

(approximately 0.5  ml), the here reported LOD and LOQ can already be halved in terms of 

absolute masses. Second, the SNR and thus LOD and LOQ can be adjusted by the number 

of scans. Depending on the applied sequence, only around 5 minutes of measurement 

are required for the here reported qNMR protocols, which is much shorter than most 

comparable pyr -GC/MS methods require. Therefore, with similar measurement times, 

comparable LOQ and LOD might be achievable.  

Nevertheless, the methods presented herein in combination with our previous 

publications now allow the quanti!cation of eight di"erent types of polymers by qNMR, 

most of which can be measured using only two fractions already. PET, PA and PAN in 

TFA/TFE and PS and BR either in combination with PVC in THF or in combination with 

PMMA in CDCl3. Only for LDPE individual measurements are necessary as described by 

PEEZ et al.77 

Tabelle 9: Model samples used for the validation of PMMA and PAN quanti!cations, including the initially 
weighed in mass (mtrue), the mass determined by NMR (mcalc.) as well as accuracy and precising given as 
bias and relative standard deviation (RSD).  

 

Extraction method  

As already explained in the introduction, the idea of our extraction procedure is to avoid 

harsh conditions such as in PLE to enhance selectivity and thus suitability for qNMR 

analysis. At the same time, handling, extraction time and economic aspects shoul d be 

considered as well. We performed several preliminary experiments to determine the 

necessary requirements which are to be ful!lled by an analytical work#ow for the 

quanti!cation of MP:  

Model sample  m true  [mg]  M calc.  [mg]  Bias [%]  RSD [%] 

PMMA1 2.15 2.06 95.9 99.9 

PMMA2 0.87 0.85 98.2 99.8 

PMMA3 1.47 1.39 94.6 99.9 

PAN1 0.96 0.94 98.1 99.7 

PAN2 1.66 1.64 98.4 99.9 

PAN3 1.84 1.74 94.6 99.4 
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¥! Resistance to acidic conditions (as solvents like TFA and FA are necessary for 

polymers like PET and PA) 

¥! Agitation during extraction (as extraction time would be dependent on di"usion)  

¥! Controlled heating (to accelerate dissolution without undesired side e"ects)  

¥! Quantitative separation of liquid and solid phases  

¥! Minimise extraction volume  

¥! Easy solvent exchange (to avoid unnecessary sample transfers)  

To our knowledge, the currently available automatic extraction devices most often only 

ful!l a limited number of the before -listed requirements. PLE devices for example are 

often severely damaged when acids like TFA and FA are used and lack agitation tool s since 

extraction time is reduced by elevated pressure instead. 66,150 Soxhlet apparatuses on the 

other hand do also not allow agitation of the sample itself, but even more, they require 

the solvent to be evaporated during the process. 65 This can cause certain side e"ects as 

further explained later. Hence, we developed a manual setup based on common lab 

equipment, which satis!es the mentioned requirements and can thus prove the overall 

concept of our process.  

Solvents for the extractions were chosen based on our knowledge from qNMR analysis as 

well as several other requisites. In general, availability, costs, selectivity for certain 

polymers, su$cient dissolution capacity and later removal were the most domin ant 

aspects to be considered. In addition, they should not alter any polymer, whether 

extracted or not, during the process, to allow step -by-step fractioning.  

After extensive testing, THF, xylene as well as TFA and FA both diluted by chloroform were 

selected for extraction. THF has already shown bene!cial dissolution properties for PS, 

BR, PVC and PMMA during our NMR experiments. Its low boiling point allows ea sy removal 

by evaporation after the extraction without the need for elevated temperatures. 

Unfortunately, PMMA cannot be measured directly in THF. Later reconstitution in CDCl 3 

or splitting of extracts into several subsamples, still enables analysis of PMM A and PVC in 

parallel. THF usually comes with butylated hydroxytoluene (BHT) as a stabiliser, which 

might concentrate on the process, as it inherits a higher boiling point. However, BHT 

signals do not overlap with any polymer signals in our described metho d except for PS. 113 
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Proper selection of integration ranges allows quanti!cation without interferences. 

Alternatively, non -stabilised THF can be applied.  

For the polymers PET and PA, diluted TFA and FA either pure or as well diluted by 

chloroform were used as extraction solvents. Unfortunately, preliminary tests have 

shown that combining TFA and FA does not lead to su$cient extractions of the targeted 

pol ymers. In our tests, only non -diluted mixtures of TFA and FA (80:20) were able to 

dissolve both PA and PET at the same time. The addition of chloroform or 

dichloromethane, which can be used to dilute pure TFA or FA in case both polymers are 

measured indivi dually, caused PA to precipitate. 77,97 A pure mixture, however, is not 

considered for extractions, as the required volume of solvent would be rather expensive. 

Thus, respective extractions have to be performed in two separate steps. For TFA 

concentrations down to 20% and FA concentrations down  to 40% can be applied while 

still retaining su$cient dissolution properties. To minimise environmental hazards, 

greater volumes of TFA and chloroform were recollected by distillation. Low boiling points 

of chlorofor m and TFA allow easy evaporation of residual solvent afterwards. FA on the 

other hand, despite having a rather high boiling point, can be easily converted into a 

volatile ester by the addition of methanol. 159 

Finally, xylene was considered a potential extraction solvent. Xylene has already been 

used in several solubilisation protocols of mostly inert polymers like PE and PP. 65,160 Other 

than for THF, TFA/CHCl3 and FA/CHCl3, higher temperatures were necessary, not only for 

accelerated dissolution but also to allow the dissolution of PE and PP in general. Likewise, 

those polymers precipitate after extraction when cooling down to room temperature. 150 

Removal of xylene requires distillation at lowered pressure, whic h can be easily done by 

use of a rotational evaporator.  

The extraction process can be primarily controlled by four to !ve parameters: agitation, 

temperature, volume of solvent and number of extraction cycles as well as extraction time. 

We used annealed sea sand to test the e"ects of inorganic matrices on our setup. Similar 

materials were already used in other publications on the extraction of MP for various 

reasons. 66,150 In preliminary tests on the EDGE system (CEM), we observed low recovery 

rates, which we expected insu$cient agitation to be a dominant rea son for. Hence, in our 
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case, the sea sand was added to simulate insoluble material, as can be expected to be 

part of sediment samples. For optimal distribution, the agitation was set to 250 rpm in the 

manual setup. Higher agitation speed is not advised to not cause any over#ow of solvent 

while stirring. Using a stirring bar, which covers almost the complete diameter of the frit, 

no dead zones were visible. Thus, high extraction rates as well as reproducibility could be 

achieved. Further details on our preliminary experiments are  given in the supporting 

information.  

According to those prior experiments, we also set the temperature to 50¡C. At higher 

temperatures, dissolution is accelerated, but it can cause post -crosslinking of polymers 

and some solvents, like FA, bear the risk of decomposition. 161,162 Especially for BR we 

observed the formation of highly interconnected gels at elevated temperatures, which 

impaired later dissolution for NMR measurements. In initial tests on an ÒEDGEÓ system by 

CEM, these e"ects were visible for temperatures down to at least 80¡C. Precise 

measurements for these tests were not performed as the extracts could not be 

reconstituted after solvent evaporation. Furthermore, within a short time, the clogging of 

valves and tubes impaired further experiments on that device. Thus, we continued wit h 

the described conceptual manual setup. In addition, the applied temperature is limited by 

the boiling point of the extraction solvent, since evaporation during extraction should be 

avoided. Extraction at room temperature, however, would require longer ex traction times.  

The volume for each cycle was kept to a minimum since solvent removal is necessary. 

Furthermore, costs and environmental e"ects will be minimised that way. The exact 

volumes predominantly depend on the individual setup, as the solvent should at least 

cover the whole sample. For our experiments, 15  ml was su$cient in all cases. Moreover, 

for the presented polymer types, the maximum solubility is not expected to be exceeded, 

as within our experiments stock solutions up to 0.1g/ml were prepared without any issue, 

while at the same time usual environmental concentrations are at much lower 

concentrations. 153,154 

Finally, the number of extraction cycles and the extraction time had to be adjusted. 

Therefore, we conducted several extraction experiments varying the number and 

duration of cycles taking BR as an example. BR was received as bulk material and showed 
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the slowest dissolution properties out of all tested polymers. A brief example is given in 

Abbildung 11. A slight increase in recovery rates was observed between the !rst and 

second cycles. Further cycles however did not signi!cantly alter the results. Therefore, we 

applied two extraction cycles of 30 minutes each in subsequent extractions.  

We did not adjust the pressure during extraction for several reasons. First of all, applying 

di"erent pressures would require a sealed apparatus, which is hard to design given 

standard lab equipment, while retaining easy handling as well as enabling heati ng and 

stirring at the same time. Second, we cannot exclude that the crosslinking e"ects on BR, 

which we observed during our experiments on the EDGE system, were at least partially 

caused by elevated pressures. Hence, we kept working at atmospheric pressu res. 

 

Individual extractions  

As the results depicted in Tabelle 10 reveal, THF gives almost perfect results regarding its 

application as an extraction solvent. Recovery rates of BR, PS, PVC and PMMA all exceed 

90% while their standard deviations remain below 3%. Only for BR slightly higher standard 

deviations up to 8% ar e observed, which still will result in recovery rates greater than 90% 

as well. This minor uncertainty probably stems from our BR particles, which were made 

from bulk material, thus being the most di$cult material to dissolve out of all tested 

polymers, due to their comparable small surface. At the same time partial post hoc 

crosslinking and therefore gel formation cannot be excluded during the process. While PS, 

BR, PVC and PMMA can be extracted to prominent amounts, other polymers, like PET and 

Abbildung 11: Compared recovery rates of BR extracted by THF using either one, two or three extraction 
cycles. 
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PA, remain una"ected by this extraction step. The NMR spectra after extraction of all 

other polymers did show, if at all, only neglectable traces of PET, PA, PAN or PE. This is 

important, as it allows further extraction steps to be applied, without impair ing the 

recovery rates of the remaining polymers. As a result, THF can function as an extremely 

selective solvent for the extraction of PS, BR, PVC and PMMA.  

Tabelle 10: Mean recovery rates (RR) and respective relative standard deviations ( #) for the selected polymer 
types determined by qNMR  after individual extractions using THF, a mixture of either 20% TFA or 40% formic 
acid in chloroform and xylene.  

 PS BR PMMA  PVC PET PA PAN LDPE 

THF 

RRNMR,¯  [%] 97.94 93.70 95.18 90.75 <4.83 <4.71 <4.94 n.D. 

#RR,NMR [%] 2.71 7.41 1.02 1.73 n.D. n.D. n.D. n.D. 

TFA/CHCl3 (20/80) 

RRNMR,¯  [%] 79.88 12.31 67.50 <4.46 92.27 <4.66 <4.83 n.D. 

#RR,NMR [%] 17.50 7.40 8.28 n.D. 3.13 n.D. n.D. n.D. 

FA/CHCl3 (40/60) 

RRNMR,¯  [%] <4.51 <4.27 99.16 <4.55 12.59 83.35 <4.74 n.D. 

#RR,NMR [%] n.D. n.D. 1.08 n.D. 2.36 11.05 n.D. n.D. 

Xylene 

RRNMR,¯  [%] 91.46 76.63 89.16 27.34 <4.28 <4.28 <4.80 n.D. 

#RR,NMR [%] 2.94 16.60 1.55 0.47 n.D. n.D. n.D. n.D. 

 

TFA/CHCl3 was applied predominantly aiming for the extraction of PET, but also to study 

possible e"ects on other acid -sensitive polymers like PMMA, PA or PAN. 52,163 First of all, 

PET was extracted with a 92.27% recovery rate and 3.13% standard deviation, as stated in 

Tabelle 10. Therefore, not only excellent extraction rates but also high reproducibility 

could be achieved. These results are comparable to the previously discussed results from 

THF (Tabelle 10). Unfortunately, also similar to THF, no relevant amounts of PA and PAN 

could be extracted. Thus, although simultaneous measurement of these polymers would 

be possible according to their NMR properties, extraction with TFA does require further 

extractions  using other solvents for their quanti!cation. As TFA was diluted by CHCl 3 to 

increase the operative extraction volume, PS, BR and PMMA were in#uenced by this 

extraction step. In all three cases, amounts between 12% and 80% were extracted. 

However, their  extraction rates were most often very unpredictable, as shown by high 

standard deviations. Polymers like PS and BR seem to be a"ected by post hoc crosslinking 
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under these acidic conditions as during reconstitution insoluble traces remain in their 

samples similar to those observed for BR at elevated temperatures. In the case of PMMA 

cleavage of ester bonds could not be excluded. 163 Overall, PET can e"ectively be extracted 

by TFA/CHCl3, without disturbing subsequent extractions of PA and PAN. For PS, BR and 

PMMA on the other hand, severe in#uences can be observed, thus they have to be 

removed prior to TFA/CHCl 3 application.  

Since only PS, BR, PVC, PMMA and PET were extracted by the previous solvents, FA/CHCl3, 

aimed for the extraction of PA and was also tested for its potential e"ects on the 

remaining PAN and PE. The recovery rates of PA are slightly worse than for the previously 

described polymers only resulting in around 83% as a mean value. At the same time, the 

standard deviation is given with 1 1% indicating somewhat higher deviations and thus a 

decrease in its reproducibility. In similarity to the use of TFA, several adverse e"ects due 

to acidic conditions or partial dissolution in CHCl 3 were observed. Thus FA/CHCl 3 should 

not be applied to sam ples containing PS, BR or PMMA. PAN, however, again was not 

detected. In contrast to PA in TFA/CHCl 3, PET did show a slight response to extraction with 

FA/CHCl3. In the initial attempt recovery rates of up to 15% were observed. Unfortunately, 

further optimisation of extraction conditions, such as varying the concentration of FA, 

increasing the temperature or extraction time, did not lead to results su$cient for  

extraction purposes. Experiments in pure FA instead did not show any extraction of PET 

at all. Hence, PET and PA remain to be extracted in two separate steps.  

Abbildung 12: Summarized recovery rates of the investigated polymer types after individual extraction by THF, 
mixtures of either TFA or formic acid in chloroform and xylene. PAN and LDPE were not detected in any NMR 
spectra and are therefore not depicted.  
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Extractions by xylene were performed under comparably harsh conditions, respectively 

130¡C. Preliminary tests indicated su$cient dissolution of polyethylene at this 

temperature. However, gravimetrical evaluations reveal rather uncertain recoveries on 

thi s basis. Respective results are stated in the supporting information. As for the other 

investigated polymers, quanti!cations by NMR reveal e"ective extractions for PS and 

PMMA as well as partial extractions for BR and PVC. Nevertheless, the extracted BR was 

a"ected by crosslinking as discussed previously. PET, PA and PAN were not detected in 

relevant traces. Thus, although xylene might extract some polymers, other solvents like 

THF are more e$cient for these types.  

 

Polyethylene and polyacrylonitrile  

Our initial attempt was to design a suitable extraction protocol, speci!cally tailored as a 

sample preparation method for later qNMR analyses. Although we succeeded in this 

attempt for most of the selected polymer types, we faced various issues in our 

experiments in the case of PAN and PE. Thus, we want to discuss our !ndings, being of 

di"erent origins, here.  

Polymers like polyethylene and polypropylene inherit dissolution properties, which allow 

liquid NMR measurements only within very strict boundaries. Usually, high temperatures 

are required to dissolve these polymers, which at the same time impair valid 

quanti!cation by NMR in most cases due to solvent evaporation, hence altering 

concentrations as well as altering relaxation rates and di$cult temperature control. 164Ð166. 

Also, the solvents necessary, like deuterated toluene or benzene, are rather expensiv e 

and not suitable for routine applications. On that account, NMR spectra of these polymers 

are mostly measured in solid state or only qualitatively evaluated. 167Ð169 Furthermore, they 

do not contain any speci!c functional groups that would support distinction from other 

polymers. Despite these facts, in 2019 PEEZ et al. published a method for the analysis of 

spiked polyethylene solutions by qNMR. 77 However, this method was only tested for a 

speci!c type of low -density polyethylene and was validated only by lab -based model 

samples without any other polymer type being present. Most other PE materials will 

require higher dissolution temperatures, whic h then would not allow quanti!cation at 
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60¡C. We therefore decided not to quantify PE by NMR. Instead, we tested gravimetric 

quanti!cation after a !nal extraction step using xylene. Unfortunately, as the method was 

mainly designed for subsequent NMR analysis, not for gravimetric evaluations, t hese data 

Ð despite not containing any other polymers, based on measurements in THF, TFA/TFE 

and CDCl3 Ð are too inconsistent to allow valid quanti!cation of PE. Respective data can 

be found in the supporting information.  

PAN on the other hand would allow potential analysis by qNMR as we demonstrated 

herein earlier. However, in this case, we were not able to establish a suitable extraction 

protocol. PAN is known for its high chemical resistance. Thus, only very speci!c sol vents 

can dissolve PAN. Examples are dimethylformamide, dimethyl sulfoxide (DMSO) or 

dimethylacetamide. 170 In initial tests, DMSO has been shown to readily dissolve PAN and 

would in principle also allow extraction of PA. However, the crucial issue arises i n the later 

removal of these solvents. Their extremely high boiling points impair proper evaporation 

and preliminary testing had shown that precipitation of PA by the addition of not 

dissolving liquids did not lead to quantitative PA recovery. On the other  hand, strong acids 

like TFA or concentrated nitric acid dissolve PAN as well, but their removal would either 

lead to further concentration of these acids or is extremely expensive and hazardous. 

Hence, PAN had to be omitted as well.  

 

Extraction of mixed samples  

The results obtained by individual extractions already prede!ne a certain order of 

extraction steps. PS, BR, PVC, as well as PMMA, were e"ectively extracted by THF with no 

other polymers being a"ected within this step. Other solvents like TFA or FA howe ver 

caused severe side e"ects and did not lead to su$cient extraction rates. Thus, THF 

functions as an ideal starting point for the process. For the remaining polymers, PET, PA, 

PAN and PE, TFA/CHCl3 was initially selected for a second extraction step. This solvent can 

extract PET, keeping the other polymers una"ected. Ultimately, FA/CHCl 3 was applied in 

the !rst ten samples (M d1-Md10) to extract the remaining PA. Within the initial !ve 

samples (M d1-Md5) in the case of FA/CHCl3 and TFA/CHCl3, some outliers were excluded 

from calculations as depicting  recovery rates far below 80%.  
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Thus, another !ve samples (M d6-Md10) were extracted to verify the results obtained from 

the remaining samples.  As FA/CHCl3 would already extract various amounts of PET, PS, 

PMMA and BR while causing similar side reactions as TFA/CHCl 3, the idea was to apply this 

solvent after their separation. Unfortunately, as stated in Abbildung 13, extraction rates 

of PA were drastically decreased even further in the additional !ve samples (M d6-Md10). 

PA is prone to strong acidic conditions, which usually lead to depolymerisation. 171 The 

previous application of TFA, although not extracting PA, has caused cleavage and perhaps 

further modi!cations that impair its subsequent dissolution in FA/CHCl 3. Hence, in a !nal 

approach, we switched the order of TFA and FA, while using pure FA instead of a mixture 

diluted with CHCl 3. Other than in FA/CHCl 3, PET was not a"ected by pure FA, so extraction 

of PA prior to PET would be possible. Out of again !ve samples (M p11-Mp15), this time 

su$cient recovery rates for PA and PET were established.   

As explained previously, PAN and PE had to be omitted from the extraction protocol, as 

none of the tested solvents was able to extract relevant amounts of these polymers. The 

!nal order applied to mixed samples containing all eight described polymers, is the 

subsequent extraction !rst by THF, followed by FA and completed by TFA/CHCl 3 to yield a 

mixture of PS, BR, PVC and PMMA as the !rst fraction, a solution of PA in FA as the second 

fraction and a solution of PET in a TFA/CHCl 3 mixture as the third frac tion of the process.  

Abbildung 13: Recovery rates of PS, BR, PMMA, PVC, PA and PET after consecutive extraction by either THF, 
TFA/CHCl3, FA/CHCl3 and xylene (Md1 -Md10) or THF, pure FA and TFA/CHCl3 (Mp11-Mp15). 
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Tabelle 11: Extraction data of PS, BR, PMMA, PVC, PET and PA after consecutive extraction by either THF, 
TFA/CHCl3, FA/CHCl3 and Xylene (Md1-Md10) or THF, pure FA and TFA/CHCl3 (Mp11-Mp15) given as recovery 
rates (RR) and respective relative standard deviations ( #). 

a samples M d2 and M d3 were removed as outliers, resulting in only three repetitions for PET  
b FA was not diluted by chloroform for the extractions of samples M p11-Mp15, instead pure FA was applied  

 

Overall, the values stated in Tabelle 11, are in agreement with the results obtained by 

previously conducted individual extractions. The only exception is the extraction of PA by 

FA/CHCl3. Among the individual extractions, PA already showed slightly worse recovery 

rates than other polymers in their envisaged solvent. However, these results decreased 

even further in combination with other extraction steps. The !nal extraction order 

includi ng pure FA before the application of TFA/CHCl 3, on the other side again !ts well 

with the individual extract ion results.  

Also, in comparison to other methods like Soxhlet and PLE, the here presented results can 

fully compete. CASTELVETRO et al. achieved recovery rates of 95.3 -106.4% for PS and 96.4-

98.2% for PET at quantities between 4.5 and 11  mg per polymer using a Soxhlet extraction 

of 3-6 h duration. Whereas PS results in slightly lower recoveries down to 92.1% in our 

experiments, PET even exceeds their performance. 65 A similar comparison can be drawn 

for the method of FULLER and GAUTAM.150 Within their PLE process PE, PP, PS, PVC and PET 

were recovered at values between 101% and 111%, taking around 2  h for the extraction 

of 7-50 mg. Much lower polymer masses were extracted by DIERKES et al. using 

concentrations of 0.05 -0.75 mg/g. 66 Hence, their recoveries show stronger variation with 

114-131% for PS, aside from 85 -95% for PP and 77-118% for PE.  

In our extraction protocol the !nal recovery rates for PS, BR, PVC, PMMA, PET and PA all 

exceed 88% while comprising high reproducibility. The process aimed to achieve recovery 

rates between 80% and 120%, which is a usual standard for trace analyst extrac tions and 

Sample  MP PS BR PMMA  PVC PETa PA PAN LDPE 
 Solvent  THF THF THF THF TFA/CHCl3 FA/CHCl3b n.D. Xylene 

Md 
1-5 

RR̄  [%] 94.67 95.78 104.71 85.85 98.54 83.32 n.D. n.D. 

#RR [%] 4.36 3.85 4.42 5.65 0.50 8.48 n.D. n.D. 

Md 
6-10 

RR̄  [%] 100.44 100.50 97.07 94.87 103.09 44.78 n.D. n.D. 

#RR [%] 1.98 4.00 2.26 1.60 3.33 9.00 n.D. n.D. 

Mp 
11-15 

RR̄  [%] 92.11 94.67 88.94 91.54 100.85 97.29 n.D. n.D. 

#RR [%] 0.73 4.64 1.45 2.38 1.48 5.73 n.D. n.D. 
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is completely ful!lled by our method. 150 Additionally, no other adverse e"ects were 

observed by the application of multiple extraction steps comprising various solvents, 

when following the before mentioned !nal order.  

 

Conclusions  

The fractioning of polymer types plays an important role in measuring MP by qNMR, as 

not every polymer is soluble in the same solvent. Thus, a suitable separation protocol is a 

key step in the measurement of environmental samples, where all di"erent types  of MP 

are present at once.  

Here we presented a work#ow, which not only allows respective separation but also can 

be adjusted depending on the present polymer types and can easily compete with similar 

extraction methods. The whole process can be performed in about 3 -4 hours dependin g 

on whether the complete set of polymers needs to be analysed. Consequently, extraction 

times can be reduced even further. Compared to common Soxhlet and PLE processes, the 

here presented extraction method presents a similar or even faster performance, wh ile 

already separating up to six polymer types into three di"erent fractions ready for qNMR 

analysis.65 Our method can make use of acidic solvents, required for selective PET and PA 

extraction. In comparable methods, these would either damage PLE extraction devices or 

bear the risk of decomposition of the solvent, when evaporation like in Soxhlet takes 

place.162 The conditions applied during extraction do not di"er from the ones applied in 

measurements. Thus, subsequent preparations are easy to handle, fo r only evaporation 

and later reconstitution by dissolution in NMR solvents are necessary. The method so far 

only covers a rather conceptual design, however, automatisation should be possible if 

required. At the same time, the use of commonly available lab equipment diminishes the 

need for expensive extraction devices and can be therefore readily applied in most 

laboratories. Finally, due to a stronger focus on selectivity, we hereby are now in the 

position to target multiple polymers at once, otherwise not possible by qNMR.  
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Die Einreichung der Kapitelinhalte erfolgte unter:  

GŸnther, M., Meier, J. & Imhof, W. Extending microplastic quanti!cation in environmental 

samples by adapting di"usion NMR for benchtop devices and complex matrices . 

Chemosphere, (2025). 

 

Eigenanteil der dargestellten Ergebnisse  

Konzeption, Planung und DurchfŸhrung der Experimente erfolgte in eigener 

Verantwortung. Die anschlie§ende Auswertung und Diskussion der Ergebnisse sowie 

Anfertigung des publizierten Skriptes inklusiver der Darstellungen und Tabellen wurde 

ebenfalls selbst durchgefŸhrt. Die Ideen!ndung der Arbeit erfolgte in Zusammenarbeit 

mit Prof. Dr. Imhof. Die in der Arbeit verwendeten Bio!lme wurden von Dr. Meier 

bereitgestellt. Die Korrektur des publizierten Manuskriptes erfolgte unter Mitwirkung von 

Prof. Dr. Imhof und Dr. Meier.  
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Microplastic quanti!cation in environmental samples with complex 

organic matrices by di"usion NMR  

Marcel GŸnther, Jutta Meier , Wolfgang Imhof  

Abstract  

With an increasing need in microplastic (MP) research there is also a persistent demand 

for further development of respective detecting and quantifying methods. To the current 

state, no technique is able to cover all di"erent kinds of polymer types, inste ad valid 

characterisation is most likely to demand a combination of complementing approaches. 

In this regard, a promising technique introduced recently is quantitative nuclear magnetic 

resonance spectroscopy (qNMR), combining structural analysis of MP mole cules with 

precise quanti!cation. Despite various publications, however, qNMR is seldomly applied 

in environmental investigations. This study therefore, introduces an easy -to -apply 

preparation protocol for environmental qNMR analysis. It extends our recen t e"orts in 

MP fractioning by organic matrix removal, while at the same time transferring the method 

to more a"ordable benchtop devices. Finally, a semi -quantitative investigation of 

di"usion sequences is presented, enabling a more detailed analysis of MP mixtures in 

environmental samples.   
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Introduction  

Over the recent years, the European Union has implemented various regulations and 

initiatives to reduce and control plastic pollution in the environment, ranging from small 

targets such as the ban of several single -use plastic items to broader scope as the  so-

called ÒGreen DealÓ.172,173 Although these measures already show the !rst results, as the 

overall plastic production in Europe has been slightly decreasing since 2021, from a 

worldwide perspective plastic production is still on the rise with 413.8 Mt in 2024 alone .2 

Likewise, research on microplastic (MP) increased, still bearing many knowledge gaps on 

environmental fate, potential hazardous e"ects, e$cient remediation tools and many 

aspects more .53,174,175 The basis for all these research !elds are valid analytical techniques, 

which need to be adapted to ever -new emerging targets and ever -changing environments. 

Unfortunately, even commonly applied methods, like infrared - and Raman sp ectroscopy 

or pyrolysis coupled with gas chromatography/mass spectrometry, could not establish 

standardised protocols for environmental samples so far. Thus, many alternative 

techniques are introduced into the !eld in order to meet these challenges .53,148,176 

One of these techniques, already used to characterise MP qualitatively in many 

investigations, is nuclear magnetic resonance spectroscopy (NMR) .114,115 Its quantitative 

use (qNMR) was introduced into the !eld of MP research by PEEZ et al. only in 2019, since 

when it received ongoing development and wider application .64,71,77,97,102,124,125 By now 

qNMR was applied to most of the common MP types such as polystyrene (PS), polyamide 

(PA), polyethylene terephthalate (PET), polyvinylchloride (PVC), polymethylmethacrylate 

(PMMA) and polyethylene (PE), but also to rubbers like natural rubber and pol yisoprene, 

copolymers like styrene -butadiene copolymers (SBR) or biodegradable polymers like 

polybutylene adipate terephthalate (PBAT) .72,77,121,151,177,178 Although many advancements 

could already be implemented, such as solvent suppression to widen the available list of 

NMR-suitable solvents, qNMR is rarely tested for environmental samples or its practical 

application .102 

An important step towards the latter is the transfer of existing NMR procedures from high -

!eld devices to low -!eld devices, often also called Òbenchtop NMRÓ. Although using a 

weaker magnetic !eld strength seems to be the opposite of improving the overal l method, 
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it in fact will increase the applicability of qNMR on MP . Using benchtop NMR involves 

certain drawbacks compared to high -!eld NMR, as due to the lower magnetic !eld 

strength, signals will broaden, leading to less distinct peaks and thus increasing the risk 

of losing baseline separation .179 In addition, the signal -to -noise ratio (SNR) will decrease 

and worsen correlated values, like limits of detection (LOD) and quanti!cation (LOQ) .140 

However, benchtop devices have many advantages. They do not require co oling agents, 

as permanent magnets are applied, decreasing the overall maintenance costs, while also 

having limited investment costs .180 Together with being of smaller design, benchtop 

devices are competing by greater a"ordability and widespread availability with high -!eld 

NMR systems and should, therefore, be considered in method developments .179,180 The 

!rst application of MP -related qNMR on benchtop devices was published by  PEEZ et al. 

(2022).102 They compared the measurement of PS, PVC and PET at 80  MHz and 500  MHz. 

MARTINS et al. followed applying benchtop systems on MP as well, however, their main 

focus lay on the investigation of relaxation processes in weathered particles, rather than 

quanti!cation from unknown samples .181 Apart from these few examples, most qNMR 

studies were conducted only on devices using 200  MHz or more .71,72,123Ð125 Thus, the !rst 

aim of this research is to transfer our latest procedures to benchtop -NMR and to discuss 

associated challenges and options . 

The second part of our study targets the application of qNMR for MP analysis in 

environmental samples. NMR itself already allows the separation of sample components 

to a certain degree based on inherent functional groups of the polymers and likewise 

aspects.86 However, depending on the environmental matrix, it is very unlikely to 

completely avoid interferences with associated substances. In our latest publication, we 

already investigated the separation of MP from inorganic constituents by the 

implementation  of an extraction procedure .177 The study reported herein will, therefore, 

focus on the removal of natural organic matter (NOM). Aside from preliminary washing, 

mostly digestive procedures are applied to remove NOM from MP .27,68,70,182 A !rst 

approach of combining qNMR of MP with environmental matrices was conducted by  PEEZ 

et al. in 2019 .64 They applied an acidic chemical digestion protocol prior to the extraction 

and analysis of PET. PAPINI et al. on the other hand applied solely oxidising  agents on their 

samples, achieving well -separated signals for PS, although they did not further discuss the 
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potential e"ects of the sample clean -up on MP .72 WANDER et al. included NaOH in the 

density separation procedure for the purpose of matrix removal, as their procedure was 

only applied to rather resistant MP types, like PS, PE and polypropylene .71 As in our study 

a variety of di"erent MP types is investigated care must be taken not to harm the 

polymers themselves. Thus, before applying digestive procedures, the implementation of 

another less harsh matrix reduction method is investigated in this stu dy. This method was 

!rst applied by DIERKES et al. in 2019 using a methanol extraction step as part of their 

pressurised liquid extraction procedure, aiming to reduce the NOM content, but not 

solubilising the targeted MP .66 Still, in case the sole methanol precleaning does not su$ce 

subsequent qNMR analysis, additionally, the application of a digestion step is investigated . 

Aside from sample preparation, NMR itself o"ers features, which might support MP 

analysis in environmental samples. One of these features is di"usion NMR, sometimes 

also referred to as DOSY. Di"usion NMR describes NMR measurements, where pulsed 

!eld gr adients are applied within the sequence. This way, signals attenuate depending on 

their di"usional coe$cient, enabling the analysis of complex mixtures with otherwise 

overlapping signals .111,183 The term DOSY itself stands for Òdi"usion ordered spectro scopyÓ 

and primarily represents the depiction as a 2D NMR spectrum, with the chemical shift on 

one axis and the di"usional coe$cient on the other. Furthermore, many di"erent one -

dimensional sequences are available, such as pulsed gradient stimulated ec ho sequences 

(PGSTE) or pulsed gradient spin echo sequences (PGSE).108,110,183 Most often these are 

performed multiple times at di"erent gradient strengths to obtain DOSY spectra, but can 

be also conducted in a single run .110,183 In terms of MP, this woul d allow a virtual 

separation of polymers from most other naturally occurring substances in the 

environment, as a high molecular weight is connected to slow di"usion and thus less 

signal attenuation .110 Only a few MP -related studies have been performed applying 

di"usion NMR so far. DUKEK et al. performed di"usional experiments next to 1D -qNMR on 

PET particles in freshwater samples for further molecular and morphological 

characterisation .117 For a similar reason CORTI et al. conducted DOSY measurements on 

MP in samples from lentic waters .116 TRATZ et al. showed the correlation of the molecular 

weight of polymers and their respective di"usional coe$cient, allowing detailed 

characterisation of polymers, otherwise only accessible by size exclusion chromatography 
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(SEC) or similar techniques .110 Furthermore, this allows the distinguishment of structurally 

similar polymers within the same solution. For example, in cases, where homopolymers 

and copolymers containing identical repeating units are present, their signals can still be 

separated, as they  most likely will di"er in their di"usional coe$cient. Despite these 

advantages di"usion NMR, however, also has certain disadvantages. Signal intensities are 

altered di"erently not only by di"usion but also by relaxat ion processes, as echo -based 

sequences are applied .109 These processes are determined by various aspects such as 

molecular weight, functional groups and solvents. In consequence, di"usion NMR spectra 

are usually not quantitative. Although extrapolation towards zero gradient strength is 

possible, this will onl y account for di"usional processes, but not for relaxation.  

ANTALEK et al. as well as BARRéRE et al. tried to circumvent this issue by calculating the exact 

relaxation -based attenuation .107,109,111 However, this approach is rather impractical as it 

requires extensive knowledge of speci!c sequenceÕs attenuation equation as well as 

detailed information regarding the target compound (such as relaxation times and 

di"usional coe$cients) along with a s oftware to transform the spectra back to 

quantitative proportions. In this study, a semi -quantitative approach is evaluated, which 

on one side does not consider relaxation processes but on the other side accounts for 

di"usional attenuation, with the aim t o include otherwise hardly accessible MP -types into 

qNMR analysis . 

 

Experimental  

Materials  

Tri#uoroacetic acid (TFA) 99.9%, biochemical grade was purchased from Apollo Scienti!c, 

UK; deuterated chloroform (CDCl 3)! *99.8% over Ag and methanol -d4 *99.8% from 

Deutero GmbH, Germany; methanol (MeOH) *99.7% from Honeywell, USA; 

tri#uoroethanol (TFE) *99.8% from Carl Roth GmbH & Co. KG, Germany; sulphuric acid 

(H2SO4) 96% from Lach -Ner, Czech Republic and tetrahydrofuran (THF) 99.6% stabilised 

with BHT, chloroform (CHCl 3) *99%, hexamethyl disiloxane (HMDSO) 99.7% (NMR grade), 

formic acid (FA) *98% and  hydrogen peroxide (H 2O2) 35 wt.% in water from Thermo Fisher 

Scienti!c, USA.  
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Polystyrene (PS) as expanded beads of 0.5 -1 mm was provided by Kissenwelt, Germany; 

polybutadiene rubber (BR) cut from bulk into 2 mm particles was purchased from Sigma -

Aldrich Chemie GmbH, Germany; polymethylmethacrylate (PMMA) as powder of 55 -85 µm 

grain  size was provided by Voxeljet AG, Germany; polyvinylchloride (PVC) as powder of 

<250 µm grain size by Werth -Metall, Germany; polyethylene terephthalate (PET) as !bres 

of 500 µm length and 10 -20 µm diameter, polyamide (PA) as !bres of 500 µm length and 

27-30 µm diameter as well as polyacrylonitrile (PAN) as !bres of 2 mm length and 18 µm 

width by SchwarzwŠlder Textil -Werke Heinrich Kautzmann GmbH, Germany. The listed 

polymers are of technical quality and were not produced to act as reference material . 

 

Testing extraction and digestion protocols for bio!lm removal  

Bio!lm suspension. The interference of environmental matrices on polymer identi!cation 

and quanti!cation by qNMR was tested on epilithic phototrophic bio!lms as they may 

function as a natural sink of MP in aquatic ecosystems. Flat rocks covered with bio!lm 

were collect ed from two sites, about 2 km apart, in the Wahnbach, a typical low mountain 

stream near the city of Siegburg, North Rhine -Westphalia, Germany (50¡50'50.3"N 

7¡19'13.2"E, 50¡51'32.6"N 7¡19'56.5"E). The rocks were further incubated within a #ow 

channel of 200 l volume (Abbildung 51), immersed in freshwater medium  (Tabelle 54) and 

subjected to a day -night -cycle with 10  h of light provided by LEDs, for up to six weeks. The 

bio!lm was brushed o" the upper surface of three rocks (approximately 750 cm 2) and 

was collected in approximately 450 ml medium from the #ow channel. For an estimate of 

biomass content, the ash free dry weight (AFDW) was determined in triplicate after 

i) drying at 105¡C for 24 h and ii) combustion at 510¡C at 3 h. The bio!lm suspension used 

in this study contained 0.84 ±0.06 mg AFDW ml-1 (corresponding to 0.53 ±0.04 mg AFDW 

cm-2 rock surface ). 

 

Removal of bio!lm matrix by methanol extraction . Two samples of 50  ml bio!lm suspension 

were !ltered through porous -4 glass frits (pore size 10  - 16 µm) and the retained bio!lm 

solids were dried at 40¡C and 10 mbar in a vacuum oven for 1  h. One sample was then 

extracted using two cycles of 15  ml met hanol, being stirred at 50¡C for 30  min. Thereafter, 
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both samples, with and without methanol pretreatment, were extracted according to our 

previously published extraction protocol .177 In short, subsequent extractions using THF, 

FA and TFA in CHCl3 were conducted using two cycles of 15 ml solvent at 50¡C for 30 min. 

Extracts were collected separately for each extraction procedure. Only one replicate was 

examined . 

 

E"ect of methanol extraction and chemical digestion on plastic polymer recovery. About 

2-3 mg of PS, BR, PVC, PMMA, PA and PET were weighed into porous 4 glass frits (Tabelle 

55). In analogy to the prior extraction on bio!lm samples, two consecutive extractions !rst 

using methanol and then THF were performed. After additional rinsing with 5  ml 

methanol, 15  ml of H 2O2 were added to one sample and 15  ml of a mixture of H 2O2 and 

H2SO4 (10:1) were added to a second sample. In both cases, the samples were stirred at 

50¡C for 2  h. Then additional 15  ml of the respective solution were added before being 

stirred at room temperature overnight. Finally, after !ltration and removal of the  digestive 

solutions, subsequent extraction of the retained solids using FA and a mixture of TFA in 

CHCl3 was conducted as described in our previous publication .177 Like before, the extracts 

were collected separately for each extraction and digestion procedure. Only one replicate 

was examined.  

 

Extraction and digestion of polymer-spiked bio!lms . Three replicate samples were prepared 

by !ltering 20  ml bio!lm suspension through a porous 4 glass frit and adding 4 -5 mg of 

each PS, BR, PVC, PMMA, PA and PET (Tabelle 56). These samples were then treated using 

both methanol and THF for extraction !rst and FA and TFA/CHCl 3 for extraction after 

digestion by H 2O2 only for 72 h . 

 

Preparation of NMR samples  

Calibration samples. Three calibration sets of 7 calibration samples each, as well as 3 

control samples  (Tabelle 63-Tabelle 65), were prepared in a concentration range of 

0.1-1.0 mg/ml for PS, BR and PVC in THF, PET and PA in TFA/FA (4:1) and PS, BR and PMMA 

in CDCl3. Therefore, the sample containing the highest concentration was prepared by 

dissolving weighed amounts of the targeted polymers in a de!ned volume of NMR solvent. 
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This sample then acted as a stock solution for all calibration samples of lower 

concentrations. Control samples were prepared separately by directly dissolving weighed 

polymer particles. All NMR solvents contained 0.1% HMDSO as an internal standard . 

 

Di"usion NMR. A set of 5 calibration samples and 3 control samples  (Tabelle 66) was 

prepared in a concentration range of 0.5 -2.5 mg/ml containing PVC, PMMA, PS and BR in 

THF as well as 0.1% HMDSO as an internal standard. Preparations were performed as 

described for the previous calibration sets . 

 

Bio!lm samples.  The extracts were reduced to about 5  ml volume in an evaporator before 

being transferred into smaller glass vials. After that, the extract was evaporated to 

complete dryness at 60¡C using a gentle stream of air. Finally, the samples were 

reconstituted usin g 1 ml of the appropriate NMR solvent. If necessary, samples were 

further diluted to achieve concentrations within the calibrated concentration range. 

Extracts of THF were split in two fractions of the same volume before being dissolved 

again for NMR measurements, to allow quanti!cations of PVC in THF and PMMA in CDCl 3. 

 

NMR measurement  

Measurements of the !rst three calibration sets were performed on a Spinsolve 80 Ultra 

Carbon from Magritek at 80  MHz as well as on a Jeol¨ 500 spectrometer with a 500 MHz 

5mm TH ATM probe head to compare the results of benchtop and high -!eld devices. Th e 

fourth calibration set for di"usion measurements was only measured at 80  MHz on the 

Spinsolve 80 Ultra Carbon from Magritek . 

 

80 MHz. All samples were measured using the following general parameters: number of 

scans=128, acquisition time=6.4  s, repetition time=15  s. Further, samples in CDCl 3 or 

methanol -d4 were measured by a standard 1D proton sequence using a pulse angle=90¡. 

Samples in THF and TFA/FA were measured by a WET sequence (1D WET SUP+) provided 

by Magritek. Two signals were suppressed using automated targeting in the range of 

1-2 ppm as well as 3 -4 ppm for THF or in the range of 6.5 -7.5 ppm as well as 10 -11 ppm 

for TFA/FA. Other than that, the following parameters were selected: presat 
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bandwidth=40  Hz, correction factor=1, number of scans=128, acquisition time=6.4  s, 

repetition time=15  s. 

 

500 MHz. To all samples the following general parameters were applied: set o"=5  ppm, 

spectral width=15  ppm, number of scans=20, acquisition time=4.36767  s, relaxation 

delay=15 s, acquired size=32768. For samples in THF and TFA/FA a 1D WET sequence 

provided by Jeol  was used. The respective solvent THF or TFA was selected as the target 

for the suppression using 2 suppressed signals in the case of THF and 1 suppressed signal 

for TFA/FA. Furthermore, a receiver gain=36 was used for TFA/FA and a receiver gain=4 6 

in the case of THF. Measurements in CDCl 3 were performed using a standard 1D proton 

sequence applying a pulse angle=90¡ and a receiver gain=56 .  

 

Di"usion NMR. Pulsed gradient stimulated echo (PGSTE) measurements were performed 

using a PGSTE-sequence provided by Magritek. 32  gradient steps were applied, with 

gradient strengths increasing by the square root of the step number (Tabelle 69-Tabelle 

76). The other parameters were selected as follows: number of scans=128, acquisition 

time=6.4  s, repetition time=10  s, +=2 ms, 2=150 ms, maximum gradient strength=100% 

(0.532 T/m). 

Afterwards, the same samples were measured by a WET sequence (1D WET SUP+) 

provided by Magritek. Again, two signals were suppressed using automated targeting in 

the range of 1 -2 ppm as well as 3 -4 ppm. Other parameters were selected as listed: presat 

bandwidth=40  Hz, correction factor=1, number of sca ns=128, acquisition time=6.4  s, 

repetition time=10  s. 

 

Data acquisition  

PGSTE spectra were processed by the software ÒGeneral NMR Analysis Toolbox (GNAT)Ó.184 

All other NMR spectra were analysed by the software ÒMestReNovaÓ .135 Baseline 

correction and phase correction were performed manually. Quanti!cations, except for 

the PGSTE spectra, were conducted according to the methods described in our previous 

papers . 151,177 Detailed integration ranges are listed in Tabelle 57-Tabelle 62. 
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PGSTE spectra were referenced to the HMDSO signal at 0.07  ppm and integrated as listed 

in Tabelle 67. As is depicted in Abbildung 19, a linear regression was then performed 

listing the natural logarithm of the integrals of a sample against their respective squared 

gradient strength following the correlation of the Stejskal -Tanner equation .107,109,111 

Depending on the target signal and the sample concentration several data points were 

excluded for each linear regression. This way a manual !tting is achieved excluding data 

points of overlapping solvent signals in the case of PMMA and PVC or points, wher e the 

attenuated signal intensity d id not allow proper integration. A detailed list of the applied 

integrals is given in  Tabelle 69-Tabelle 76. Afterwards, based on these linear regressions, 

the integral is extrapolated to g=0. The extrapolated integrals were then used for a 

quanti!cation based on an external calibration according to our previous publications 

(Abbildung 20).151,177 

 

Results and discussion  

Comparison between high -!eld and low -!eld NMR devices  

Comparing the spectra superimposed in Abbildung 14, typical e"ects of using a weaker 

magnetic !eld strength are visible. This mainly involves signal broadening as well as a 

reduction in signal -to -noise ratio (SNR) at 80  MHz, as opposed to 500  MHz. Fortunately, 

most polymer signals stay baseline -separated as there is enough distance between those 

signals. A mixture consisting of 80% TFA and 20% formic acid (FA) can be used to measure 

PET and PA by NMR.151 As can be seen in Abbildung 54 and Abbildung 14, PA signals at 

3.19 ppm and 2.40  ppm are still baseline -separated, except for the three signals at 

1.55 ppm, 1.36  ppm and 1.10  ppm. Peak -!tting cannot be applied here, as the PA signal 

in the centre is not pronounced enough, rather depicting a plateau. The se three signals, 

however, can be integrated as a sum if necessary. The 13C-satellites of FA do not interfere 

with MP signals within the spectrum. Only for PET, due to an overlap of the aromatic PET 

signal at 7.83  ppm with the FA signal itself at 7.85  ppm, now the aliphatic PET signal at 

4.52 ppm must be integrated for quanti!cations . 

For samples measured in CDCl 3, except for broader integration ranges, only small changes 

to PS become apparent. While signals of BR and PMMA are still baseline -separated, 
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depending on the number of accumulated scans, the residual solvent signal of CDCl 3 can 

slightly merge into the neighbouring aromatic PS signal. To avoid miscalculations, only the 

aromatic PS signal at 6.54  ppm should be used for integration, excluding the protons at 

7.04 ppm. Unfortunately, this leads to a lower SNR for PS but produces more reliable 

integration results . 

In THF however, no such issue applies for PS and BR. Only if stabilised THF is used, the 

signal of the stabiliser (butylated hydroxytoluene, BHT) at 6.91  ppm might overlap with PS 

as discussed in previous publications .177 This issue can be circumvented by either using 

non -stabilised THF or subtracting the BHT integral taken from a blank sample. As the 

concentration is constant within the same batch of solvent, it can even be neglected, 

without any e"ect on the calculations , in case an external calibration is used. Finally, also 

only a partial integration of the PS signal, like mentioned for CDCl 3, is possible. For PVC 

however, a crucial hindrance to its quanti!cation emerges at lower magnetic !eld 

strengths. Similar to the 13C-satellites of FA, also the satellites of THF change their position 

at 80 MHz compared to 500  MHz. While at high magnetic !eld strength, these satellites 

are close to their main signal, at 80  MHz the satellite of the THF signal at 3.63  ppm now 

Abbildung 14: Superimposed spectra of A) PS, BR and PVC in THF B) PS, BR and PMMA in CDCl3 C) PET and PA 
in TFA/FA (4:1) measured at 80 MHz (bold ) and 500 MHz (!ne).  
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overlaps with the PVC signal at 4.50  ppm. As for PAN, also PVC can only be measured in a 

very limited number of solvents. Therefore, from our perception, concerning the applied 

solvent extraction, it is not possible to transfer the PVC measurement from 500  MHz to 

80 MHz, except for an alternative procedure described in the last part of this article. In 

consequence, when using benchtop devices, there is no bene!t from performing 

measurements in THF, instead, CDCl 3 should be used, as this allows the addition al 

quanti!cation of PMMA next to PS and BR .  

Aside from challenges related to signal broadening and baseline separation, 

measurement time increased using the benchtop device. At 80 MHz, 128 scans were 

accumulated to acquire spectra comparable to measurements at 500  MHz accumulating 

only 20 scans. The measurement time consequently increased from around 5  min to 

around 30  min on the benchtop device. Except for PA, the linearity and accuracy of control 

samples do almost not di"er between both measurements (Tabelle 12-Tabelle 14). For PA, 

however, a di"erence of almost 0.01 for the linearity can be observed, with a lower value 

at 80 MHz. Still, compared to other qNMR studies, the linearity even at 80  MHz is still 

su$cient. For example , PEEZ et al. achieved linearities between 0.9944 and 0.9997 for PS, 

PET and PE.77 RMSD values (Tabelle 12-Tabelle 14) on the contrary, are higher at 80  MHz 

for most tested polymer types. Values increased from around 0.00001 -0.00100 to 

0.00100-0.00350. This means at lower magnetic !eld strength an increased variation in 

measurements can be observed. On one hand, the SNR d ecreases and peak shapes are 

less pronounced, perhaps being the cause for higher variations. On the other hand, as 

measurements at high and low magnetic !eld strengths were performed on separate 

devices, also technical di"erences could have an in#uenc e. Nevertheless, due to the lower 

SNR also the limits of detection (LOD) and quanti!cation (LOQ) increase at 80  MHz (Tabelle 

12-Tabelle 14). Both values roughly increase by one order of magnitude. The highest 

increase for PA, with the LOQ raising from 54.21  µg/ml to 362.17  µg/ml and the smallest 

increase for PMMA, with a LOQ rising from 4.61  µg/ml to 33.23  µg/ml for a calibrated 

concentration r ange of 0.1 -1.0 mg/ml. While at 500  MHz all LOQ are below the lowest 

calibrated concentration, this applies only for BR and PMMA at 80  MHz. For PET and PS 

quanti!cation requires at least 200 µg/ml, PA even 400 µg/ml. PA and PS both share 

comparably wea k signal intensities while being rather broad in signal shape. It was 



VIII.3 Hauptteil Ð Ein#uss und Entfernung organischer Matrix in qNMR -Proben  

100 
 

therefore to be expected, that these polymer types result in higher LOQ. The high LOQ 

for PET, however, a polymer depicting sharp and narrow signals, is rather surprising, as  

PEEZ et al. achieved much better values .102 The reasons for this di"erence could originate 

from higher scan numbers and concentrations used in their publication. Accumulating 

more scans could improve the SNR and thus LOD and LOQ, leading to su$cient values for 

all investigated polymers, although the increase in intensity will be only by the square root 

of that factor. Furthermore, PEEZ et al. integrated the complete aromatic PS signal, despite 

performing measurements in stabilised THF and were also integrating the aromatic PET 

signals, which tend to be more intense. In the here presented method, however, aliphatic 

PET signals had to be used for quanti!cations due to the use of FA. Additionally, only 

partial integration of the aromatic PS signal was conducted to avoid alterations due to the 

presence of BHT. Finally, shorter measurement times for PEEZ et al. arose from shorter 

relaxation delays .102  

Tabelle 12: Limits of detection (LOD) and quanti!cation (LOQ), coe$cient of determination (R"), root -mean -
square -deviation (RMSD) and the accuracy based on three control samples listed for PVC, BR and PS measured 
in THF at 80 MHz and 500  MHz in the calibrated range of 0.1 -1.0 mg/ml . 

 PVC BR PS 

 80 MHz c 500 MHz d 80 MHz c 500 MHz d 80 MHz c 500 MHz d 

LODa [µg/ml]  - 22.25 18.81 1.67 92.15 21.08 

LOQa [µg/ml]  - 74.18 62.70 5.56 307.18 70.28 

Linearity R"  - 0.99921 0.99948 0.99988 0.99980 0.99968 

RMSD - 0.00001 0.00143 0.00001 0.00013 0.00001 

Accuracyb [%] - 101.6±2.7 101.7±9.6 99.2±2.0 99.6±7.0 99.6±4.1 

abased on SNR b¯±2s   c128 scans  d20 scans 

 

Tabelle 13: Limits of detection (LOD) and quanti!cation (LOQ), coe$cient of determination (R"), root -mean -
square -deviation (RMSD) and the accuracy based on three control samples listed for PMMA, BR and PS 
measured in CDCl 3 at 80 MHz and 500  MHz in the calibrated range of 0.1 -1.0 mg/ml.  

 PMMA  BR PS 

 80 MHz c 500 MHz d 80 MHz c 500 MHz d 80 MHz c 500 MHz d 

LODa [µg/ml]  9.97 1.38 13.04 1.14 56.17 19.52 

LOQa [µg/ml]  33.23 4.61 43.46 3.79 187.24 65.07 

Linearity R"  0.99927 0.99984 0.99967 0.99976 0.99973 0.99953 

RMSD 0.00353 0.00060 0.00264 0.00147 0.00058 0.00080 

Accuracyb [%] 99.5±2.5 98.8±3.1 100.9±2.9 100.9±2.8 97.7±4.4 100.3±4.6 

abased on SNR b¯±2s   c128 scans  d20 scans 
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Tabelle 14: Limits of detection (LOD) and quanti!cation (LOQ), coe$cient of determination (R"), root -mean -
square -deviation (RMSD) and the accuracy based on three control samples listed for PET and PA measured in 
TFA/FA at 80 MHz and 500 MHz in the calibrated range of 0.1-1.0 mg/ml.  

 PA PET 

 80 MHz c 500 MHz d 80 MHz c 500 MHz d 

LODa [µg/ml]  108.65 16.26 46.52 4.99 

LOQa [µg/ml]  362.17 54.21 155.05 16.62 

Linearity R"  0.99091 0.99986 0.99748 0.99973 

RMSD 0.00231 0.00000 0.00082 0.00000 

Accuracyb [%] 105.4±6.2 105.8±4.4 107.2±2.9 105.6±5.8 

abased on SNR b¯±2s   c128 scans  d20 scans 

In summary, while BR and PS calibrations in CDCl 3 achieve better results than in THF Ð 

presumably due to the use of solvent suppression in THF and thus, less fractured spectra 

in CDCl3 Ð also the present parameters are already su$cient for measurements of BR and 

PMMA on benchtop devices. For PET, PA and PS at least twice the number of scans should 

be accumulated in order to fully apply the here targeted concentration range. 

Alternativ ely, polymer concentrations have to be increased. Measurement times can be 

slightly reduced by shortening the relaxation delay.102 Too short relaxation delays, 

however, might impair proper quanti!cation. Although the results seem to be slightly 

worse compared to the experiments performed by PEEZ et al., the here presented method 

allows simultaneous measurements of several polymers on benchtop devices, instead of 

individual investigations. An increase in measurement time, thus can be compensated by 

a lower total number of samples to be measured . 

 

Bio!lm samples  

MeOH extraction. As can be seen in Abbildung 15, the methanol extract of the bio!lm 

suspension depicts various intense signals between 0  ppm and 5.5  ppm. These signals 

could potentially interfere with BR, PMMA, PET and PA, although not all of these 

substances might dissolve in other solvents than meth anol. To verify this concern, two 

spectra of the THF extracts in CDCl 3 are depicted as well, one using the methanol clean -

up beforehand, and one without. When no methanol is applied, no additional intense 

impurities are observed. However, various smaller s ignals, like at 5.4  ppm are removed 
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by using methanol. Hence, the addition of a methanol washing step improves the overall 

baseline quality of the subsequent THF extract. Unfortunately, although for THF an 

improvement could be achieved, no valid spectra were acquired in the following acidic 

extractions using FA and TFA/CHCl 3. In both extracts, extreme signal broadening occurred, 

thus most signals cannot be identi!ed. Hence, the methanol clean -up cannot su$ciently 

remove matrix substances, which decompose and dissolve under acidic conditio ns. As the 

TFA/CHCl3 solution is applied after FA, the quality of these spectra is slightly better 

compared to FA, but still insu$cient for analyses or even quanti!cations. Consequently, 

the methanol extraction should be implemented to improve the quality of the THF extrac t, 

but a chemical digestion is still required, when also the acidic extractions for PET and PA 

must be performed.  

 

Chemical digestion. Digestive matrix removal methods can roughly be classi!ed into acidic, 

alkaline, oxidising and enzymatic protocols .27,52,68,70 A detailed examination of di"erent 

procedures and their e"ects on various MP types and matrices is given by PFEIFFER and 

FISCHER.52 PEEZ et al. used a mixture of concentrated sulfuric acid and hydrogen peroxide. 

Although, based on their results the investigated PET did not alter within the process and 

was recovered in su$cient quantities, it is very unlikely to suit most other common MP 

types. Especially, acidic conditions are known to cause cleaving in PA and might alter other 

Abbildung 15: 1H-NMR spectra of bio!lm extracts: A) methanol -extract measured in methanol -d4 B) THF-
extract after methanol extraction measured in CDCl 3 C) THF-extract without methanol extraction measured 
in CDCl3. 
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polymers as well .52,163,171 For a similar reason alkaline procedures are not suitable, as they 

are known to cause cleavage in PET .52,70,171 Hence, only oxidising and enzymatic 

approaches are left. As the latter type is less available, we decided to compare a less acidic 

variation of the digestion process applied by  PEEZ et al. with a solely oxidising protocol for 

the removal of NOM .64,70 Abbildung 16 compares the experimental results of both 

protocols. Detailed values are given in  Tabelle 55. Recovery rates for all MP types 

investigated are lower at acidic conditions, especially for PA depicting only around 10% 

recovery. At solely oxidising conditions, all recovery rates except for BR are between 86% 

and 110%. In the case of BR, just 73% recove ry was achieved. However, as this test was 

meant to brie#y decide which digestion method should be further investigated, no 

replicates were performed .52  

 

Recovery from bio!lms. Further investigation is conducted by testing the oxidising protocol 

on MP-spiked samples of the bio!lm suspension. The combination of methanol extraction 

prior to MP separation and subsequent chemical digestion before the application of acidic 

solutions resulted in sharp and clean spectra for all the tested polymer types as can be 

seen in  Abbildung 52. Similar e"ects were observed by PAPINI et al. after applying a two -

fold digestion based on H 2O2 for bio!lm -rich samples .72 For the here presented process, 

recovery rates between 80% and 100% were achieved for all six polymers, as can be seen 

in Abbildung 17. This time three replicates were processed for each polymer, resulting in 

standard deviations <10% for all MP -types. Therefore, good reproducibility can be 

Abbildung 16: Recovery rates of PS, BR, PMMA, PVC, PA and PET from samples not containing any bio!lm, 
using either only H 2O2 or a mixture of H 2O2 and H2SO4 (10:1) within the extraction protocol . 
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assumed .66 Similar values for deviations were obtained by DIERKES et al. after prewashing 

with methanol in a pressurised liquid extraction method. Their recoveries by THF resulted 

in values between 77% and 118% for PS .66 The here presented method, achieved between 

89% and 105% recovery for PS (Tabelle 56). For PET, 84.6% are obtained in average 

(Tabelle 15), compared to the acidic digestion protocol of PEEZ et al., which resulted in 

96.4% recovery .64 However, methods used in the present study and those used by 

PEEZ et al. di"ered in terms of extraction and sample preparation protocols apart from 

matrix removal. The direct comparison should, therefore, be treated with care . 

Reviewing the recovery rates obtained in our recent publication without sample clean -up, 

depicted in Tabelle 15, most values stay in the same range and thus are not a"ected by 

the additional preparation steps. A small decrease is observed for PET and PVC, which is 

still in the range of an expected variation, as for PS and BR likewise increases are observed. 

The spectra in  Abbildung 52 show no visible overlap with any impurities. However, in later 

applications of this sample preparation, involving higher concentrations of bio!lm, signal 

broadening was observed for the sole extraction of PET (Abbildung 53). The extraction 

steps with THF and FA were omitted in the process, as only PET was investigated in that 

experiment. A brief washing step using CHCl 3 between the digestion and the TFA/CHCl 3 

extraction leads again to narrow signals. Hence, as a result of the digestion process 

organic byproducts can be produced, which are not dissolving in water and must be 

eliminated by other organic solvents. However, this did not occur in the application of  the 

complete clean -up procedure, albeit only half of the bio!lm.  Additionally, care should be 

Abbildung 17: Recovery rates of PS, BR, PMMA, PVC, PA and PET spiked to bio!lm samples, using H 2O2 for 
organic matrix removal . 
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taken when adding H 2O2. Various organic matrix substances cause an immediate buildup 

of gases and heat, sometimes forming fast -expanding foams .70 

In summary, a sample clean -up protocol was tested for freshwater bio!lm samples. 

Recovery rates for six polymer types are in a su$cient range of 80 -100%. The addition of 

several clean -up procedures did not cause a relevant alteration of recovery rates, with 

only slight increases and decreases as to be expected by experimental variations. 

Compared to PEEZ et al. almost the same preparation time is required, as the clean -up is 

incorporated into the individual extraction steps .64 For THF extracts even faster 

preparation within a day is achievable, since in that case no chemical digestion is required . 

Tabelle 15: Mean recovery rates of PS, BR, PMMA, PVC, PA and PET before and after implementation of the 
presented sample clean -up. Recovery rates without matrix removal are taken from previous publications .177 

 PS BR PMMA  PVC PA PET 

Without clean -up 92.11% 94.67% 88.94% 91.54% 97.29% 100.85% 

With clean -up 99.34% 100.70% 93.53% 80.63% 93.70% 84.64% 

 

Di"usion NMR  

For the last part, a semi -quantitative approach based on di"usion NMR at 80 MHz is 

presented. As is depicted in  Abbildung 18, by an increase in applied gradient strength, 

smaller molecules, which inherit a higher di"usion coe$cient, receive a much stronger 

attenuation compared to molecules with high molar mass. THF and HMDSO for example 

both show intense signals in spectra A) and B), where almost no gradient is applied. On 

the opposite, these signals are not visible in spectrum D), which is a"ected by a high 

gradient strength. Polymer signals, however, seem una"ected although, their signals also 

attenuate. Hence, optimisati on of di"usion parameters is essential in order to eliminate 

small undesired molecules, while preserving the MP -signals of interest. Regarding 

qualitative analysis, parameters applied in spectrum D) already allow the screening for 

PMMA, PS, BR and PVC, by simple dissolution in non -deuterated THF. Even so, PMMA and 

PVC are overlapped by the THF and its 13C-satellite, when no gradient is applied, both 

signals can be separated at higher gradient strength . 
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Quanti!cation, however, is di$cult as the di"usional coe$cient and relaxation properties 

will change depending on the molecular weight .110 Especially in environmental samples 

both parameters can vary signi!cantly due to weathering and di"erent origins .117 On one 

side van LOKEREN et al. showed for typical MP types like PS, that T 1 relaxation times do 

almost not change by varying molecular weight and T 2 relaxation mostly appears in a 

rather limited range regarding typical chain length .185 DUKEK et al. on the other hand 

revealed greater di"erences in T 1 and T2 relaxation times for PET samples, dependent on 

the matrix surrounding the particles .117 Although a straightforward quanti!cation, like for 

1D spectra, is therefore not possible , ANTALEK et al. as well as BARRéRE et al. performed 

extensive studies on the reconstitution of quantitative spectra acquired by di"usion 

NMR.107,109,111 Their approach, however, is very elaborate and requires detailed knowledge 

of a sample, often not available for environmental samples . 

Neglecting relaxation e"ects therefore cannot lead to fully quantitative spectra. On the 

other side, by simple extrapolation of the di"usional attenuation back towards zero 

gradient strength, at least a semi -quantitative evaluation of environmental sampl es 

should be possible. The results in Tabelle 16 show that a much simpler approach would 

allow the estimation of MP masses in samples, otherwise not possible to analyse by qNMR. 

Abbildung 18: PGSTE spectra of PS, BR, PVC and PMMA measured in THF at A) 0 T/m B) 0.1596 T/m C) 
0.2660 T/m D) 0.5320  T/m gradient strength . 
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The procedure does not require further sample preparation. Only consistent stable 

measuring conditions and parameters are necessary since no normalisation is possible. 

Regular internal standards are eliminated due to the applied gradient and high molecular  

standards would still di"er in their di"usional properties and thus have di"erent 

attenuation pro!les. As a result of the extrapolation, exemplarily depicted in Abbildung 

19, the integrals are independent from the di"usional coe$cient. For that reason, the 

method does not require a speci!c molecular mass for reference, although an average 

chain length is in favour of minimising deviations caused by relaxation. Finally, an e xternal 

calibration based on the same type of polymer needs to be used, as quanti!cation by an 

internal standard is not possible  (Abbildung 20). 

Tabelle 16: Limits of detection (LOD) and quanti!cation (LOQ), coe$cient of determination (R"), root -mean -
square -deviation (RMSD) and the accuracy based on three control samples compared for PMMA, PVC, BR and 
PS measured in THF by PGSTE and WET sequences in the calibrated range of 0.5 -2.5 mg/ml . 

Polymer  PMMA  PVC BR PS 

NMR Sequence PGSTE PGSTE WET PGSTE WET PGSTE 

LODa [µg/ml]  125.48 221.70 161.34 194.28 141.29 158.85 

LOQa [µg/ml]  450.01 744.52 562.5 661.77 500.23 554.86 

Linearity R"  0.99838 0.99519 0.99731 0.99611 0.99794 0.99740 

RMSD 0.00011 0.00017 0.03169 0.00172 0.03853 0.00099 

Accuracyb [%] 96.1±14.2 101.9±6.5 102.4±11.7 99.8±5.8 97.3±10.7 99.1±1.0 

abased on DIN32645  b¯±2s  

Tabelle 16 compares the calibration results obtained by measuring the same set of 

samples !rst using a WET sequence and afterwards a PGSTE sequence. As PVC and PMMA 

cannot be analysed in the WET spectra, only BR and PS can be used for a direct 

comparison. At !rst s ight, LOD and LOQ are very similar for WET and PGSTE data. Only 

slightly lower values are achieved by the WET sequence. Hereby, the LOD and LOQ are 

calculated according to DIN32645 as the applied software did not allow the proper 

determination of SNR valu es. For all polymers except PMMA, the LOQ values are slightly 

above the lowest calibrated concentration. This is caused by using only !ve calibration 

samples and could be easily improved by increasing the calibration sample number. As 

expected, the highes t LOQ is obtained for PVC as the signal is relatively broad and weak 

compared to the other polymers. For a semi -quantitative approach, however, the 

obtained calibration should still be su$cient. The linearities show a similar picture. Only 
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slightly lower coe$cients of determination are obtained from PGSTE measurements. The 

di"erences are hereby in an expected range of experimental variations. Surprisingly, the 

RMSD results in smaller deviations using the PGSTE sequence, than for the WET s equence . 

The di"usion -based measurement leads to less baseline noise, thus small impurities are 

eliminated by PGSTE. Additionally, an integral used for the calibration is calculated based 

on several individual PGSTE measurements. These aspects all togeth er presumably 

increase the conformity of these calibrations compared to single WET sequences. Finally, 

the accuracy values, based on three control samples, are slightly closer to 100% for the 

di"usion -based calibration, depicting also smaller relative sta ndard deviations. It is highly 

probable, that the same reason as for the improved RMSD values applies here as well .  

The here presented results required rather long measuring times of around 11  h per 

sample due to restrictions regarding software and hardware. The magnetic !eld strength 

could not be set freely in the spectrometerÕs software. Thus, many unnecessary spectr a 

were recorded since a series of steadily increasing gradient strengths had to be applied. 

The low magnetic !eld strength on the benchtop device, furthermore, required the 

accumulation of a high number of scans to ensure su$cient signal intensity even after 

di"usional attenuation. This applies especially to broad and weak signals, like PVC and PS. 

Improvements can be achieved by acquiring the PGSTE measurements on high -!eld 

devices and reducing the required scan numbers by several factors. In the same  way, the 

Abbildung 19: Extrapolation of the natural logarithmic BR integral  from PGSTE measurements at 0.5 ( o), 1.0 
(%), 1.5 (! ), 2.0 (&) and 2.5 mg/ml ( x) against the applied gradient strength towards 0 (T/m)".  



VIII.3 Hauptteil Ð Ein#uss und Entfernung organischer Matrix in qNMR -Proben  

109 
 

number of recorded spectra could be cut in more than half by a more capable 

spectrometer software. Thus, without these restrictions, less than 5 h per sample would 

be possible on a benchtop device and by using high -!eld devices even less than 2 h per 

samp le could be achievable. Other improvements could be implemented by setting a 

constant receiver gain, leading to smaller variations between measurements and by 

preparing a greater number of calibration samples as the here presented example is 

conducted by the lowest limit of samples that allows proper calibration . 

Still, as demonstrated, benchtop devices are highly capable of performing these PGSTE 

measurements. For most a compromise on measuring time has to be considered here. 

Independent from the magnetic !eld strength, the method allows the determination of 

the di"usional coe$cient and thus an estimation of the molecular weight as already 

demonstrated in several publications .110 Finally, the here presented approach might allow 

the semiquantitative analysis of samples by di"usion NMR without an elaborate sampl e 

clean-up. This assumption, however, requires further experimental validation . 

 

 

 

 

Abbildung 20: Calibration of BR ( --) based on extrapolated integrals from PGSTE measurements. Calibration 
samples (x) are listed next to control samples (o) as well as con!dence interval ( ---) and prediction interval 
(É). 
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Conclusion  

This research presented the results of a threefold investigation to bring recent 

developments on MP targeting qNMR methods onto a"ordable benchtop devices and at 

the same time to examine additional techniques to circumvent associated restrictions. For 

the  transfer itself, the measurement of !ve out of seven investigated polymers was 

successfully established at 80  MHz. Measurements on PAN unfortunately revealed the 

necessity for quanti!cations as a single polymer in a separate solvent. However, former 

research on extractive MP separation already suggested the use of an individual method 

for PAN.177 For PVC, similar to PAN, the occurrence of a signal overlap hinders 

straightforward quanti!cation on benchtop devices. Nevertheless, the successful 

implementation of a semiquantitative di"usion method still allows the estimation of this 

polymer, even at the described conditions and without elaborate sample preparation. 

Furthermore, a suitable method for the removal of NOM from photosynthetic freshwater 

bio!lms was tested, thus completing a preparation protocol for the quanti!cation of six 

MP types in th is kind of environmental samples. Although now a quanti!cation method 

for MP in environmental samples based on qNMR is established, there is still potential for 

further improvement. First, the parameters for the PGSTE sequences might be optimised, 

especially to reduce the overall time of the measurement. Also, other matrices than 

photosynthetic freshwater bio!lms need to be analysed, perhaps requiring additional 

modi!cation of the sample clean -up. Finally, the experimental basis of the method has to 

be extended, thus acquiring more data and allowing a valid evaluation of the method . 
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VIII.4 !Anwendung von 1H-qNMR auf Mikroplastik  

VIII.4.1 !Reifenabrieb  

 

GŸnther, M., Kirimlioglu Sayilik, G. & Imhof, W. Determination of Tire Wear Particle -Type 

Polymers by Combination of Quantitative Nuclear Magnetic Resonance Spectroscopy and 

Soxhlet Extraction. Molecules 29, 5899 (2024), doi:10.3390/molecules29245899.  

 

Eigenanteil der dargestellten Ergebnisse  

Die DurchfŸhrung und Auswertung der praktischen Versuche erfolgten im Rahmen einer 

durch M. Sc. Kirimlioglu Sayilik durchgefŸhrten Masterarbeit. Konzeption und Diskussion 
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durchgefŸhrt. Die Ideen!ndung der Arbeit sowie Korrektur des publizierten Manuskriptes 

erfolgte unter Mitwirkung von Prof. Dr. Imhof.  
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Determination of Tire Wear Particle -Type Polymers by Combination of 

Quantitative Nuclear Magnetic Resonance Spectroscopy and Soxhlet 

Extraction  

Marcel GŸnther, Gizem Kirimlioglu Sayilik and Wolfgang Imhof  

Abstract  

Tire wear particles (TWPs) are among the most relevant sources of microplastic pollution 

of the environment. Nevertheless, common analytical methods like IR and Raman 

spectroscopy are highly impaired by additives and !ller materials, leaving only 

thermogr avimetric methods for chemical analysis of TWPs in most cases. We herein 

present quantitative NMR spectroscopy (qNMR) as an alternative tool for the 

quanti!cation of the polymeric material used for the production of tires, including natural 

rubber (NR), styrene Ðbutadiene Ðcopolymer (SBR), polyethylene Ðco-propylene (EPR) and 

polybutadiene (BR). Limits of quanti!cation (LOQ) between 3 µg and 43 µg per sample and 

recovery rates of 72 Ð92% were achieved for all tested polymer types. The !rst results of 

combini ng these measurements with Soxhlet extraction as a sample preparation tool are 

presented alongside the qNMR experiments.  
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Introduction  

The abundance of microplastic particles (MPs) is a well -known issue for most 

environmental scientists. However, recent research gave rise to the fact that the majority 

of MPs might originate from tires and roads. In 2021, BRAHNEY et al. published a study 

indicating that up to 84% of airborne MPs stem from this source, mainly deriving from 

resuspended road dust. 186 Depending on the study, around 0.2 Ð5.5 kg per year and per 

capita are estimated as global emissions. 187 At the same time, di"erent from regular MP, 

polymers usually form various kinds of agglomerates at the tire Ðroad interface, and thus, 

the resulting particles only partially consist of rubber material, while the rest are made up 

of mineral -based road dust  and various ti re additives. 188Ð190 In consequence, several 

interchangeable terms for these kinds of particles are in use, sometimes including every 

type of material incorporated into these particles and sometimes only focusing on the 

rubber -based material. The most common terms are Òtire a nd road wear particlesÓ 

(TWRPs) and Òtire wear particlesÓ (TWPs or TPs).187,188,190Ð192 In the following, we will use the 

term TWP to describe all forms of TWRPs and TWPs, but will mainly focus on their polymer -

based components. Neverth eless, due to this heterogeneity, TWPs and TWRPs are not 

always considered MPs, and comparing them with regular forms of MPs is di$cult due to 

the additional lack of necessary data. 190,193 

TWP analysis or even quanti!cation is therefore much more di$cult than for regular MPs. 

Although traditional standard methods for MP analysis like IR and Raman spectroscopy 

can be used, they are highly impaired due to irradiation -absorbing !ller materi als or 

#uorescent additives. 53,74,194 Hence, most analyses are performed by other common 

methods like optical identi!cation, which, however, tends to be biased, or more frequently 

by thermogravimetric methods like pyrolysis coupled with gas chromatograph y and mass 

spectrometry (pyr ÐGC/MS), which often struggle with the selection of appropriate marker 

substances. 53,74,187,190,191 For this reason, we want to introduce quantitative nuclear 

magnetic resonance spectroscopy (qNMR) for the quanti!cation of the polymer -based 

part of TWPs. In recent years, our group and others have shown that qNMR represents a 

highly useful tool in the q uanti!cation of MPs. 64,77,97,102,117,121,151,177 qNMR combines 

chemical identi!cation with mass -based quanti!cation and, to so me extent, the spectral 
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separation of sample components. At the same time, measurements are fast and, in 

contrast to thermogravimetric, methods non -destructive. 53,97 

In addition, sample preparation techniques are a key step in the transfer of measuring 

solutions spiked with the corresponding polymeric material as model samples to real 

environmental samples. So far, density separation, optical sorting and, with certain 

limitations, also chemical extraction are used to separate TWPs from the surrounding 

matrix. 187,191,192 As discussed earlier, optical identi!cation and separation methods inherit 

high biases in most cases, which makes them easy to perform but, at the same  time, 

lowers their overall quality. Density separation, on the other hand, is already well known 

from traditional MP analysis. Various saline solutions are available, depending on the 

desired density for separation, but with increasing costs and hazards a t greater 

densities. 57 The results are less biased but tend to di"er signi!cantly between studies. 149 

A common di$culty poses the change in the density of MPs due to weathering and 

fouling. 58 This issue seems to be even more pronounced in the case of T WPs, as mineral-

based constituents signi!cantly alter the polymer -speci!c density. 188 Therefore, more and 

more extraction -based methods are introduced in classic MP separation. 62,66,121,149 

However, their adaption to TWPs is not as easy, as the, e.g., vulcanization of rubbers 

hinders proper dissolution in respective solvents. Instead, most often, only leachable 

proportions are extracted and analyzed. 191 

 

Results and Discussion  

qNMR Validation  

The !rst requirement when measuring multiple polymer types in one common sample by 

qNMR is !nding a suitable solvent, which can dissolve all targeted compounds. Especially, 

as synthetic polymers vary in their dissolution properties, we performed several 

preliminary tests for this purpose, leading us to tetrahydrofuran (THF) as our preferred 

solvent for tire wear -related polymers. In previous publications, we could already 

demonstrate the suitability of THF for measurements of polystyrene (PS), polybutadie ne 

(BR) and even polystyrene Ðco-butadiene (SBR).151 Since many tire -related polymers like 
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polyisoprene (PIR) and natural rubber (NR) share structural similarities with BR, foremost, 

the presence of carbon=carbon double bonds, we expected that THF would also work in 

this experiment. Moreover, these expectations were exceeded when our preliminary  tests 

showed that THF readily dissolves polyethylene Ðco-propylene (EPR) as well, although their 

homopolymers polyethylene and polypropylene are known to be generally insoluble at 

room temperature and atmospheric conditions. 66,120,195 Apart from sole solub ility, 

economic and practical aspects were also considered, leading to the use of non -

deuterated THF as the solvent of choice for our qNMR studies on tire -related polymers as 

it has already been shown that qNMR also works in non -deuterated solvents. 102 A second 

requirement, when using non -deuterated solvents like THF for qNMR, is selecting an 

internal standard that is inert to all other compounds within the solution and, at the same 

time, gives sharp signals that do not overlap with any other peaks. Alth ough we were using 

hexamethyl disiloxane (HMDSO) for that purpose in our previous research, this time, we 

expected the HMDSO signal to be too close to other signals originating from EPR. 151 

Therefore, we selected N,N -dimethylformamide (DMF) as an internal standard instead. 

DMF depicts three signals within the spectra, two singlets at 2.78 ppm and 2.89 ppm and 

a third one at 7.91 ppm. None of the three signals interfere with any other signal; however, 

Abbildung 21: 1H-NMR spectra of ( A) sample KG1 containing polystyrene (PS), polybutadiene (BR), polyisoprene 
(PIR) and polyethylene Ðco-propylene (EPR); (B) sample KN1 containing polystyrene Ðco-butadiene (SBR), natural 
rubber (NR) and N,N-dimethylformamide (DMF) as an internal standard in tetrahydrofuran (THF). Individual 
SBR signals are separately labeled as SBR (PS) for styrene units and SBR (BR) for butadiene units.  
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the singlet at 7.91 ppm is less likely to be a"ected by possible matrix signals in real 

environmental samples and was therefore selected as the internal standard of our 

validation experiments. DMF itself also inherits a very high boiling point of 153 ¡C; thus, 

evaporation, and by that, changes in its concentration are not expected. 196 

Abbildung 21 shows the 1H-NMR spectra of two samples containing tire -related polymers. 

The upper spectrum shows signals for PS, BR, PIR, EPR and, of course, the internal 

standard DMF, whereas the lower spectrum consists of signals representing SBR (with its 

components PS and BR) and NR next to DMF. EPR only consists of methylene groups and 

methyl groups in its propylene units. These groups generate two signals in total, one at 

0.87 ppm for the methyl group and one at 1.31 ppm for the methylene group. 

Theoretically, a t hird signal for a single proton next to the methyl group could be expected 

around 1.5 ppm; however, the strong overlap with one or both THF signals impairs any 

further analysis in this region. 197 Unfortunately, both signals are rather unspeci!c. In 

particular, methylene groups occur in almost every other polymer related to tire wear, as 

well as in many naturally present organic compounds. A precise quanti!cation of ethylene 

units is therefore no t possible. The signal of the methyl groups in the propylene units of 

EPR, on the other hand, could be used for quanti!cations if two requirements are met. 

First, no other polymer must contain a signi!cant number of methyl groups, and second, 

a proper sample preparation must ensure that no matrix signal overlaps w ith that signal. 

However, a small overestimation of the propylene content is therefore expected.  

Next to EPR, PIR and NR signals are also shown in the upper and lower NMR spectrum of 

Abbildung 21. Usually, both polymers mainly consist of cis -1,4-polyisoprene. The major 

di"erence between both polymer types is that NR is a naturally occurring polymer, 

whereas PIR is its synthetic counterpart. Thus, NR, depending on its source, might contain 

small t races of other compounds and can vary in its composition. 188,198 In terms of NMR 

analysis, almost the same signals are expected from NR and PIR. Aside from various 

methylene and methyl groups, slightly shifted by the nearby double bond, for 

quanti!cation purposes, the most important signal derives from the single proton 

attached to the carbon=carbon double bond at 5.15 ppm. Although this signal is very close 

to the BR-speci!c signal, they do not overlap due to the neighboring methyl groups in PIR 
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and NR, which shift the signal in NR/PIR to slightly lower ppm values compared to the 

corresponding signal in BR.  

BR, on the other hand, does not contain methyl groups. Fortunately, its signal 

corresponding to the single proton attached to the carbon=carbon double bond is 

observed at 5.38 ppm and may therefore be quanti!ed independently from the signals of 

NR and PIR. Together with aromatic PS signals between 6.30 ppm and 7.20 ppm, BR allows 

for the quanti!cation of SBR as demonstrated previously. 151 Therefore, PS, although not 

a typical tire polymer, was included in our investigation.  

Comparing the calibration data listed in Tabelle 17, for all selected polymers, a linearity 

>0.999 was achieved, at the same time having low RMSD values. These data are in good 

correlation to calibration data for other types of MPs measured by qNMR. In comparison, 

PEEZ et al. (2019) achieved for common MP types, including PS, linearities of 0.994 Ð0.999 

at concentrations of 0.03 Ð3.20 mg/mL. 77 Since they are calculated based on the signal -to -

noise ratio (SNR), the limit of detection (LOD) and limit of quanti!cation (LOQ) are values 

mainly depending on the number of scans and the peak shape. Hence, BR and EPR, which 

both form sharp singlets, re sult in very low limits in the low µg/mL range. Here as well, 

PEEZ et al. (2022) determined a LOD of 1 µg/mL and a LOQ of 2 µg/mL using the same 

number of scans for PET, a polymer type, which also forms sharp singlets. 102 PS, on the 

contrary, gives slightly elevated LOD and LOQ values, as the signal for aromatic hydrogen 

atoms is much broader and therefore results in a lower SNR. If necessary, SNR values may 

be easily increased by accumulating more scans in each measurement, thus improving 

the LOD and LOQ as was well described by DUKEK et al.117 Unfortunately, the SNR will only 

improve by a factor of ! n that way.  

Tabelle 17: Calibration data for PS, BR, PIR and EPR in THF, including linearity expressed as R", root mean 
square deviation RMSD, limits of detection (LOD) and limits of quanti!cation (LOQ).  

MP Type  Range c [mg/mL]  Linearity R#  RMSD LOD [µg/mL]  LOQ [µg/mL]  

PS 0.30Ð1.51 0.99994 0.00002 12.84 42.80 

BR 0.50Ð2.49 0.99995 0.00003 1.87 6.23 

PIR 0.50Ð2.50 0.99983 0.00002 5.37 17.89 

EPR 0.20Ð0.98 0.99952 0.00016 1.09 3.63 
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As depicted in Tabelle 18, due to the usage of an internal standard for normalization, high 

precision was achieved in all measurements, aligning with former qNMR studies at values 

between 99.9 and 98.9%. 64,77,97,102,121,151,177 As the accuracy is given in relative numbers, in 

general, better values are obtained for greater masses. However, within the calibrated 

concentration range, all polymer types achieved accuracies between 89.0 and 104.5%, 

which represent su$cient values f or trace analytical purposes.  

Tabelle 18: Control sample data for PS, BR, PIR and EPR, including relative accuracy as bias and precision as 
relative standard deviation of three repetitions. Mass grav. represents the weighed mass and Mass calc. 
represents the mass determined by qNMR.  

MP Type  Mass grav.  [mg]  Mass calc.  [mg]  Accuracy [%]  Precision [%]  

PS 

1.34 1.32 98.6 99.8 

1.02 1.00 98.0 99.7 

0.46 0.48 104.5 99.9 

BR 

2.42 2.35 97.3 99.8 

1.46 1.41 96.5 99.8 

0.85 0.82 96.7 99.9 

PIR 

2.20 2.15 97.6 99.3 

1.68 1.64 97.3 99.0 

0.65 0.62 95.9 98.9 

EPR 

0.85 0.83 97.3 99.9 

0.57 0.56 97.6 99.1 

0.27 0.24 89.0 99.4 

 

Tabelle 19 and Tabelle 20 also present separate calibration sets for SBR and NR. 

Unfortunately, the SBR reference material was of technical quality only, leading to rather 

imprecise composition data for prepared samples. Hence, any mass di"erence of PS and 

BR within the SBR mater ial due to certain !lling materials like carbon black or a varying 

styrene and butadiene ratio would a"ect calculations by PS or BR calibration data. A 

similar issue is faced when using PIR calibration data in the quanti!cation of NR, being a 

natural pr oduct showing corresponding impurities of natural origin. Therefore, using the 

same polymer type for calibration and quanti!cation should avoid imprecise calculations 

within the extraction analysis depicted in the next paragraph. However, quanti!cation o f 

both polymer types SBR and NR should be possible by either homopolymeric calibrations 
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of PS and BR or calibrations by the use of synthetic variants like PIR. In our previous work, 

we already demonstrated the use of PS and BR calibrations for SBR quanti!cation. 151 

Tabelle 19: Calibration data for SBR separated for its styrene and butadiene subunits and NR in THF, including 
linearity expressed as R", root mean square deviation RMSD, limits of detection (LOD) and limits of 
quanti!cation (LOQ).  

MP Type  Range c [mg/mL]  Linearity R#  RMSD LOD [µg/mL]  LOQ [µg/mL]  

SBR (PS) 0.12Ð0.59 0.99956 0.00004 23.09 76.97 

SBR (BR) 0.38Ð1.91 0.99979 0.00010 8.89 29.63 

NR 0.50Ð2.50 0.99830 0.00047 5.11 17.04 

 

Tabelle 20: Control sample data for SBR separated for its styrene and butadiene subunits and NR, including 
relative accuracy as bias and precision as relative standard deviation of three repetitions. Mass grav. represents 
the weighed -in mass and Mass calc. represents the mass determined by qNMR.  

MP Type  Mass grav.  [mg]  Mass calc.  [mg]  Accuracy [%]  Precision [%]  

SBR (PS) 

0.38 0.38 98.7 99.2 

0.59 0.58 98.4 99.7 

0.57 0.56 97.8 99.9 

SBR (BR) 

1.23 1.19 96.4 98.5 

1.91 1.86 97.3 99.3 

1.84 1.78 96.5 99.7 

NR 

2.34 2.29 97.7 99.4 

1.74 1.73 99.2 99.7 

0.81 0.80 99.2 99.5 

 

A similar strategy can be used for NR. Tabelle 21compares the accuracies of the calculated 

NR and PIR mass of the control samples, either by using the same material for calibration 

or the respective other one. In general, better results are obtained when using the same 

material for calibration. Neverthel ess, only a di"erence of around 10% can be observed 

in using the alternative material for calibration. As explained, the presence of small 

impurities in NR compared to PIR might account for that di"erence, as they add to the 

overall mass of NR material, but not to its NMR signal. This is further underlined, as the 

masses of NR calculated by PIR calibration data underestimate the actual masses and vice 

versa. 
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Tabelle 21: Accuracy as bias and Mass calc. for control samples of NR and PIR, calculated by calibration data 
obtained from the same reference material ( orig. ) or the respective other reference material ( alt.), meaning PIR 
control samples Mass calc.,alt. are based on NR calibration data and vice versa. In addition, the initially weighed 
Massgrav. is given. 

MP Type  Mass grav.  [mg]  Mass calc.,orig.  [mg]  Accuracy orig.  [%]  Mass calc.,alt.  [mg]  Accuracy alt.  [%]  

NR 

2.34 2.29 97.7 2.10 89.7 

1.74 1.73 99.2 1.60 91.8 

0.81 0.80 99.2 0.74 91.2 

PIR 

2.20 2.15 97.6 2.33 110.3 

1.68 1.64 97.3 1.75 109.6 

0.65 0.62 95.9 0.68 109.8 

 

TWP Extraction 

In regard to qNMR  measurements, non -deuterated THF has proven to be a suitable 

solvent for SBR, BR, EPR, PIR and NR. Hence, in the following section, we wanted to test 

the applicability of qNMR measurements in combination with TWP extraction. For this 

purpose, we performed  a Soxhlet extraction. Other extraction methods, like pressurized 

liquid extraction (PLE), were considered as well. 62,66 However, in preliminary experiments 

facilitating these methods, we faced several crucial issues, especially when rubber -like 

polymers were involved. The exact details are discussed in our most recent study. 177 Like 

PLE, Soxhlet was also already applied as a sample preparation technique in other MP 

quanti!cation procedures. For example, CASTELVETRO et al. extracted polyethylene (PE), 

polypropylene (PP), polystyrene (PS) and polyethylene terephthalate (PET) in a 3 h Soxhlet 

process using dichloromethane (DCM) as a solvent to analyze MPs in !shmeal. 65 In our 

case, THF was selected as it allows for easy handling within the process. After extraction, 

evaporation of the liquid is necessary to enable reconstitution of the sample in a de!ned 

volume of NMR solvent and thus allow for a precise calculation. H ereby, the moderate 

boiling point of THF facilitat es this process. At the same time, the required temperature 

to maintain a continuous re#ux is kept at a minimum. Finally, extraction and 

measurement can be performed in the same solvent, so the process is not a"ected by 

possible di"erences concerning th e solubility of the extracted material.  
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The extraction process aimed for recovery rates between 80% and 120%, as considered 

suitable for trace analytics. 62 Unfortunately, this target was only achieved for SBR and BR 

(Tabelle 22). Both polymer types resulted in recoveries of 87.8 Ð91.5%, which !ts well with 

former studies on MP extraction. In extractions reported by DIERKES et al., recovery rates 

of 77Ð118% for PE, 85Ð95% for PP and 114Ð131% for PS were achieved. 66 However, they 

used the pressurized liquid extraction method, which, due to the potential decomposition 

of rubbers, is not suitable for TWP -related polymers. 161 Results in a narrower range were 

obtained in the extractions by CASTELVETRO et al., who observed MP -like PS and PET to be 

recovered at rates between 95.3% and 106.4%. 65 However, the applied polymer masses 

were at least twice as high as in our investigations.  

EPR, on the other hand, seemed to have just exceeded the acceptable limit for recovery 

rates (Tabelle 22). In comparison with blank samples, an overlap with impurities Ñ

presumably originating from the use of cellulose extraction thimbles Ñ could be observed. 

In theory, impurities within the sea sand are also a possible source, but since annealed 

sea sand was used, organic impurities are rather unlikely. Nevertheless, to circumvent this 

issue, we subtracted the average integral, calculated from the designated region of the 

EPR signal within the blank samples, from the actual integral of the EPR -containing 

samples .199,200 The thus -obtained recovery rate of 90.9% now perfectly meets the 

requirements. Unfortunately, the method is not straightforward and poses the risk of 

miscalculations, especially as the quantity of impurities and thus their signal intensity 

might change de pending on the applied thimbles. Further optimization of the EPR 

extraction conditions is therefore necessary in our future work. The addition of a 

prewashing step for the thimbles or the use of other thimble materials like glass !ber are 

conceivable solutions.  

Finally, NR and PIR, although extracted at greater quantities, did not reach the required 

80% recovery, but reached 77.2% and 78.3%, respectively. This is surprising, as the former 

NMR measurements did not show any sign of insu$cient solubility in THF. H owever, 

similar to BR, both PIR and NR contain various double bonds, which might have 

crosslinked at elevated temperatures during the extraction. 161 Another reason could be 

the technical grade of the NR and PIR reference material. Impurities or non -dissolvable 

constituents of the PIR or NR material would add to the weighed masses but not to the 
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NMR results, thus reducing the calculated recovery rates. The similarity in these rates, 

however, further underlines their shared chemical structure and, therefore, their highly 

related properties. Nevertheless, further optimization of the process, includi ng the test 

for shorter extraction times, as well as the need for certi!ed reference materials in the 

!eld of MP and TWP research, will be performed in due course. 201 

Tabelle 22: Extraction data of SBR (separately for PS and BR repeating units), BR, NR, PIR and EPR (EPR* 
representing the values corrected by blind sample data) given as recovery rate, calculated by dividing the 
mass determined by qNMR (Mass calc.) by the mass weighed in the extraction thimble (Mass grav.), as well as 
precision expressed as relative standard deviation based on three repetitive measurements.  

MP Type  Mass grav.  [mg]  Mass calc.  [mg]  Recovery Rate [%]  Precision [%]  

SBR (PS) 0.57 0.52 91.3 98.4 

SBR (BR) 1.86 1.63 87.8 99.8 

BR 2.46 2.25 91.5 99.2 

NR 2.47 1.91 77.2 98.7 

PIR 2.47 1.93 78.3 99.5 

EPR 0.96 1.15 120.1 94.1 

EPR* 0.96 0.87 90.9 92.4 

 

Materials and Methods  

Materials  

Polyethylene Ðco-propylene (EPR) containing approximately 39% propylene, polystyrene Ð

co-butadiene (SBR) containing 23.5% styrene, polybutadiene (BR) and polyisoprene (PIR) 

containing 96% cis -1,4-polyisoprene were provided by WAGU Gummitechnik GmbH, 

Warstein , Germany. Natural rubber (NR) also containing 96% cis -1,4-polyisoprene was 

provided by Weber & Schaer GmbH & Co. KG, Hamburg, Germany. Polystyrene (PS) was 

supplied by Kissenwelt, Germany. EPR, SBR, BR, PIR and NR were cut from bulk into 

particles of arou nd 2.5 mg. Polystyrene was present as expanded beads of 0.5 Ð1 mm in 

diameter. Tetrahydrofuran (THF) * 99.5% was purchased from Carl Roth GmbH & Co. KG, 

Karlsruhe, Germany. Hexamethyl disiloxane (HMDSO) 99.7% (NMR grade) and 

N,N-dimethylformamide (DMF > 99%) were purchased from Thermo Fisher Scienti!c Inc., 

Waltham, USA. Extraction thimbles (MN 645, cellulose) were purchased from Macherey -

Nagel GmbH & Co. KG, DŸren, Germany.  
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Calibration samples  

Two di"erent fractions were examined. The !rst one contained PS, BR, EPR and PIR. The 

second one contained NR and SBR. As an NMR solvent, THF containing 0.1% DMF was 

utilized. For each fraction, !ve calibration samples were prepared from stock solutions  at 

concentration ranges, as listed in Tabelle 17. Additionally, three control samples were 

produced for both compositions by dissolving a previously weighed amount of polymer 

in 1 mL NMR solvent.  

 

Soxhlet process  

SBR, BR, PIR, NR and EPR were weighed separately into extraction thimbles at masses of 

approximately 2.5 mg and mixed into 0.2 g of annealed sea sand acting as a model for an 

inorganic matrix. For the extraction process, a thimble was then placed into a So xhlet 

apparatus before adding 50 mL THF as the extraction solvent. The process was kept under 

re#ux for 24 h. Afterwards, the extract was reduced to approximately 5 mL in volume 

using a rotary evaporator, followed by being transferred into 20 mL glass via ls. The 

remaining solvent was then evaporated at 60 ¡C under a continuous stream of air. Thus, 

the precipitated polymers were again dissolved in 1 mL of NMR solvent for measurement. 

Three blind samples containing only sea sand, but no polymers, were treate d the same 

way. 

 

NMR measurements  

Measurements were performed at room temperature on a JEOL¨ 500 spectrometer with 

a 500 MHz 5 mm TH ATM probe head. For all samples, an automated 1H WET (target: THF; 

signals: 2) sequence provided by JEOL was selected, using the following parameters: #ip 

angle = 90¡, number of scans = 16, acquired size = 32768, spectral width = 15 ppm, receiver 

gain = !xed at 42, relaxation delay = 15 s, acquisitio n time = 4.36767 s. For each sample, 

700 µL was added to respective NMR tubes, being measured three times.  

 



VIII.4.1 Hauptteil Ð Reifenabrieb  

124 
 

Data processing  

NMR spectra were processed within the software ÒMestReNovaÓ. 135 Spectra were 

referenced to the most shifted DMF signal at 7.91 ppm. Phase correction and baseline 

correction were manually performed. Apodization was set to 1 Hz. Integrals were 

determined within the following regions: 0.77 Ð0.97 ppm for EPR (CH3), 5.02Ð5.18 ppm for 

PIR, 5.04Ð5.26 ppm for NR, 5.27 Ð5.50 ppm for BR, 6.32 Ð7.40 ppm for PS, 5.19 Ð5.47 ppm 

for SBR (BR), 6.95Ð7.32 ppm for SBR (PS) and 7.73Ð8.07 ppm for DMF. Further calculations 

were performed in ÒExcelÓ. Integrals were normalized and used for calcu lating respective 

linear regressions according to the method described by PEEZ et al. (2019).77 Accuracy is 

expressed as bias by dividing the calculated mass determined by NMR by the initially 

weighed mass for all model samples. Precision is expressed as relative standard deviation 

based on three repetitive measurements of the model samples as well.  The LOD and LOQ 

were determined based on the respective SNR in analogy to the procedure from PEEZ et al. 

(2019).77 

 

Conclusions  

With this research, we were able to show the applicability of qNMR in TWP analytics, 

enabling the quanti!cation of up to !ve di"erent types of polymers dominant in this 

special material. The technique not only allows for the quanti!cation of environmen tally 

relevant quantities but also is una"ected by most additives, which would hinder common 

TWP analyzing methods. For example, carbon black, usually blocking any infrared 

radiation, does not create any proton NMR signal. In the same way, #uorescence 

properties, typically hampering, e.g., Raman spectroscopic quanti!cation of MPs, is not 

relevant in NMR measurement. Accuracy and precision as well as LOD and LOQ data were 

observed at values that are suitable for trace analytics. A critical requirement sti ll is the 

dissolution of the polymeric material, especially of NR, BR and/or PIR. Thus, further 

research on devulcanization or, likewise, controlled cleavage of crosslinking groups is 

necessary to bring the qNMR of TWPs to its full potential.  
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In addition, the !rst insights into the combination of TWP extraction and qNMR were 

presented Ñ from our perspective, this is an ideal method for matrix removal and sample 

preparation. For most selected polymer types, su$cient extraction rates between 87. 8% 

and 91.5% were achieved, with only the polyisoprene -containing types being slightly 

below an 80% recovery rate. However, we discussed promising ways of further 

optimization; thus, su$cient extraction should be possible.  
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Seghers, J., GŸnther, M., Breidbach, A., Peez, N., Imhof, W. & Emteborg, H. Feasibility of 

using quantitative 1H-NMR spectroscopy and ultra -microbalances for investigation of a 

PET microplastic reference material. Analytical and Bioanalytical Chemistry 415, 3033Ð3040 

(2023), doi:10.1007/s00216 -023-04567-0. 

 

Eigenanteil der dargestellten Ergebnisse  

Die aufgefŸhrte Publikation entstand in Zusammenarbeit mit Mitarbeitern des im Auftrag 

der EuropŠischen Kommission forschenden Joint Reserach Centers (JRC) in Geel. FŸr alle 

an der UniversitŠt Koblenz -Landau durchgefŸhrten Versuche erfolgte die Planung, 

DurchfŸhrung sowie anschlie§ende Auswertung und Diskussion der Ergebnisse in 

eigener Verantwortung. Dies beinhaltet ebenfalls die entsprechend aufgefŸhrten 

Abschnitte des Manuskriptes. Die Ideen!ndung der Arbeit, Anfertigung  des Ÿbrigen 

Manuskriptes, inklus iver der Darstellungen und Tabellen, als auch alle weiteren 

praktischen Arbeiten und Auswertungen der Publikation erfolgten durch Mitarbeiter des 

JRC. Die Korrektur des Skriptes erfolgte in eigener Verantwortung, ebenso wie unter 

Beteiligung von Prof. Dr. Imhof und Mitarbeitern des JRC.  
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Feasibility of using quantitative 1H-NMR spectroscopy and ultra -

microbalances for investigation of a PET microplastic reference 

material  

John Seghers, Marcel GŸnther, Andreas Breidbach, Nadine Peez, Wolfgang Imhof , HŒkan 

Emteborg  

Abstract  

Here, we report on the feasibility of using quantitative NMR and ultra -microbalances for 

additional measurements of the mass of poly -ethylene terephthalate (PET) particles in a 

reference material (RM). The microplastic (MP) PET particles were immobilised i n solid 

NaCl following freeze -drying of a 1 -ml NaCl suspension. The particles ranged from 30 to 

about 200 µm (Feretmin). In a 3 -day process, more than 500 such units of PET particles in 

the NaCl carrier were prepared and later used in a large -scale inter -laboratory 

comparison. The homogeneity of PET in the salt carrier over these 500 units had 

previously been evaluated with respect to the mass of PET using an ultra -microbalance. 

In addition to the original results obtained by weighing, two independent resul ts of 

quantitative 1H-NMR have been obtained for further investigation of this reference 

material together with one additional set of weighing data. The NMR data were used for 

con!rmation of the weighed amount of PET (as weighing is non -speci!c for PET).  Average 

masses of 0.2933±30.04 mg and 0.2863±30.03 mg of PET were obtained using two di"erent 

ultra -microbalances (14% RSD for n3=314 and 9% RSD for n3=34, respectively). The 

corresponding 1H-NMR data was 0.3003±30.02 mg of PET (6.7% RSD for n3=35) and 

0.3453±30.04 mg of PET (12.5% RSD for n3=314), respectively. The average mass of PET 

obtained by 1H-NMR measurements was in agreement with the weighed amounts within 

their standard deviations. A mean value of 0.306 mg PET with an expanded uncertainty of 

0.058 mg (±319% relative) was calculated, and it is traceable to the SI system of 

measurements. Measurement of PET by quantitative 1H-NMR spectroscopy is also 

reported for a water sample. The PET contained in one RM sample was transferred to 1 L 

of water to mimic a drinking water sample for microplastics.  
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Introduction  

Environmental contamination with microplastics (MP) is an increasing problem at global 

scale as the quantities of plastics entering rivers, seas, agricultural soils and sediments 

are ever increasing. 202 FRIAS and NASH proposed a de!nition for microplastics, namely, 

ÒMicroplastics are any synthetic solid particle or polymeric matrix, with regular or irregular 

shape and with size ranging from 1 µm to 5 mm, of either primary or secondary 

manufacturing origin, which are i nsoluble in waterÓ.203 Secondary MP particles, which are 

the main source of MP, are thus generated by degradation of larger plastic objects that 

are spread due to poor or inexistent waste management. 202 

There is growing evidence that MP could also present a risk to human health since 

presence of MP in human blood, breast milk and lung tissue has recently been 

demonstrated by LESLIE, LIU and JENNER et al.39,204,205 

Under all circumstances, accurate and comparable measurement results are crucial for a 

deeper understanding and better mitigation of the problems associated with MP. If, for 

example, successful monitoring of trends of microplastic contamination shall be 

established, measurement methods must be validated and the measurement results 

must be traceable to a common point of reference applying the approaches given in 

ISO/IEC 17025:2017 and the Eurachem Guide for method validation. 206,207 To help ensure 

analytical  quality assurance, reference materials (RMs) and certi!ed reference materials 

(CRMs) are e$cient tools in the analytical laboratory but with di"erent scopes, which have 

important implications. The terms RM and CRM are de!ned in ISO Guide 30. 208 

Consequently, a reference material is a material, su$ciently homogeneous and stable 

with respect to one or more speci!ed properties, which has been established to be !t for 

its intended use in a measurement process. A certi!ed reference material is a  refer ence 

material characterised by a metrologically valid procedure for one or more speci!ed 

properties, accompanied by an RM certi!cate that provides the value of the speci!ed 

property, its associated uncertainty and a statement of metrological traceabilit y.208 

A previous paper describes the preparation of the microplastic RM studied further in this 

work. 209 That RM was deemed to be su$ciently homogeneous and stable to be used in a 

large-scale inter -laboratory comparison (ILC), but it was lacking an assigned value. Only a 
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conservatively estimated indicative range was provided to the ILC participants after the 

exercise. This RM is an example of a non -certi!ed reference material. All ILC results using 

this reference material are summarised in a comprehensive technical report  from the 

Joint Research Centre of the European Commission. 148 

A non-certi!ed reference material still has meaningful use, e.g. to prepare control charts 

or for use in pro!ciency testing. It is useful for relative comparisons, as shown using the 

MP PET material at hand. 148,209,210 In the case of CRMs, they can also be used for method 

validation, a trueness check and provision of metrological traceability of the 

measurement results, which is the basis for accurate measurements providing 

comparability over time and between di"erent laboratories. 206,207,211,212 

When producing a CRM, the characterisation step is a key process of assigning certi!ed 

property values to a reference material (RM). For a quantitative parameter, an accurate 

property value can be achieved by formulation applying accurate and precise weig hing of 

ingredients of known purity. An inter -laboratory comparison using two or more analytical 

methods of demonstrable accuracy in one or more competent laboratories is another way 

to characterise an RM or by using a combination of approaches. 211,212 For this reason, it is 

useful to explore accurate measurement techniques that can be used for characterisation 

of reference materials for microplastics.  

A series of papers have demonstrated the suitability of 1H-NMR for speci!c quanti!cation 

of microplastics like PET and other polymers. 64,77,97 In the current work, ultra -

microbalances and quantitative 1H-NMR spectroscopy were used to further investigate 

the amount of PET in a microplastic reference material. 209 Quanti!cation of PET using 

ultra -microbalances is non -speci!c because any solid material collected on the dried 

silicon !lters (which were used in these studies) contributes to the mass as previ ously 

discussed in the paper by SEGHERS et al.209 Therefore, to con!rm the mass of PET obtained 

by weighing, 1H-NMR was used for quanti!cation of microplastics in remaining units of 

this reference material. Good agreement between the two di"erent measurement 

approaches would con!rm absence of any major contribution from other particles than 

PET in the RM as already shown by optical microscopy in the previous study and to 

establish an accurate mean value of PET in this material.  
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As far as the authors are aware, there are currently no certi!ed reference materials 

available for quantitative parameters in the !eld of microplastic measurements, e.g. 

where the number of MP particles or mass of MP is certi!ed.  

The current work was performed to demonstrate the feasibility of measuring PET in 

remaining units of the reference material used in the ILC using a combination of 

techniques. 207,209 The long-term stability of PET microplastic particles in the salt matrix was 

also established over a period of 31 months, which together with the homogeneity and 

additional measurements of PET, was used to establish the expanded uncertainty of the 

mean va lue given as mass of PET in the salt carrier.  

The concept and approaches developed for the work reported here pave the way for MP 

(C)RM preparations currently under way at JRC -Geel. 

 

Experimental  

1H-NMR at University Koblenz  

Sample preparation for salt carrier RM. Three millilitres of deionised  water was added to 

the RM units to dissolve the salt carrier. Afterwards, 1 mL of an extractant, consisting of 

80% chloroform (CHCl 3, 3>99% purity, Carl Roth GmbH & Co. KG, Karlsruhe, Germany) and 

20% tri#uoroacetic acid (TFA, 3>99.9% purity Carl Roth) (v/v), was added. The closed vessels 

were shaken by hand for 5 min, achieving phase separation within another 5 min standing 

still aft er shaking. By use of a hypodermic syringe, the extract was collected in a separate 

vial and the extraction cycle was repea ted four times. In total, 5 mL of extract was collected 

and evaporated using an air stream at 60 ¡C during 45 min. As NMR solvent, a mixture 

consisting of 80 parts CDCl 3 of 99.8% purity (DEUTERO GmbH, Kastellaun, Germany), 

20 parts TFA, 0.1 part hexamethyldisiloxane (HMDSO) of 98% purity (Carl Roth) and 0.1 

part dimethyl sulfoxide (DMSO) of 3>99.5% purity (Carl Roth) was used (v/v). The solid 

residue obtained after the sample preparation was then reconstituted in 1 mL of the NM R 

solvent.  

For external calibration, !ve samples with concentrations of 0.1, 0.2, 0.3, 0.4 and 

0.5 mg/mL were prepared by dilution of a PET stock solution. 77 
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NMR measurements. For the NMR measurements, 0.7 mL of the resulting solution was 

added to a 5 -mm NMR tube closed by a PTFE cap. Measurements were performed on a 

Jeol¨ 500 spectrometer with a 500 -MHz 5-mm TH ATM probe -head at room temperature. 

All samples were measured three  times using the following parameters: 1H-NMR; angle: 

90¡; scans: 25; acquired size: 32,768; spectral width: 11 ppm; receiver gain: 36; relaxation 

delay: 25 s; and acquisition time: 5.95591 s.  

 

Data analysis. For data analysis, the software MestReNova was used. 135 The chemical shift 

was referenced to the CHCl 3 signal at 7.25 ppm. Phase and baseline correction were 

performed manually. Apodization was set to 0.5 Hz. Signals were integrated in the 

following regions: DMSO at 2.75 to 3.10 ppm, PET (aliphatic) at 4.67 to 5.00 ppm and PET 

(aromatic) at 8.00 to 8.25 pp m. 

Further calculations including the normalisation of signal intensities as well as linear 

regression were performed according to the method described by PEEZ et al.77 DMSO was 

used as an internal standard for normalisation. Precision was calculated as the relative 

standard deviation for each RM sample based on three replicate measurements. The limit 

of detection (LOD) and limit of quanti!cation (LOQ) are based on the signal-to -noise ratio 

of 3 and 10, respectively, and reported in Tabelle 82. 

 

Sample preparation for a water sample spiked with the salt -carrier RM. The content of one 

salt-carrier RM sample was transferred into a 1 -L glass bottle containing 950 mL of !ltered 

water. To ensure a complete transfer of the PET, the sample vial and insert were checked 

for any particles (or salt) that were attached to the i nside of the Te#on -coated insert. 

Afterwards, the salt carrier and PET particles were dissolved in 5 mL water and poured 

into the 1 -L glass bottle. This procedure was repeated eight times. Additionally, the insert 

of the vial was !nally rinsed with 5 mL of water directly into the 1 -L glass bottle. The 

accumulated rinsing portions of 50 mL and the 950 mL of water made up a !nal sample 

volume of 1 L of water. After brief mixing, the water sample with MP was !ltered through 

a P4-glass frit and washed with deionised water. The solid particles on the frit were 
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transferred in two steps into a 20 -mL glass vial: !rst manually by using a spatula and then 

by rinsing with small portions of water until the vial was almost !lled. Afterwards, the 

water was evaporated overnight at 60 ¡C in a drying cabinet that was excl usively used for 

MP samples. Finally, the solid residue was dissolved in 1 mL of CDCl 3/TFA (4:1), using 

0.7 mL for measurements by NMR.  

 

1H-NMR at JRC-Geel 

Sample preparation. Quantitative NMR was also performed at JRC-Geel using an internal 

reference standard instead of external calibration. The internal reference standard used 

for these quantitative NMR measurements is dimethyl sulfone (DMSO 2) certi!ed by NMI 

Australia with a mass fraction purity of  wS = 1000 ± 0.8 mgI g with the uncertainty 

representing the half width of a 95% con!dence range.  

The PET particles were extracted by liquid Ðliquid extraction with some slight modi!cations 

compared with the approach described above. Three millilitres of type -1 water was added 

to an RM sample. 213 With gentle agitation, the salt carrier was dissolved. Once a clear 

solution was obtained, 1 mL of CHCl 3/TFA (4:1, v/v) was added and the unit was shaken 

vigorously by hand. Both CHCl 3 and TFA were of HPLC grade and obtained from VWR, 

Belgium. Then, the unit was agitated in a wrist action shaker at 70 Hz for another 5 min. 

To facilitate phase separation, the unit was centrifuged for 1 min at a relative centrifugal 

force of 3200343g. The organic layer was removed from the bottom with a glass syringe 

and transferred to a clean glass tube. Addition of organic solvent, agitation, centrifugation 

and transfer were repeated three additional times and collected in the same glass tube 

for a total  volume of PET solution of about 4 mL. The solvent was then evaporated in a 

vacuum centrifuge at 40 ¡C to complete dryness. To the dry residue, the internal reference 

DMSO2 was added on a microbalance (d3=30.001 mg). 

This blend was !nally dissolved in 1 mL CDCl 3/TFA (4:1, v/v). After 5 min, 600 µL was 

transferred to a 5 -mm NMR tube. The deuterated chloroform (CDCl 3, NMR grade 

containing 0.03% trimethylsilylpropanoic acid) was obtained from VWR, Belgium.  
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Measurements. All measurements were executed on a Bruker Ascend 400 with a 5 -mm 

PABBI 1H/D-BB Z-GRD Z820201/0276 probe -head and a ÒSample ExpressÓ sampler 

changer. Acquisitions were controlled using the BrukerÕs Topspin V3.2 software. After two 

dummy scans, 100 scans we re acquired per measurement with pulse program ÒzgÓ at a 

scan width of 40 ppm and a free induction decay (FID) size of 128,202. The scan delay time 

was set to 43 s to obtain full relaxation between scans, and the pulse width was set to 

8.12 µs for a 90¡ pulse.  

Measurement batches were run by ÒIconNMRÓ. Per NMR tube, two of the above 

measurements were executed with shimming for each new tube automatically done with 

the Òtopshim tuneaÓ procedure.  

 

Evaluation of NMR data. NMR data were evaluated with the statistical software suite 

ÒR V4.1.2Ó. The functions of package ÒPepsNMR V1.12.0Ó were used to convert the free 

induction decays (FIDs) to the frequency -domain spectra. An apodization with a line 

broadening of 0.3 Hz was used to improve the signal Ðnoise ratio. The frequency -domain 

signal was baseline corrected with the ÒbaselineÓ function of RÕs ÒFTICRMS V0.8Ó package. 

The DMSO2 signal at 3.16 ppm (6H, s) and the signal of the aliphatic protons in the  PET 

repeating units (4.79 ppm, 4H, singlet) were integrated in a range from 10 times the full 

peak width at half maximum (FWHM) to 10 times FWHM taken from the peak apex. The 

integration range was limited to 10 times FWHM to not include the signal of the PET end 

group protons. The integral of the PET signal was divided by the integral of the DMSO 2 

signal to obtain the ratio, R. The two measured ratios R per NMR tube were averaged for 

the following calculations.  

The measurement equation to assign a mass amount to the PET with NMR is as follows:  

 + 8 " F9J$

J8

= 8

= $

+ $

F5K
L$ (16) 

with  F9 being the average of all ratios R per test unit, representing the number of 1H nuclei 

contributing to the integrated signals, representing the molar mass, representing the 

mass and representing the mass fraction purity. The indices and stand for analyte and 

internal standard, respectively. The assumption for Eq. 1 6 to be correct is that the mass 
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fraction purity of the PET added to the salt carrier equals one. A molar mass of 192 g/mol 

of the PET repeating unit is used for MA. For MS, the molar mass of DMSO 2 (94 g/mol) is 

used. The term REC corrects for the overall recovery of the extraction of the PET from the 

salt matrix determined from independent experiments during a method validation study. 

Measurement uncertainty was estimated top -down from validation d ata establishing 

relative repeatability standard deviation as well as intermediate precision  RSD and is 

reported in Tabelle 83. 

 

Use of macroporous silicon membranes for weighing of PET using ultra -microbalances at 

JRC-Geel 

The original weighing approach made use of macroporous  silicon membrane !lters of 

13431 cm, pore size of 5 µm with a pore inter -distance of 12 µm and 500 µm thickness. 

These !lters were obtained from Smart Membranes, Halle, Germany, and used as 

described in previous work using the UMX -5 balance. 209 In the initial set -up, a rubber ring, 

a glass recipient of 20 mL volume and a white Te#on ring was used. The white Te#on ring 

was not completely #at, and its colour made it hard to see remaining PET particles visually.  

 

Slightly adapted weighing approach  

For subsequent !ltrations of the PET suspensions obtained from the RM sample, each 

13431-cm square !lter was placed on a rubber sealing ring placed on the glass frit of the 

!lter holder. The !lter was placed on the rubber ring with the shiny !lter sid e facing 

upwards. The !lter holder was connected to a vacuum pump through a vacuum #ask. 

Thereafter, a custom -made stainless steel funnel and the glass recipient of 20 mL was 

attached with a metal clamp directly onto the !lter resting on the rubber ring  and glass 

frit of the !lter holder. The stainless steel funnel has an inner diameter of 8 mm at the 

bottom and 20 mm at the top with a depth of only 8 mm. It therefore resembles a ring 

more than a funnel and it is conical towards the bottom to minimise p otential losses of 

PET particles (see Abbildung 56 for pieces used for !ltering). The NaCl carrier with PET was 

dissolved and transferred using ten portions of 5 mL 0.1% Triton X -100 surfactant poured 
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directly in the vial, which was then swirled and emptied onto the !lter under suction. 

Afterwards, the vial was rinsed thoroughly several times with type -1 water to transfer all 

particles to the !lter. The !lter was thereafter rinsed with type -1 water t o remove any 

residual Triton X and NaCl. 213 A !nal rinse with 5 mL of ethanol was performed to make 

sure all particles were transferred and to facilitate drying at 60 ¡C. It is important that the 

sample and solutions are kept at room temperature before ! ltration to avoid 

condensation on the stainless steel funnel after !ltration. Before removing the stainless 

steel funnel, the funnel should be tapped gently with a spatula to release particles sticking 

to the metal funnel. The stainless steel funnel was t hen removed and inspected for any 

remaining particles present on the edges. If necessary, such particles can be brought back 

on the !lter with a needle. All !ltering took place in a Nuaire NU -164 clean bench 

(Plymouth, MN, USA). Thereafter, the !lters w ere dried at 60 ¡C overnight in a petri -dish 

with a slightly open lid using an oven (Carbolite, LHT5/120, Hope, UK).  

Weighing of PET captured on silicon !lters was performed using two di"erent ultra -

microbalances. The !rst balance used was the UMX5 model (Mettler -Toledo AG, 

Greifensee, CH) using the principle of substitution weighing as already described in 

previous w ork. 209 The JRC report also contains a dedicated fact box about substitution 

weighing. 148 That balance has a maximum load of 5 g with 0.1 µg resolution. The second 

ultra -microbalance was a UMT2 model (Mettler -Toledo AG, Greifensee, CH) which was 

subsequent ly used without applying substitution weighing. This balance has a maximum 

load of 2 g with a 0.1 µg resolution. Instead, a reference weight of 1 mg class E2 was 

weighed before and after every weighing exercise to ensure adequate performance of the 

balance . No further corrections for air pressure, relative humidity and temperature were 

made.  
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Results and discussion  

Discussion (NMRÑ external calibration/internal calibration)  

The quanti!cation of substances using NMR can be performed using two main routes, 

using an internal reference standard (JRC -Geel) or external calibration (University of 

Koblenz). These approaches also comprise diverse normalising methodologies and ways 

of  integration or characterisation of functional groups.  

In the case of the external calibration method, normalised signal intensities of unknown 

samples are !rst computed according to the procedure described in the ÒData analysisÓ 

section. These normalised signal intensities are subsequently used to calculate the PET 

content by interpolation of a linear regression function obtained from an external 

calibration curve.  

In order to achieve su$cient recovery rates, multiple extraction cycles are necessary for 

both sample preparation methods regardless of calibration mode. This need is caused by 

the extractant used since TFA is soluble in both phases. A major fraction of TFA 

presumably distributes from the organic chloroform phase into the water phase during 

the extraction. This reduces the amount of TFA in the extractant, which can lead to re -

precipitation of PET during the initial extraction cycles, as observed in some c ases. It can 

be assumed that deviations between the analysed samples are mainly caused by the 

extraction process rather than by the NMR measurements themselves. This assumption 

is supported by the high precision of repetitive measurements of the same sampl e 

(Tabelle 82). 

For the quanti!cation using external calibration, hexamethyldisiloxane, HMDSO, was 

initially used as an internal standard since signal overlaps with other substances are 

unlikely. Nevertheless, measurements of the PET RM units after extraction without the 

addition of internal standard displayed several undesired signals that would overlap with 

the HMDSO signal. These signals are presumably residues of Triton X -100 deriving from 

the preparation of the samples and co -extract during samp le preparation. 209 Therefore, 

HMDSO had to be replaced. An alternative internal standard was therefore selected. 

Dimethyl sulfoxide, DMSO, was chosen as its boiling point of 189 ¡C ensures a low vapour 
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pressure lowering the risk for concentration changes during sample preparation and 

measurements. Furthermore, DMSO shows only one singlet at 2.92 ppm, which is not 

overlapping with any other signals of the RM PET sample. In Abbildung 55, respective 

spectra can be compared proving the suitability of DMSO as an internal standard added 

to the NMR solvent for signal normalisation.  

The external calibration approach is best utilised if high throughput of samples is 

intended. At University Koblenz, the internal standard was added to the solvent only to 

compensate for #uctuations of the NMR instrument. Contrary to the internal referenc e 

standard approach applied by the JRC, detailed knowledge of signal shape and associated 

proton number or precise selection of integration areas is not as important as long as 

interferences with matrix signals or impurities can be excluded. Instead, only an accurate 

repetition of data treatment and constant measuring parameters must be ensured. Thus, 

external calibration can be applied easily without excessive knowledge of NMR analysis.  

On the other hand, gravimetric addition of an internal reference standard for 

quanti!cation is best suited if only a handful of samples have to be analysed and high 

accuracy is required. Even though the internal reference standard must be added to every 

sample, there is no need for additional calibration to allow subsequent quanti!cation. 

Thus, each sample can be analysed independently from other measurements.  

 

Mass of PET in the water sample  

The mass of PET in the water sample was determined by a single measurement using the 

integral of the aromatic PET signal in the region of 8.00 Ð8.20 ppm according to the method 

of PEEZ et al.77 That single result was reported as a part of the inter -laboratory comparison 

described in the technical report from the JRC. 148 Each participant to the ILC only had 

access to two units whereof one sample was for practicing. The result of the second 

sample was to be reported. Hence, that single result was 0.269 mg/L. It falls within the 

expanded uncertainty of the mean value shown in Fig. 1. This result shows the usefulness 

of the salt carrier for spiking and that it is indeed possible to add the R M to a matrix that 

is relevant for studies of microplastics, e.g. drinking water.  
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Comparison of results for PET obtained by 1H-NMR and weighing using ultra -

microbalances Ñ calculation of a mean value for all data sets  

Two data sets from 1H-NMR and two data sets using ultra -microbalances comprising 

measurements from 37 di"erent RM units were available. This number corresponds to 

more than 7% of the total number of units prepared. Before combining the four data sets 

obtained by weighing and  measurements by q -NMR, a TukeyÕs range test was applied to 

verify that the mean values of the data sets were all coming from the same population. 214 

The Tukey test is a single -step multiple -comparison procedure and statistical test. It  is 

used to !nd means that are signi!cantly di"erent from each other. Before applying the 

test, three assumptions must be ful!lled. The observations being tested must be 

independent within and among the groups, the groups associated with each mean in t he 

Abbildung 22: The solid red line shows the mean value of 0.306  mg of PET in the RM. The dashed red lines 
show the'±'expanded uncertainty of 0.058  mg. The data sets obtained using ultra -microbalances and 1H-NMR 
are shown with their respective mean values'±'one standard deviation. To the right, the result of measuring 
PET by spiking one unit of the RM into 1 L of water shown as a single data point.  
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test must be normally distributed, and there is an equal within -group variance across the 

groups associated with each mean in the test. A con!dence level of 99% was chosen to 

minimise the false exclusion of one or more of the data sets. Only the compariso n of the 

data sets from q -NMR Geel and ultra -microbalance 1 are di"erent according to this 

statistical test. Abbildung 23 depicts the results graphically, and the outcome is further 

explained in the !gure caption . 

Nevertheless, even if the di"erence is statistically signi!cant, there is no technical reason 

to exclude any of the data sets, as they are truly independent in nature (di"erent 

technique, di"erent operators and di"erent laboratory). Therefore, all four data sets were 

retained for the calculation of an overall mean value.  

 

Estimation of the uncertainty of the mean value for PET in the salt carrier RM  

The mean value of the four data sets with its expanded uncertainty was 0.3063±30.058 mg 

of PET in the salt carrier as shown in Fig. 1. The additional measurements reported in this 

work resulted in a narrower band of con!dence, which falls well within the previously 

Abbildung 23: Graphical representation of TukeyÕs range test. Each horizontal line with the three vertical 
marks shows the di(erence to the overall mean (centre mark), and the lower (left) and the upper (right) end 
of the con!dence range of the respective comparison. On the x -axis, the di(erences in mean levels of 
DATASET are given in micrograms. Overlap with the dashed vertical line at 0 means that there is no statistically 
signi!cant di(erence between the results at a 99% con!dence level. UMBalance denotes ultra -microbalance . 
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established indicative range of 0.2933±30.081 mg PET.209 The solid red line shows the mean 

value whereas the dashed red lines show the expanded uncertainty. By applying the 

approaches laid down in ISO Guide 35:2017, the expanded uncertainty of the mean value 

was calculated applying Eq. 17.212 The speci!c contribution for homogeneity (HOM) of 

7.9% was calculated from ten measurements using 1H-NMR at JRC-Geel. For the 

homogeneity assessment, an approach described by LINSINGER et al. was applied. No 

classical setup based on within - and between -bottle heterogeneity calculated by ANOVA 

could be used as subsampling is precluded. 215 For that reason, the method repeatability 

of 1H-NMR was subtracted from the observed standard deviation obtained for ten units 

measured under repeatability conditions. For characterisation (CHAR), the standard error 

of the unweighted mean based on the four data sets resulted in an uncertainty 

contribu tion of 4.3%. For the long -term stability (LTS), an un certainty contribution for 1 

year was calculated. Repeated weighings over a period of 31 months were used to 

calculate a speci!c uncertainty contribution of 2.9% for 12 months of storage. In practice, 

three time -points for the mass of PET were available a t 0, 10 and 31 months. Direct 

weighings of PET from the salt carrier were performed. No statistically signi!cant trend 

could be observed, but the spread of the data gave a relative uncertainty of 2.9% projected 

over 1 year of storage using the approaches described in ISO Guide 35. 212 

For the homogeneity assessment using 1H-NMR, it was unfortunately not possible to 

select sample units covering the whole !lling sequence, as units with lower !ll -order 

numbers were exhausted. Instead, information from the homogeneity estimate described 

in previous work and new weighing data suggested that the obtained homogeneity of 

7.9% is realistic. 209 

 M:*; " NM<=(+
> ' M?@A

> ' M)BC
>  (17) 

All contributions to the standard uncertainty calculated using Eq. 17 are shown graphically 

in Fig. 3. An expanded uncertainty of 19% was obtained by multiplying the standard 

uncertainty of 9.5% with a coverage factor (k3=32) to provide a con!dence level of about 

95%. An expanded relative uncertainty around 20% is relative ly large but not excessive in 

comparison with speci!c parameters in !nalised CRMs with relatively high expanded 

uncertainties like ERM -CZ110 (ions in PM2.5-like atmospheric dust) and ER M-BC706 
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(pesticides in wheat #our). 216Ð218 The expanded uncertainty obtained shows the 

charpotential of the approaches described here and in previous work for future 

productions of CRMs for microplastics. 209 All the necessary elements to determine an 

accurate mean value and its uncertainty for microplastics in the salt carrier were thus 

assessed and accounted for.  

Both measurement techniques provide measurement results traceable to the kg whereby 

a statement about metrological traceability of the measurement results can be made 

which is also prerequisite necessary for future production of MP CRMs. 208 All 

measurement results can be found in Tabelle 84. 

 

Abbildung 24: Homogeneity, characterisation and long -term stability uncertainties contribute to the standard 
uncertainty of the mean value that was calculated using Eq.  17. The expanded uncertainty of 19% was 
obtained by multiplying the relative standard uncertainty of 9.5% with a k-factor of 2 providing a con!dence 
level of about 95%.  
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Conclusions  

This report describes a !rst demonstration of good comparability between two 

independent data sets of 1H-NMR results and two independent data sets based on 

weighing using ultra -microbalances for a speci!c amount of PET MP in an RM. These 

measurement techniques will be applied to future production of MP CRMs. The 

methodology of preparing microplastic refere nce materials in a salt carrier that are 

further characterised in this way provides a good basis for production of calibrants or 

standards of MP that ca n subsequently be spiked to di"erent matrices for trueness checks 

during method validation. 209 This possibility has also been shown here by adding the salt 

carrier RM containing PET to water, which simulates MP in a drinking water sample. 

Spiking o"ers the possibility of preparing RMs for MP in biological matrices or sediment 

as well. Such spiked matrices are more complex and can be used for further development 

of quantitative sample preparation techniques.  
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VIII.5 !Vorversuch zum Methodenvergleich von 1H-qNMR und py -GC/MS 

Einleitung  

Die weiterentwickelte qNMR -Analyse von MP wurde bereits in verschiedenen 

Anwendungsbereichen erprobt. A ngefangen bei der QualitŠtskontrolle von 

Referenzmaterialien Ÿber Reifenpolymeren bis hin zu biologischen Proben, wie Bio!lmen. 

Eine Frage, die dabei jedoch o"en bleibt, ist , wie sich die neue Methode im Vergleich zu 

bisher etablierten Verfahren verhŠlt. Im Bereich der massebasierten Analysen werden, 

wie in Kapitel VI.1.3 erlŠutert , vor allem thermogravimetrische Verfahren genutzt. Da die 

qNMR ebenso massebasierte Messungen durchfŸhrt , sollte ein Vergleich daher zunŠchst 

anhand dieser Verfahren erfolgen. Dieses Kapitel stellt einen ersten Vorversuch in diese 

Richtung dar, bei welchem Schwebsto"proben des Rheins sowie eine Sedimentprobe 

eines Sees an der Bundesanstalt fŸr GewŠsserkunde (BfG) als auch an der UniversitŠt 

Koblenz vermessen wurden. An der BfG wurden dazu hauptsŠchlich Analysen mittels py -

GC/MS durchgefŸhrt . An der UniversitŠt Koblenz hingegen wurde das in dieser Arbeit 

entwickelte qNMR -Verfahren genutzt. Um auch den Ein#uss unterschiedlicher 

Probenvorbereitungs -Protokolle zu testen, wurden zunŠchst bereits an der BfG 

aufbereitete Proben mittels der qNMR -Methode vermessen. SpŠter erfolgte auch die 

Vermessung noch nicht aufbereiteten Materials nach entsprechender Vorbereitung an 

der UniversitŠt Koblenz.  

 

Material und Methoden  

Materialien  

Polystyrol (PS) wurde in Form expandierter Kugeln der Grš§e 0,5 -1 mm durch die Firma 

Kissenwelt (Deutschland) bereitgestellt. Polybutadien (BR) mit M W=200000-300000 g/mol 

wurde von der Firma Sigma -Aldrich Chemie GmbH (Deutschland) bezogen und jeweils 

hŠndisch in Partikel <2  mm Grš§e geschnitten. Polyvinylchlorid (PVC) wurde als Pulver mit 

einer Korngrš§e <250  µm von der Firma Werth -Metall (Deutschland) bereitgestellt. 

Gleicherma§en erfolgte die Bereitstellung von Polyethylenterephthalat (PET) in Form von 

Fasern der LŠnge 500  µm sowie mit einem Durchmesser von 10 -20 µm durch die Firma 
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SchwarzwŠlder Textil -Werke Heinrich Kautzmann GmbH (Deutschland). Alle genannten 

Polymere wurden ursprŸnglich nicht als Referenzmaterialien gefertigt und sind von 

technischer QualitŠt. Poly(4-#uorstyrol) (4F -PS) wurde durch die BfG bereitgestellt.  

Tri#uoressigsŠure (TFA) 99.9% wurde  von Apollo Scienti!c  (Gro§britannien),  Methanol 

(MeOH) *99.7% von Honeywell (USA)  und  SchwefelsŠure (H2SO4) 96% von Lach-Ner  

(Tschechien) gekauft. Tetrahydrofuran (THF) 99.6 % stabilisiert mittels Butylhydroxytoluol 

(BHT), Chloroform (CHCl 3) *99%, Hexamethyldisiloxan (HMDSO) 99.7%, AmeisensŠure  (FA) 

*98% und  Wassersto"peroxid  (H2O2) 35 wt.% in Wasser wurden von  Thermo Fisher 

Scienti!c  (USA) erworben . 

 

Vergleichsproben  

Drei Schwebsto"proben des Rheins (RmpC) sowie eine Seesedimentprobe (Kirn 

MŸhlenteich) wurden an der BfG mittels PLE extrahiert, auf Kieselgel abgeschieden und 

zusammen mit Teilproben des unaufbereiteten Originalmaterials fŸr Messungen an der 

UniversitŠt Koblenz zur VerfŸgung gestellt. FŸr alle vier Proben erfolgte au§erdem die 

Quanti!zierung des PE -, PP-, PS-, PVC- sowie PET-Gehalts an der BfG mittels py -GC/MS. 

 

Probenaufbereitung Ð PLE-Proben  

Durch die BfG vorbereitete und auf Kieselgel abgeschiedene PLE -Extrakte wurden 

zunŠchst einzeln in Glasfritten (Por4) eingewogen. Im Rahmen der PLE erfolgte dabei eine 

Anreicherung um den Faktor 5. Anschlie§end erfolgte eine Fest -FlŸssig-Extraktion (SLE) 

analog dem in Kapitel VIII.2 beschriebenen Verfahren, welches allerdings auf die 

Extraktionsmittel THF und TFA/CHCl 3 eingekŸrzt wurde. Beide Extrakte wurden daraufhin 

destillativ auf etwa 5  ml eingeengt und anschlie§end bei 60¡C mittels eines leichten 

Luftstroms eingedampft. Die festen RŸckstŠnde wurden dann in je 1  ml NMR-

Lšsungsmittel gelšst und vermessen.  
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Probenaufbereitung Ð SLE-Proben  

Nicht an der BfG extrahiertes Originalmaterial wurde erst  in Glasfritten (Por4) eingewogen, 

dann jedoch nach dem in Kapitel VIII.3 beschriebenen Verfahren aufgearbeitet und 

extrahiert. Die Extrakte wurden anschlie§end analog zu den PLE -Proben zunŠchst auf 

5 ml eingeengt, getrocknet und schlie§lich in 1  ml NMR-Lšsungsmittel gelšst.  

 

NMR-Analyse 

NMR-Messungen erfolgten an einem a Jeol¨ 500 Spektrometer mit 500 MHz 5mm TH ATM 

Probenkopf. FŸr alle Proben wurde eine 1D -WET Sequenz bereitgestellt vo n Jeol mit 

folgenden allgemeinen Parametern gewŠhlt: set o"=5 ppm, spectral width=15 ppm, 

number of scans=20, acquisition time=4.36767 s, relaxation delay=15 s, acquired 

size=32768. DarŸber hinaus wurde je nach Probe entweder TFA oder THF als Haupt -

Lšsungsmittel ausgewŠhlt sowie fŸr TFA/FA ein Signal und fŸr THF zwei Signale zur 

LšsungsmittelunterdrŸckung f estgelegt. In TFA/FA erfolgten dann Messungen bei einem 

receiver gain=36  und in THF bei einem a receiver gain=46 . Die Bearbeitung der Spektren 

erfolgte in der Software ãMestReNovaÒ 135, die weitere Auswertung der Integrale spŠter in 

der Software ãExcelÒ. Basislinienkorrektur sowie Phasenkorrektur wurden manuell 

durchgefŸhrt. Spektren wurden auf das HMDSO -Signal bei 0,07 ppm in THF bzw. 

0,08 ppm in TFA/FA referenziert. Quanti!zierungen in den in Tabelle 85 aufgelisteten 

Grenzen erfolgten analog de n in Kapitel VIII.2 und VIII.3 beschriebenen Verfahren.  

 

Ergebnisse und Diskussion  

Messungen an der UniversitŠt Koblenz  

Mittels qNMR wurden Messungen bezŸglich PS, BR, PVC und PET durchgefŸhrt. Von 

diesen vier Polymeren weist das Signal des PVC, wie bereits in Kapitel VIII.2 diskutiert , die 

geringste IntensitŠt auf. Grund sind zum einen seine Triplet t-Struktur, zum anderen trŠgt 

nur ein Proton zum entsprechenden Signal bei. Daraus ergibt sich, dass PVC auch von 

allen vier Polymeren die hšchsten LOD und LOQ aufweist. Hinzu kommt, dass im 
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Vergleich zu den vorangegangenen Studien in Kapitel VIII.2 bis VIII.4, deutlich  niedrigere 

Konzentrationen kalibriert wurden. Die NŠhe des PVC -Signals zu den unterdrŸckten 

Signalen des THF fŸhrt zu einer leichten Verzerrung der zugrundeliegenden Basislinie. Bei 

niedrigen Konzentrationen, wie in diesem Fall, wirkt sich dies stŠrker au f das Ergebnis aus. 

Aus den genannten E"ekten resultiert, dass nur in der Sedimentprobe ein 

quanti!zierbarer Wert fŸr PVC ermittelt werden konnte. Alle Schwebsto"proben 

wiederum befanden sich unterhalb des LOD.  

Im Gegensatz dazu erzeugt PET intensive Singuletts im Spektrum und ist daher meist auch 

in geringen Konzentrationen detektierbar. Leider konnten die SLE -Proben nicht nach PET 

untersucht werden, da die Messungen der TFA -Extrakte mittels NMR in stark Ÿberlagerten 

nicht auswertbaren Spektren resultierten. Das angewendete Protokoll zur 

Matrixentfernung wurde, wie in Kapitel VIII.3 beschrieben , vor allem an SŸ§wasser -

Bio!lmen getestet und optimiert. Ein rein oxidativer Abbau durch Wassersto"peroxid 

scheint daher fŸr die gegebenen Sediment - und Schwebsto"proben unzureichend zu sein. 

Eine Detektion in den PLE -Extrakten war ebenso nicht mšglich , da das an der BfG 

durchgefŸhrte Extraktionsprotokoll nicht fŸr die Extraktion von PET geeignet ist.  

In Bezug auf  BR wurden fŸr die PLE- und SLE-Proben sehr unterschiedliche Ergebnisse 

erzielt. Die Werte der PLE -Proben lagen dabei Ÿber denen der SLE -Proben. Die SLE ist, wie 

in Kapitel VIII.2 diskutiert, fŸr die MP -Separierung selektiver als die PLE. Gleichzeitig  

herrschen deutlich extremere Bedingungen wŠhrend der PLE vor, sodass gerade 

Polymere mit Doppelbindungen, wie BR, nachtrŠgliche Vernetzungen erfahren und in der 

Folge nicht mehr mittels NMR bestimmt werden kšnnen. Es ist daher eigentlich der 

gegenteilige E"ekt zu erwarten. Mšglicherweise wurden weitere Verbindungen mit 

Šhnlichen chemischen Verschiebungen in der PLE koextrahiert. Wie auch beim PET, 

wurden fŸr BR das angewendete PLE -Verfahren nicht validiert. Die beobachteten 

Probleme fŸr BR kšnnen daher grš§tenteils darauf zurŸckgefŸhrt werden. Gleichzeitig 

sollten die gemessenen Werte nur zur groben Orientierung dienen.  

PS ist das einzige der vier untersuchten Polymere, welches fŸr beide Extraktionsverfahren 

in allen vier Proben detektiert werden konnte. Dennoch ist auch hier ein Unterschied 

zwischen den beiden Varianten zu beachten. Den PLE -Proben wurde vor Extraktion, 
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aufgrund der angedachten py -GC/MS-Untersuchungen, 4F -PS als interner Standard 

zugesetzt. Wie in Abbildung 25 jedoch zu sehen ist, liegen im NMR -Spektrum die 

chemischen Verschiebungen von 4F -PS und PS so nah beieinander, dass entsprechende 

†berlagerungen auftreten. FŸr die PLE -Proben musste daher das Signal zwischen 

6,95 ppm und 7,25  ppm (PS7,1) zur Quanti!zierung genutzt werden. †blicherweise wird 

das Signal zwischen 6,32 ppm und 6,80  ppm (PS6,6) verwendet , da der im THF enthaltene 

Stabilisator BHT ebenfalls ein schwaches Signal bei 6,92 ppm innerhalb  des PS-Signals 

erzeugt und so sonst zum beobachteten Integral  beitragen wŸrde. FŸr die PLE -Proben 

musste der Integrationsbereich daher so angepasst werden, dass mšglichst kein BHT -

Signal mit integriert wird. Da jedoch keine vollstŠndige Basislinientrennung vorliegt, kann 

eine leichte †berbewertung des PS -Integrals n icht komplett ausgeschlossen werden.  

Insgesamt ist die  Detektion in den PLE -Proben fŸr einen Vergleich zwischen NMR und 

py-GC/MS wŸnschenswert. Der Ein#uss durch unterschiedliche Aufbereitungsprotokolle 

kšnnte so vermieden werden , allerdings zeigen die diskutierten Messergebnisse, dass das 

PLE-Verfahren in der Praxis bisher nur bedingt fŸr eine anschlie§ende NMR -Analyse 

Abbildung 25: Vergleich der 1H-NMR Teilspektren von PS, 4F-PS sowie einer Mischung beider Verbindungen.  
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geeignet ist. Es wŠre daher mindestens eine zusŠtzliche Optimierung des Verfahrens fŸr 

NMR-Untersuchungen notwendig, allerdings sprechen die bisherigen Untersuchungen 

dem eher entgegen. Im Rahmen des Vorversuchs sollten fŸr den Vergleich von py -GC/MS 

und N MR soweit mšglich nur die SLE -Proben mittels  der qNMR untersucht  werden.  

Tabelle 23: Mittels 1H-qNMR ermittelte Konzentrationen von BR, PS, PVC und PET in den vier untersuchten 
Sedimentproben.  

Sample  BRa [µg/g]  BRb [µg/g]  PS6,6
b [µg/g]  PVCb [µg/g]  

RmpC_220346 179.75 24.84 326.49 n.D. 

RmpC_220526 246.79 22.73 141.60 n.D. 

RmpC_220888 333.49 53.64 248.18 n.D. 

Kirn MŸhlenteich  213.35 55.47 231.02 2418.66 

a Extraktion erfolgte an der BfG mittels PLE ; b Extraktion erfolgte an der UniversitŠt Koblenz mittels SLE  

 

Messungen an der BfG  

Die in Tabelle 24 dargestellten Ergebnisse wurden nach PLE durch py -GC/MS Messungen 

an der BfG ermittelt. Detaillierte DurchfŸhrungsprotokolle !nden sich fŸr PE, PP und PS 

in DIERKES et al. 2019 sowie fŸr PVC in KAMP et al. 2023.66,67 

Tabelle 24: Mittels py-GC/MS ermittelte Konzentrationen von PE, PP, PS, PVC und PET in den vier untersuchten 
Sedimentproben.  

Sample  PE [µg/g]  PP [µg/g]  PS7,1 [µg/g]  PVC [µg/g]  

RmpC_220346 128.9 15.8 331.2 20.0 

RmpC_220526 51.4 13.1 12.8 17.5 

RmpC_220888 107.1 12.0 103.3 22.7 

Kirn MŸhlenteich  n.D. n.D. n.D. 1683.1 

 

Vergleich der Messergebnisse  

Aus den vorangegangenen Betrachtungen sowie Tabelle 23 und Tabelle 24 geht hervor, 

dass sich leider nur eine geringe Auswahl an Polymeren im Vorversuch vergleichen lassen. 

So sind PE und PP zum jetzigen Stand der qNMR -Methode nicht bestimmbar, auf Seiten 

der py -GC/MS wiederum sind PMMA, BR und PA nicht detektiert worden. PE T wŠre 

grundlegend mittels qNMR bestimmbar, erfordert jedoch zunŠchst die Entwicklung eines 
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weiteren Probenvorbereitungsprotokoll s. Folglich ist ein Vergleich nur fŸr PS und PVC 

mšglich.  

FŸr PVC konnte mittels qNMR lediglich ein Messwert bestimmt werden. Es zeigt sich hier, 

dass sich mittels py -GC/MS niedrigere Konzentrationen bestimmen lassen, wŠhrend die 

qNMR im Vergleich eine geringere SensitivitŠt aufweist. Durch Steigerung der Scanzah l 

innerhalb der NMR -Messung kann eine Erhšhung des SNR und damit Absenkung der LOD 

und LOQ ermšglicht werden, allerdings geht dies zu Kosten der Messdauer. Da sich 

extraktive Verfahren zur Probenvorbereitung fŸr die NMR besonders gut eignen, wŠre die 

Erhšh ung des verwendeten Probenvolumens vermutlich e$zienter. Die Konzentrationen 

in den Schwebsto"proben lagen jeweils unterhalb des LOD der NMR. Letztlich kann so 

nur der Wert der Sedimentprobe verglichen werden. Hierbei wurden Konzentrationen 

innerhalb de rselben Grš§enordnung ermittelt , welches fŸr eine gute Vergleichbarkeit 

spricht. Eine genauere AbschŠtzung ist aufgrund der geringen Probenzahl nicht mšglich.  

Schlie§lich ist nur fŸr PS ein umfassender Vergleich mšglich. Allerdings fehlt hier der 

py-GC/MS Messwert der Sedimentprobe. Die gemessenen Konzentrationen in den 

Schwebsto"proben stimmen Šhnlich wie beim PVC teil weise gut zwischen beiden 

Methoden Ÿberein. Die Werte liegen in zwei Proben innerhalb der gleichen 

Grš§enordnung. FŸr die dritte Probe liegen die Werte um eine Grš§enordnung 

auseinander, wobei die Di"erenz der beiden Messwerte innerhalb der beobachteten 

Varianz der beiden anderen Proben liegt.  

Insgesamt legt der Vorversuch zum einen entsprechende Vorteile und Schwachstellen der 

einzelnen Methoden o"en, zum anderen gibt er Hinweise fŸr die bessere Gestaltung 

eines umfassenden Methodenvergleichs. WŠhrend sich mittels py -GC/MS geringere LOD 

und LOQ ergeben, kann mittels qNMR eine genauere Charakterisierung und 

Identi!zierung der Polymere vollzogen werden. ZusŠtzlich sollte  durch Erhšhung der 

Messdauer auch in der qNMR eine Verbesserung der LOD und LOQ mšglich  sein. Deutlich 

wird, dass die Probenvo rbereitung einen entscheidenden Ein#uss auf die QualitŠt der 

anschlie§enden Messergebnisse hat. In den Proben, in denen ein Vergleich der Methoden 

mšglich ist, zeigt sich, dass die qNMR Šhnlich gute Ergebnisse wie die py -GC/MS liefert. 

FŸr eine Hauptstudi e mŸsste allerdings die Probenzahl deutlich erhšht werden. Zudem 
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sollte die Steigerung des Probenvolumens fŸr die qNMR -Analyse in Betracht gezogen 

werden, um auch hier ausreichende Konzentrationen fŸr eine Bestimmung zu erhalten. 

Schlie§lich zeigt sich, dass  sich ein gemeinsames Proben aufbereitungs protokoll aufgrund 

der unterschiedlichen Zielpolymere nicht eignet und stattdessen die jeweils etablierten 

Protokolle fŸr die gewŠhlte Matrix optimiert werden sollten.  

 

Eigenanteil der dargestellten Ergebnisse  

Alle an der UniversitŠt Koblenz durchgefŸhrten Versuche erfolgten in eigener 

Verantwortung. Dies schlie§t insbesondere die Aufbereitung und Vermessung der 

Umweltproben, die Kalibrierung des NMRs sowie die anschlie§ende Auswertung und 

Diskussion der Versuch sergebnisse ein. Die Umweltproben, einschlie§lich durch PLE -

Verfahren extrahiertes Material, sowie Messergebnisse mittels py -GC/MS wurden von 

Mitarbeitern der BfG zur VerfŸgung gestellt.  
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IX!Fazit und Ausblick  

In den Kapiteln VIII.1 bis VIII.4, wurde eine  neue Methode zur Quanti!zierung von MP 

mittels NMR vorgestellt, welche sowohl bestehende Verfahren zusammenfasst, als auch  

diese um etliche Aspekte erweitert. Zu Beginn wurde die simultane Quanti!zierung 

mehrerer Polymertypen innerhalb einer Probe dargestellt. Nach wie vor ist es nicht 

mšglich , alle denkbaren Polymersorten in einer einzigen Lšsung zu vermessen, jedoch 

konnte  die Vielzahl an Einzelmethoden schrittweise in eine Ÿberschaubare  Zahl 

gemeinsamer Gruppen vereint werden. Entscheidend  sind dabei die 

Lšslichkeitseigenschaften der beteiligten Polymertypen sowie die Position ihrer Signale 

im Spektrum. Polyole!ne wie PP und PE lassen sich meist gut in aromatischen 

Lšsungsmitteln bei zugleich hohen Temperaturen lšsen . Polykondensationsprodukte wie 

PET und PA benštigen dementgegen eher saure Lšsungsmittel. Vinylbasierte 

Lšsungsmittel wiederum lšsen sich im Allgemeinen in eher klassisch en organischen 

Lšsungsmitteln. Beispiele sind hierbei PMMA, PS und BR, welche in THF und Chloroform 

gemessen werden kšnnen. Dennoch existieren auch Ausnahmen. PAN beispielsweise lšst 

sich nur in vorwiegend sauren Lšsungsmitteln und liegt so nŠher an PA und PET bezŸglich 

seiner Lšslichkeit , obwohl es strukturell eher mit PS und PMMA vergleichbar  ist. Die 

Verwendung von NOD -Sequenzen zeigt sich in diesem Zusammenhand als 

entscheidender Vorteil, da fŸr viele Lšsungsmittel so erst Messungen mšglich  werden. 

THF und TFA etwa erfahren eine deutliche Kostenreduktion und stehen nun auch fŸr 

routinemŠ§ige Messungen zur Ver fŸgung. Die Quanti!zierung im Spektrum erfolgt, wie 

schon bei PEEZ et al., fŸr die meisten Polymertypen anhand der funktionellen Gruppen. 

Sie verscha"t der Methode damit eine hohe SelektivitŠt im Vergleich zu anderen MP -

Analyseverfahren. Insgesamt wurde im Rahmen der durchgefŸhrten Untersuchungen 

eine breite Auswahl mšg licher Kombinationen von Polymertypen vorgestellt. So etwa, PS, 

BR und teilweise PMMA und PVC in THF oder Chloroform, PET, PA und teils PAN in 

Gemischen aus TFA und TFE oder FA sowie mehrere  Einzelverfahren. Arbeitsaufwand und 

Messdauer konnten so im Vergl eich zu bestehenden qNMR -Studien reduziert und 

zusŠtzliche Mšglichkeiten zu deren Analyse gescha"en  werden . 
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Eine dieser Mšglichkeiten ist die Bestimmung von Copolymeren mittel s homopolymerer 

Kalibrierungen. Es konnte gezeigt werden, dass die De!nition identischer 

Wiederholeinheiten als Summenparameter zum einen die Quanti!zierung von 

Mischungen verschiedener Polymere mit strukturellen €hnlichkeiten, wie etwa in ABS, 

SBR und PS, ermšglicht, zum anderen kann so auf Copolymere als Referenzmaterialien 

verzichtet werden. In beiden FŠllen wŸrden etliche Nachteile entstehen. Copolymere sind 

je nach Hersteller in verschiedenen VerhŠltnissen zusammenges etzt . Passende 

Referenzmaterialien zu !nden Ð vor allem fŸr unbekanntes MP aus Umweltproben Ð wŠre 

nahezu unmšglich. Gleichzeitig ist die Fraktionierung strukturell Šhnlicher Polymere wie 

SBR, ABS und PS kaum quantitativ durchfŸhrbar. Beide Probleme werden so um gangen. 

Der Ansatz wurde bisher nur fŸr SBR getestet, das Prinzip sollte jedoch auch auf andere 

Copolymere Ÿbertragbar sein. Genauere Aussagen lassen sich erst durch Ausweitung um 

Studien an weiteren Copolymertypen tre"en.  

Abseits der reinen Messung wurde das Verfahren auch um ein passendes 

Probenvorbereitungsprotokoll erweitert. Hierbei wird direkt an die Erkenntnisse der 

simultanen Quanti!zierung angeknŸpft und die fŸr NMR -Messungen notwendige 

Lšslichkeit der Polymere fŸr eine extraktive Fraktionierung verwendet. Die SelektivitŠt der 

unterschiedlichen Messgruppen kann so auch zu deren Trennung ausgenutzt werden. Im 

Verlauf der Untersuchung wurde gezeigt, dass sich moderne PLE -Verfahr en leider nur 

bedingt fŸr qNMR -Messungen  eignen . Schonendere Verfahren , welche bei geringerem  

Druck und niedrigerer Temperatur arbeiten, kšnnen demgegenŸber eine BeschŠdigung 

der PolymermolekŸle meist vermeiden. Im Vergleich zu bisher etablierten Verfahren fŸr 

die qNMR ermšglicht das vorgestellte Protokoll die Separierung von bis zu sechs 

verschiedenen Polymertypen anstelle nur eines Einzelnen. En tscheidend sind dabei 

Reihenfolge und Handhabung der verwendeten Lšsungsmittel, da eine quantitative 

Lšslichkeit sowie anschlie§ende schonende Abtrennun g des Extraktionsmittels 

gewŠhrleistet werden m uss. DMSO beispielsweise ist fŸr Messungen von PAN sehr gut 

geeignet, lŠsst sich aufgrund seines hohen Siedepunktes allerdings nach Extraktion kaum 

abtrennen. Saure Extraktionsmittel wiederum zersetzen Polymere wie PS und BR und 

sollten daher erst spŠter im  Extraktionsprozess verwendet werden. Neben der 

Fraktionierung in Messgruppen, werden  auch anorganische Matrix bestandteile  
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abgetrennt. Hierbei sollte auf LšsungsmittelzusŠtze wie Stabilisatoren, VergŠllungsmittel 

und €hnliche s geachtet werden. Teilweise besitzen diese hohe Siedepunkte, etwa bei BHT 

in THF, wodurch sie sich  Ÿber den Verlauf der Probenvorbereitung anreichern.  

FŸr die Reduktion organischer Matrix bestandteile  wurden verschieden Optionen etabliert. 

Zu Beginn wurde eine Erweiterung der extraktiven Fraktionierung getestet. Gruppen wie 

DIERKES et al. sowie FULLER und GAUTAM zeigten bereits, dass Waschschritte mit Methanol 

noch vor der eigentlichen Extraktion bereits erhebliche Mengen organischer Matrix 

abtrennen kšnnen. In dieser Arbeit konnte gezeigt werden, dass dieses Mittel sich ebenso 

fŸr die hier vorgestellte Probenvor bereitung eignet. Auch im spŠteren Verlauf, etwa nach 

einer chemischen Zersetzung, kann dies hilfreich sein. So konnten etwa nur teilweise 

abgebaute organische Reste mittels Chloroform entfernt werden, ohne die 

Wieder!ndung sraten  der Zielpolymere zu beein trŠchtigen. Gleichzeitig wurde deutlich, 

dass bei Anwendung saurer Extraktionsmittel, wie fŸr PET und PA, auf eine chemische 

Zersetzung nicht verzichtet werden kann. Das zuvor von PEEZ et al. publizierte Verfahren 

ist fŸr PET zwar geeignet, f Ÿr andere Polymertypen wie PA stellte der hohe SŠureanteil 

allerdings ein erhebliches Problem dar. Die Reduktion auf ein rein oxidatives Verfahren 

ermšglichte schlie§lich die Messung der zuvor untersuchten sechs Polymertypen PS, BR, 

PVC, PMMA, PET und PA in Anwesenheit eines Flie§gewŠsserbio!lms. Im 

Methodenvergleich mit py -GC/MS Messungen wiederum zeigte sich, dass das verwendete 

Zersetzungsprotokoll nicht einfach auf andere Matri ces Ÿbertragen werd en kann, 

sondern fŸr die jeweilige Studie neu optimiert werden muss. Das Problem ist vor allem 

die Kombination der chemischen Matrixreduktion mit anschlie§ender extraktiver 

Separation des MP. UnvollstŠndig abgebaute Mat rixbestandteile werden teils mit den 

Polymeren koextrahiert und Ÿberlagern anschlie§end die Spektren. Eine vollstŠndige 

Zersetzung oder aber zusŠtzliche Waschschritte sind demnach entscheidend. Denkbar 

wŠren auch die Implementierung zusŠtzlicher Schritte zu r Reduktion der zu 

extrahierenden Pr obenmenge durch Verfahren wie Siebungen, Dichteseparation oder 

€hnliche s. Dies allerdings  zum Preis eines hšheren Arbeitsaufwandes. Reaktionen mit 

anorganischer Matrix kšnnen ebenfalls statt!nden, stellen im Allgemeinen jedoch kaum 

ein Problem dar. PEEZ et al. schilderten etwa die Reaktion saurer Lšsungen mit 

kalkhaltigen Proben. Da dabei jedoch lediglich Abbauprodukte wie CO 2 oder H 2O 
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entstehen, welche anschlie§end entweder leicht abgetrennt oder nicht detektiert werden, 

muss lediglich auf die verwendete Menge der sauren Lšsungen geachtet werden. Das 

Verfahren ist damit sehr modular. Die Matrixreduktion, in Form chemischer Zersetzung 

sowie verschiedener Waschschritte, kann je nach Probe frei in die Fraktionierung 

integriert werden, wobei der Ein#uss auf die Polymere jederzeit bedacht werden sollte. 

Einzelne Extraktionsschritte kšnnen bei Bedarf ausgelassen werden, beispielsweise wenn 

lediglich ein Polymer wie PET von Interesse ist. Auch das HinzufŸgen weiterer Extraktions - 

und Aufbereitungsschritte auf Grundlage dieser Basis ist denkbar.  

Durch ihr Grundprinzip liefert die qNMR eine ideale Mšglichkeit , Identi!kation und 

Quanti!zierung parallel durchzufŸhren. Dies wurde in der Entwicklung zerti!zierter 

Referenzmaterialien fŸr MP am Beispiel von PET gezeigt. WŠhrend thermogravimetrische 

Methoden nur von Abbauprodukten auf das ZielmolekŸl schlie§en kšnn en und 

gravimetrische Methoden allein e keine Charakterisierung zulassen, ist dies innerhalb der 

qNMR ohne Probleme mšglich. Auch hier wurde ein extraktives Verfahren eingesetzt, 

welches zudem  aufgrund der geringen organischen Matrixbelastung ohne zusŠtzliche 

Probenvorbereitung aus kommt . Die bestimmten Massen erzielen eine hohe 

Reproduzierbarkeit, selbst bei Analyse durch verschiedene Anwender und bei 

unterschiedlichen GerŠten. Denkbar wŠre folglich die zukŸnfti ge Anwendung unter 

anderem in der Trinkwasseranalyse. ZusŠtzlich zum Verfahren aus de n Kapiteln VIII.1 bis 

VIII.3 wurden Di"usionsmessungen  vorgestellt. Sie erlauben eine weiterfŸhrende 

qualitative Charakterisierung von Mischproben selbst bei †berlagerung verschiedener 

Signale. Bei Anwesenheit kleinerer MolekŸle lassen sich diese recht einfach durch 

Variation der Messparameter virtuell von de n Polymeren separieren , und auch 

quantitative Analysen sind unter bestimmten Voraussetzungen mšglich. Die Erweiterung 

um Di"usionsmessungen sowie die Anwendung auf Referenzmaterialien machen 

deutlich: Die qNMR be!ndet sich auf der Schnitt#Šche zwischen quantitativer und 

qualitativer MP -Analyse. Der Einsatz zur PET-Quanti!zierung in Bio!lmen  wiederum 

verdeutlicht die optimale VerknŸpfung von extraktiver Probenvorbereitung mit der qNMR. 

Besonders dort, wo Partikel in Form von Agglomeraten und €hnlichem eingeschlossen 

sind, kšnnen diese nach Zerkleinerung oder Zersetzung extraktiv herausgelšst und sehr 

selektiv durch NMR analysiert werden. Die Untersuchung von TWP schlie§lich gibt 
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Anstš§e fŸr zukŸnftiges Potential der Methode aber auch ihren verbliebenen 

Herausforderungen. Zum einen wird gezeigt, dass das Prinzip des Verfahrens in 

GrundzŸgen gut auf andere Polymere Ÿbertragen werden kann. Selbst strukturell sehr 

Šhnliche Sto"e wie BR und PIR kšnnen separat quanti!ziert werden. Andererseits wurden 

bisher nur nicht -vulkanisierte Produkte analysiert. Die Lšslichkeit der Polymere stellt nach 

wie vor die grš§te Herausforderung dar. FŸr eine praktische Anwendung auf vernetzte 

Materialien , wie bei den meisten Kautschuk derivaten , ist daher zuvor die Erforschung 

eines geeigneten Devulkanisierungsprozesses notwendig.  

Die StŠrken und Grenzen des Verfahrens werden in den verschiedenen 

Anwendungsbeispielen sowie im Vorversuch des Methodenvergleichs deutlich. Fehlende 

Referenzmaterialien erschweren, wie bei fast allen Verfahren in der MP -Analytik, eine 

weitreichende Standardisierung der Methoden . Gleichzeitig ist die qNMR dank ihrer 

umfassenden Mšglichkeiten zur Charakterisierung der detektierten Verbindungen 

weniger stark auf diese angewiesen, da auch ohne Kalibrierungen eine Quanti!zierung 

mšglich ist. Eine Limitierung b esteht neben vernetzten Polymeren vor allem in Hinsicht 

auf PE und PP, welche beide mit zu den hŠu!gsten MP -Typen gehšren. Bereits die Wahl 

eines geeigneten Lšsungsmittels gestaltet sich schwierig, da Sto"e wie Toluol und Xylol 

zwar beide Polymere gut lš sen, jedoch etliche Signale im Bereich von PE und PP erzeugen. 

Benzol wiederum besitzt einen zu niedrigen Siedepunkt, um eine ausreichende Lšslichkeit 

zu gewŠhrleisten, gleichwohl hier keine †berlappung von Signalen zu erwarten ist. Selbst 

wenn ein passend es Lšsungsmittel gefunden werden kšnnte, wŸrde das Fehlen 

spezi!scher funktioneller Gruppen eine fehlerfreie Quanti!zierung erschweren. Signale 

weiterer Polymere sowie unvollstŠndig abgetrennte Matrixbestandteile kšnnen vielfach 

Signale an gleicher Position im Spektrum erzeugen, sodass ein hohes Risiko zu r 

†berbewertung der Befunde bestehen wŸrde. Der Vorversuch zum Methodenvergleich 

zeigt schlie§lich, dass die qNMR zwar eine geringere SensitivitŠt sowie noch 

unzureichende Optimierung hinsichtlich weitere r Matri ces aufweist, andererseits jedoch 

das Spektrum messbarer Polymertypen gegenŸber der etablierten py -GC/MS erweitert 

und neben hoher SelektivitŠt auch eine Vielzahl zusŠtzlicher Mšglichkeiten zur 

Identi!kation und Charakterisierung bietet. Die Messdauer verb leibt, je nach gefordertem 

Konzentrationsbereich, bei einigen Minuten bis wenigen Stunden und ist damit auf einem 
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Šhnlichen Niveau wie bestehende thermogravimetrische Verfahren sowie deutlich 

schneller als die etablierten spektroskopischen Verfahren, wie µFTIR oder µRaman. Der 

Einsatz von NiederfeldgerŠten ermšglicht zudem die Nutzung der Methode auch bei 

moderaten Investitions - sowie geringen Betriebskosten.  

Abschlie§end zeigt die vorliegende Arbeit das breite Potential der qNMR ebenso wie ihre 

KonkurrenzfŠhigkeit gegenŸber etablierten Methoden zur MP -Analyse. Im Vergleich zu 

diesen be!ndet sie sich erst am Anfang ihrer Entwicklung, sodass momentan noch einig e 

Herausforderungen verbleiben. Besonders die Ausweitung auf weitere Polymertypen und 

Matri ces, die Erforschung von Devulkanisierungsverfahren im Zusammenhang mit TWP 

sowie die Implementierung vielfŠltige r spezialisierte r NMR-Sequenzen kšnnen hier 

weitere Mšglichkeiten scha"en. Schon jetzt wurden  etliche Nischen  gefunden , die optimal 

durch die qNMR besetzt werden kšnnen.  
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X.4!Zusatzmaterialien  

X.4.1!ErgŠnzende Materialien zu Kapitel VIII.1  

 

 

  

Abbildung 26: 1H-NMR spectra of PS, BR and PVC measured in non -deuterated THF using HMDSO as INST. 

Abbildung 27: 1H-NMR spectra of PET and PA measured in non -deuterated TFA/FA (85:15 Vol. -%) using HMDSO 
as INST. 
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Abbildung 29: 1H-NMR spectra of SBR measured in non -deuterated THF using HMDSO as INST. 

Abbildung 28: Comparison of PET and PA measured by 1H-NMR in TFA/FA (85:15 Vol.-%) either using DCM (top) 
or HMDSO (bottom) as INST.  
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Abbildung 31: Calibration graph (      ) of PVC in THF at 2.5-0.5 mg/mL. Additionally, the con!dence interval ( ááááá) 
and data points for the calibration samples ( "), that were used for the linear regression as well as model 
samples (x), which allow subsequent metho  

Abbildung 30: Calibration graph (      ) of BR in THF at 2.5-0.5 mg/mL. Additionally, the con!dence interval ( ááááá) 
and data points for the calibration samples ( "), that were used for the linear regression as well as model 
samples (x), which allow subsequent method validation are depicted.  
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Abbildung 33: Calibration graph (      ) of PET in TFA/FA at 2.5-0.5 mg/mL. Additionally, the con!dence interval 
(ááááá) and data points for the calibration samples ( "), that were used for the linear regression as well as model 
samples (x), which allow subsequent method validation are depicted.  

Abbildung 32: Calibration graph (      ) of PA1 in TFA/FA at 2.5-0.5 mg/mL. Additionally, the con!dence interval 
(ááááá) and data points for the calibration samples ( "), that were used for the linear regression as well as model 
samples (x), which allow subsequent method validation are depicted.  
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Abbildung 35: Calibration graph (      ) of PA2 in TFA/FA at 2.5-0.5 mg/mL. Additionally, the con!dence interval 
(ááááá) and data points for the calibration samples ( "), that were used for the linear regression as well as model 
samples (x), which allow subsequent method validation are depicted.  

Abbildung 34: Calibration graph (      ) of PA3 in TFA/FA at 2.5-0.5 mg/mL. Additionally, the con!dence interval 
(ááááá) and data points for the calibration samples ( "), that were used for the linear regression as well as model 
samples (x), which allow subsequent method validation are depicted.  
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Abbildung 37: Calibration graph (      ) of PVC in THF at 0.5-0.1 mg/mL. Additionally, the con!dence interval ( ááááá) 
and data points for the calibration samples ( "), that were used for the linear regression as well as model 
samples (x), which allow subsequent method validation are depicted.  

Abbildung 36: Calibration graph (      ) of BR in THF at 0.5-0.1 mg/mL. Additionally, the con!dence interval ( ááááá) 
and data points for the calibration samples ( "), that were used for the linear regression as well as model 
samples (x), which allow subsequent method validation are depicted.  
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Abbildung 39: Calibration graph (      ) of PS in THF at 0.5-0.1 mg/mL. Additionally, the con!dence interval ( ááááá) 
and data points for the calibration samples ( "), that were used for the linear regression as well as model 
samples (x), which allow subsequent method validation are depicted.  

Abbildung 38: Calibration graph (      ) of PET in TFA/FA at 0.5-0.1 mg/mL. Additionally, the con!dence interval 
(ááááá) and data points for the calibration samples ( "), that were used for the linear regression as well as model 
samples (x), which allow subsequent method validation are depicted.  
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Abbildung 41: Calibration graph (      ) of PA1 in TFA/FA at 0.5-0.1 mg/mL. Additionally, the con!dence interval 
(ááááá) and data points for the calibration samples ( "), that were used for the linear regression as well as model 
samples (x), which allow subsequent method validation are depicted.  

Abbildung 40: Calibration graph (      ) of PA2 in TFA/FA at 0.5-0.1 mg/mL. Additionally, the con!dence interval 
(ááááá) and data points for the calibration samples ( "), that were used for the linear regression as well as model 
samples (x), which allow subsequent method validation are depicted.  
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Tabelle 25: Intensities of PVC, BR and PS calibration samples within the range of 2.5 -0.5 mg/mL measured by 
1H-NMR simultaneously dissolved in non -deuterated THF using HMDSO as INST (0.1%). Each sample is 
measured three repetitive times within one day.  

Sample   Concentration [mg/mL]  Absolute Intensity  Normalised Intensity  

PVC BR PS INST PVC BR PS PVC BR PS 

K1 1 

2.51 2.49 2.51 

1.7457 0.8125 1.8558 2.6204 

1.37 3.13 4.43 2 5.4027 2.4740 5.7077 8.0638 

3 1.7224 0.7996 1.8269 2.5767 

K2 1 

2.00 1.99 2.01 

5.4720 2.0447 4.6595 6.6445 

1.10 2.51 3.57 2 5.4606 2.0078 4.6247 6.5628 

3 5.5087 2.0530 4.6697 6.6210 

K3 1 

1.50 1.49 1.51 

5.4817 1.5422 3.5277 5.0463 

0.83 1.90 2.71 2 5.5121 1.5580 3.5321 5.0376 

3 5.4968 1.5218 3.5137 5.0155 

K4 1 

1.00 1.00 1.00 

5.5273 1.0318 2.3836 3.4654 

0.54 1.27 1.84 2 5.5345 1.0114 2.3724 3.4492 

3 1.7483 0.3140 0.7503 1.0839 

K5 1 

0.50 0.50 0.50 

5.5284 0.4820 1.1022 1.7069 

0.25 0.58 0.91 2 5.5236 0.4638 1.0909 1.6869 

3 5.4148 0.4642 1.0623 1.6475 

 

  

Abbildung 42: Calibration graph (      ) of PA3 in TFA/FA at 0.5-0.1 mg/mL. Additionally, the con!dence interval 
(ááááá) and data points for the calibration samples ( "), that were used for the linear regression as well as model 
samples (x), which allow subsequent method validation are depicted.  
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Tabelle 26: Intensities of PVC, BR and PS calibration samples within the range of 0.5 -0.1 mg/mL measured by 
1H-NMR simultaneously dissolved in non -deuterated THF using HMDSO as INST (0.1%). Each sample is 
measured three repetitive times within one day.  

Sample   Concentration [mg/mL]  Absolute Intensity  Normalised Intensity  

PVC BR PS INST PVC BR PS PVC BR PS 

K1 1 

0.50 0.51 0.49 

6.1380 0.4321 1.1042 1.6610 

0.47 1.13 1.71 2 6.3363 0.4839 1.1455 1.7382 

3 6.3363 0.4828 1.1448 1.7241 

K2 1 

0.40 0.40 0.40 

6.2789 0.3495 0.8843 1.4024 

0.37 0.90 1.41 2 6.3066 0.3902 0.9160 1.4245 

3 6.3773 0.3904 0.9228 1.4452 

K3 1 

0.30 0.30 0.30 

6.2336 0.2580 0.6837 1.0883 

0.28 0.69 1.09 2 6.2462 0.2925 0.6785 1.0928 

3 6.3244 0.3023 0.6957 1.0825 

K4 1 

0.20 0.20 0.20 

6.4252 0.1606 0.4666 0.8219 

0.18 0.46 0.81 2 6.3395 0.2089 0.4664 0.8267 

3 6.4322 0.1942 0.4804 0.8376 

K5 1 

0.10 0.10 0.10 

6.4583 0.1036 0.2368 0.5216 

0.10 0.24 0.51 2 6.4775 0.1093 0.2528 0.5281 

3 6.4788 0.1029 0.2435 0.5186 

 

Tabelle 27: Intensities of PA and PET calibration samples within the range of 2.5 -0.5 mg/mL measured by 1H-
NMR simultaneously dissolved in non -deuterated TFA/FA (85:15 Vol. -%) using HMDSO as INST (0.1%). Each 
sample is measured three repetitive times within one day.  

Sample   Concentration 

[mg/mL]  

Absolute Intensity  Normalised Intensity  

PA PET INST PA1 PA2 PA3 PET PA1 PA2 PA3 PET 

K1 1 

2.50 2.50 

1.8569 2.7662 0.9128 0.9025 1.1196 

2.77 0.92 0.90 1.12 2 1.8622 2.7686 0.9166 0.9034 1.1111 

3 1.8603 2.7690 0.9165 0.8997 1.1166 

K2 1 

2.00 2.00 

1.8421 2.2088 0.7314 0.7200 0.8930 

2.23 0.74 0.73 0.90 2 1.8467 2.2094 0.7300 0.7206 0.8929 

3 1.8380 2.2012 0.7319 0.7155 0.8854 

K3 1 

1.50 1.50 

1.8522 1.6775 0.5495 0.5475 0.6690 

1.68 0.55 0.55 0.67 2 1.8425 1.6699 0.5441 0.5406 0.6683 

3 1.8465 1.6710 0.5508 0.5436 0.6714 

K4 1 

1.00 1.00 

1.8953 1.1685 0.3864 0.3787 0.4680 

1.14 0.38 0.37 0.46 2 1.8977 1.1633 0.3842 0.3784 0.4684 

3 1.9001 1.1696 0.3807 0.3785 0.4614 

K5 1 

0.50 0.50 

1.8667 0.5839 0.1898 0.1911 0.2327 

0.59 0.19 0.19 0.23 2 1.8560 0.5907 0.1936 0.1939 0.2302 

3 1.8647 0.5837 0.1875 0.1900 0.2236 
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Tabelle 28: Intensities of PA and PET calibration samples within the range of 0.5 -0.1 mg/mL measured by 1H-
NMR simultaneously dissolved in non -deuterated TFA/FA (85:15 Vol. -%) using HMDSO as INST (0.1%). Each 
sample is measured three repetitive times within one day.  

Sample   Concentration 

[mg/mL]  

Absolute Intensity  Normalised Intensity  

PA PET INST PA1 PA2 PA3 PET PA1 PA2 PA3 PET 

K1 1 

0.50 0.50 

1.8646 0.5525 0.1898 0.1838 0.2293 

0.56 0.19 0.18 0.23 2 1.8843 0.5666 0.1824 0.1854 0.2268 

3 1.8748 0.5502 0.1839 0.1833 0.2235 

K2 1 

0.40 0.40 

1.8296 0.4454 0.1467 0.1418 0.1780 

0.46 0.15 0.15 0.18 2 1.8517 0.4510 0.1461 0.1483 0.1824 

3 1.8233 0.4444 0.1462 0.1437 0.1759 

K3 1 

0.30 0.30 

1.8188 0.3376 0.1100 0.1090 0.1346 

0.35 0.11 0.12 0.15 2 1.8476 0.3360 0.1105 0.1177 0.1516 

3 1.8334 0.3408 0.1115 0.1113 0.1395 

K4 1 

0.20 0.20 

1.8752 0.2343 0.0696 0.0782 0.0957 

0.24 0.08 0.08 0.09 2 1.8768 0.2499 0.0850 0.0774 0.0957 

3 1.8643 0.2335 0.0785 0.0770 0.0850 

K5 1 

0.10 0.10 

1.8966 0.1260 0.0425 0.0391 0.0536 

0.12 0.04 0.04 0.05 2 1.8917 0.1246 0.0310 0.0378 0.0485 

3 1.8842 0.1273 0.0411 0.0419 0.0481 

 

Tabelle 29: Intensities of PVC, BR and PS model samples  within the range of 2.5 -0.5 mg/mL measured by 1H-
NMR in non -deuterated THF using HMDSO as INST (0.1%). Each sample is measured !ve times distributed 
over !ve hours.  

Sample  t [h]  Concentration [mg/mL]  Absolute Intensity  Normalised Intensity  

PVC BR PS INST PVC BR PS PVC BR PS 

M1 0 

1.38 2.17 0.75 

1.9420 0.5172 1.8242 0.8938 0.79 2.78 1.36 

1 6.0715 1.5842 5.7108 2.7963 0.77 2.78 1.36 

2 5.9471 1.5627 5.5810 2.7407 0.78 2.77 1.36 

3 6.0940 1.5996 5.6973 2.7990 0.78 2.76 1.36 

4 6.0652 1.6115 5.6969 2.7801 0.79 2.78 1.36 

M2 0 

0.65 1.34 2.20 

5.4153 0.5355 3.1433 7.3554 0.29 1.72 4.02 

1 5.3968 0.5348 3.1253 7.3253 0.29 1.71 4.01 

2 5.3733 0.5366 3.1202 7.2809 0.30 1.72 4.01 

3 5.3978 0.5347 3.1348 7.3150 0.29 1.72 4.01 

4 5.4076 0.5447 3.1342 7.3058 0.30 1.71 3.99 

M3 0 

2.37 0.76 1.73 

5.3889 2.3490 1.7330 5.5672 1.29 0.95 3.05 

1 5.3526 2.3284 1.7255 5.5001 1.29 0.95 3.04 

2 5.3218 2.3138 1.7122 5.4585 1.29 0.95 3.03 

3 5.3191 2.3443 1.7091 5.4561 1.30 0.95 3.03 

4 5.3715 2.3303 1.7313 5.5172 1.28 0.95 3.04 
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Tabelle 30: Intensities of PVC, BR and PS model samples within the range of 2.5 -0.5 mg/mL measured by 1H-
NMR in non -deuterated THF using HMDSO as INST (0.1%). Each sample is measured !ve times distributed 
over one week.  

Sample  t [d]  Concentration [mg/mL]  Absolute Intensity  Normalised Intensity  

PVC BR PS INST PVC BR PS PVC BR PS 

M1 0 

1.38 2.17 0.75 

6.1132 1.5786 5.7489 2.8137 0.76 2.78 1.36 

1 6.1255 1.5704 5.7330 2.8086 0.76 2.77 1.36 

2 1.9441 0.5128 1.8225 0.8929 0.78 2.77 1.36 

3 6.0919 1.5358 5.7004 2.7939 0.75 2.77 1.36 

4 1.9388 0.4922 1.8223 0.8890 0.75 2.78 1.36 

M2 0 

0.65 1.34 2.20 

5.3885 0.5521 3.1463 7.3826 0.30 1.73 4.05 

1 1.7227 0.1659 1.0006 2.3401 0.28 1.72 4.02 

2 5.4258 0.5410 3.1372 7.3616 0.29 1.71 4.01 

3 5.4653 0.5831 3.1774 7.3838 0.32 1.72 3.99 

4 1.7253 0.1847 0.9964 2.3115 0.32 1.71 3.96 

M3 0 

2.37 0.76 1.73 

5.3218 2.3625 1.7254 5.5141 1.31 0.96 3.06 

1 1.7057 0.7357 0.5508 1.7625 1.28 0.95 3.06 

2 5.3921 2.3509 1.7282 5.5929 1.29 0.95 3.07 

3 5.4003 2.2871 1.7535 5.5287 1.25 0.96 3.03 

4 5.3630 2.3040 1.7225 5.5246 1.27 0.95 3.05 

 

Tabelle 31: Intensities of PVC, BR and PS model samples within the range of 0.5 -0.1 mg/mL measured by 1H-
NMR in non -deuterated THF using HMDSO as INST (0.1%). Each sample is measured !ve times distributed 
over !ve hours.  

Sample  t [h]  Concentration [mg/mL]  Absolute Intensity  Normalised Intensity  

PVC BR PS INST PVC BR PS PVC BR PS 

M1 0 

0.17 0.43 0.27 

6.4495 0.1701 0.9927 1.0101 0.17 0.97 0.98 

1 6.3522 0.1357 0.9747 0.9929 0.13 0.96 0.98 

2 6.3797 0.1735 1.0004 1.0173 0.17 0.98 1.00 

3 6.3600 0.1376 0.9811 0.9824 0.14 0.97 0.97 

4 6.4062 0.1534 0.9940 1.0218 0.15 0.97 1.00 

M2 0 

0.26 0.24 0.49 

6.2975 0.2737 0.5374 1.7692 0.27 0.54 1.76 

1 6.2351 0.2540 0.5436 1.7598 0.26 0.55 1.77 

2 6.3078 0.2483 0.5486 1.7719 0.25 0.55 1.76 

3 6.3024 0.2620 0.5475 1.7574 0.26 0.54 1.75 

4 6.2435 0.2421 0.5472 1.7652 0.24 0.55 1.77 

M3 0 

0.43 0.17 0.36 

6.1761 0.4066 0.3224 1.3146 0.41 0.33 1.33 

1 6.1360 0.4159 0.3311 1.3061 0.42 0.34 1.33 

2 6.1673 0.4069 0.3346 1.2942 0.41 0.34 1.32 

3 1.9334 0.1203 0.1017 0.4108 0.39 0.33 1.33 

4 6.0950 0.4054 0.3166 1.3048 0.42 0.33 1.34 
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Tabelle 32: Intensities of PVC, BR and PS model samples within the range of 0.5 -0.1 mg/mL measured by 1H-
NMR in non -deuterated THF using HMDSO as INST (0.1%). Each sample is measured !ve times distributed 
over one week.  

Sample  t [d]  Concentration [mg/mL]  Absolute Intensity  Normalised Intensity  

PVC BR PS INST PVC BR PS PVC BR PS 

M1 0 

0.17 0.43 0.27 

6.2759 0.1560 0.9619 1.0051 0.16 0.96 1.00 

1 6.3663 0.1471 0.9719 1.0035 0.14 0.96 0.99 

2 6.4439 0.1521 0.9921 1.0161 0.15 0.97 0.99 

3 6.4630 0.1441 0.9950 1.0197 0.14 0.97 0.99 

4 2.0543 0.0496 0.3192 0.3231 0.15 0.97 0.99 

M2 0 

0.26 0.24 0.49 

6.2413 0.2510 0.5374 1.7634 0.25 0.54 1.77 

1 6.2975 0.2629 0.5417 1.7713 0.26 0.54 1.76 

2 6.3063 0.2716 0.5243 1.7585 0.27 0.52 1.75 

3 2.0045 0.0885 0.1778 0.5564 0.28 0.56 1.74 

4 2.0028 0.0725 0.1730 0.5635 0.23 0.54 1.76 

M3 0 

0.43 0.17 0.36 

6.1892 0.4104 0.3216 1.3019 0.42 0.33 1.32 

1 6.1816 0.3979 0.3144 1.3143 0.40 0.32 1.33 

2 6.1785 0.4063 0.3223 1.3163 0.41 0.33 1.34 

3 6.2086 0.4180 0.3261 1.3324 0.42 0.33 1.35 

4 6.1552 0.4184 0.3346 1.3072 0.43 0.34 1.33 

 

Tabelle 33: Intensities of PA and PET model samples within the range of 2.5 -0.5 mg/mL measured by 1H-NMR 
in non -deuterated TFA/FA (85:15 Vol. -%) using HMDSO as INST (0.1%). Each sample is measured !ve times 
distributed over !ve hours.  

Sample  t 

[h]  

Concentration 

[mg/mL]  

Absolute Intensity  Normalised Intensity  

PA PET INST PA1 PA2 PA3 PET PA1 PA2 PA3 PET 

M1 0 

0.65 2.30 

1.9080 0.7610 0.2465 0.2437 1.0470 0.74 0.24 0.24 1.02 

1 1.9015 0.7616 0.2478 0.2443 1.0555 0.74 0.24 0.24 1.03 

2 1.9001 0.7604 0.2483 0.2422 1.0428 0.74 0.24 0.24 1.02 

3 1.9002 0.7543 0.2485 0.2412 1.0488 0.74 0.24 0.24 1.03 

4 1.8904 0.7558 0.2468 0.2443 1.0383 0.74 0.24 0.24 1.02 

M2 0 

2.27 1.50 

1.8069 2.4578 0.8210 0.8029 0.6599 2.53 0.85 0.83 0.68 

1 1.7992 2.4467 0.8112 0.8020 0.6520 2.53 0.84 0.83 0.67 

2 1.8003 2.4587 0.8205 0.8062 0.6597 2.54 0.85 0.83 0.68 

3 1.8123 2.4703 0.8206 0.8082 0.6614 2.54 0.84 0.83 0.68 

4 1.7963 2.4399 0.8085 0.7979 0.6558 2.53 0.84 0.83 0.68 

M3 0 

1.47 0.69 

1.8528 1.6435 0.5443 0.5343 0.3321 1.65 0.55 0.54 0.33 

1 1.8388 1.6269 0.5396 0.5318 0.3256 1.65 0.55 0.54 0.33 

2 1.8593 1.6456 0.5443 0.5356 0.3362 1.65 0.54 0.54 0.34 

3 1.8459 1.6343 0.5438 0.5318 0.3241 1.65 0.55 0.54 0.33 

4 1.8350 1.6202 0.5409 0.5284 0.3254 1.64 0.55 0.54 0.33 
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Tabelle 34: Intensities of PA and PET model samples within the range of 2.5 -0.5 mg/mL measured by 1H-NMR 
in non -deuterated TFA/FA (85:15 Vol. -%) using HMDSO as INST (0.1%). Each sample is measured !ve times 
distributed over one week.  

Sample  t 

[d]  

Concentration 

[mg/mL]  

Absolute Intensity  Normalised Intensity  

PA PET INST PA1 PA2 PA3 PET PA1 PA2 PA3 PET 

M1 0 

0.65 2.30 

1.9028 0.7597 0.2477 0.2425 1.0479 0.74 0.24 0.24 1.02 

1 1.9147 0.7656 0.2440 0.2464 1.0547 0.74 0.24 0.24 1.02 

2 1.9041 0.7606 0.2473 0.2438 1.0483 0.74 0.24 0.24 1.02 

3 1.9270 0.7701 0.2482 0.2481 1.0591 0.74 0.24 0.24 1.02 

4 1.8992 0.7629 0.2478 0.2447 1.0503 0.75 0.24 0.24 1.03 

M2 0 

2.27 1.50 

1.8036 2.4541 0.8147 0.8029 0.6622 2.53 0.84 0.83 0.68 

1 1.8092 2.4673 0.8262 0.8052 0.6631 2.54 0.85 0.83 0.68 

2 1.8097 2.4570 0.8199 0.8028 0.6512 2.53 0.84 0.83 0.67 

3 1.8239 2.4790 0.8228 0.8081 0.6643 2.53 0.84 0.82 0.68 

4 1.7972 2.4349 0.8110 0.7984 0.6583 2.52 0.84 0.83 0.68 

M3 0 

1.47 0.69 

1.8529 1.6381 0.5436 0.5326 0.3344 1.64 0.55 0.53 0.34 

1 1.8526 1.6383 0.5497 0.5358 0.3374 1.64 0.55 0.54 0.34 

2 1.8591 1.6366 0.5399 0.5329 0.3405 1.64 0.54 0.53 0.34 

3 1.8655 1.6530 0.5482 0.5414 0.3359 1.65 0.55 0.54 0.33 

4 1.8440 1.6269 0.5342 0.5328 0.3285 1.64 0.54 0.54 0.33 

 

Tabelle 35: Intensities of PA and PET model samples within the range of 0.5 -0.1 mg/mL measured by 1H-NMR 
in non -deuterated TFA/FA (85:15 Vol. -%) using HMDSO as INST (0.1%). Each sample is measured !ve times 
distributed over !ve hours.  

Sample  t 

[h]  

Concentration 

[mg/mL]  

Absolute Intensity  Normalised Intensity  

PA PET INST PA1 PA2 PA3 PET PA1 PA2 PA3 PET 

M1 0 

0.34 0.43 

1.8468 0.3828 0.1242 0.1219 0.1845 0.39 0.13 0.12 0.19 

1 1.8483 0.3872 0.1235 0.1231 0.1907 0.39 0.13 0.12 0.19 

2 1.8745 0.3929 0.1261 0.1228 0.2024 0.39 0.13 0.12 0.20 

3 1.8573 0.3872 0.1253 0.1251 0.1971 0.39 0.13 0.13 0.20 

4 1.8517 0.3827 0.1248 0.1244 0.1921 0.39 0.13 0.13 0.19 

M2 0 

0.43 0.32 

1.8502 0.4660 0.1538 0.1530 0.1389 0.47 0.16 0.16 0.14 

1 1.8405 0.4669 0.1461 0.1521 0.1452 0.48 0.15 0.15 0.15 

2 1.8444 0.4595 0.1525 0.1497 0.1337 0.47 0.15 0.15 0.14 

3 1.8563 0.4651 0.1538 0.1488 0.1500 0.47 0.16 0.15 0.15 

4 1.8419 0.4626 0.1481 0.1501 0.1487 0.47 0.15 0.15 0.15 

M3 0 

0.20 0.19 

1.8744 0.2178 0.0705 0.0714 0.0864 0.22 0.07 0.07 0.09 

1 1.8738 0.2206 0.0700 0.0712 0.0891 0.22 0.07 0.07 0.09 

2 1.8762 0.2148 0.0728 0.0748 0.0811 0.21 0.07 0.07 0.08 

3 1.8722 0.2184 0.0728 0.0699 0.0801 0.22 0.07 0.07 0.08 

4 1.8684 0.2167 0.0725 0.0739 0.0901 0.22 0.07 0.07 0.09 
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Tabelle 36: Intensities of PA and PET model samples within the range of 0.5 -0.1 mg/mL measured by 1H-NMR 
in non -deuterated TFA/FA (85:15 Vol. -%) using HMDSO as INST (0.1%). Each sample is measured !ve times 
distributed over one week.  

Sample  t 

[d]  

Concentration 

[mg/mL]  

Absolute Intensity  Normalised Intensity  

PA PET INST PA1 PA2 PA3 PET PA1 PA2 PA3 PET 

M1 0 

0.34 0.43 

1.8767 0.3905 0.1236 0.1269 0.1963 0.39 0.12 0.13 0.20 

1 1.8660 0.3899 0.1301 0.1282 0.1934 0.39 0.13 0.13 0.19 

2 1.8522 0.3857 0.1249 0.1216 0.1906 0.39 0.13 0.12 0.19 

3 1.8652 0.3866 0.1254 0.1250 0.1910 0.39 0.13 0.13 0.19 

4 1.8698 0.3888 0.1298 0.1272 0.1997 0.39 0.13 0.13 0.20 

M2 0 

0.43 0.32 

1.8568 0.4663 0.1590 0.1546 0.1464 0.47 0.16 0.16 0.15 

1 1.8398 0.4608 0.1499 0.1502 0.1453 0.47 0.15 0.15 0.15 

2 1.8492 0.4652 0.1479 0.1503 0.1509 0.47 0.15 0.15 0.15 

3 1.8643 0.4675 0.1520 0.1505 0.1397 0.47 0.15 0.15 0.14 

4 1.8444 0.4647 0.1487 0.1503 0.1462 0.47 0.15 0.15 0.15 

M3 0 

0.20 0.19 

1.8742 0.2176 0.0742 0.0722 0.0899 0.22 0.07 0.07 0.09 

1 1.8689 0.2214 0.0755 0.0750 0.0912 0.22 0.08 0.08 0.09 

2 1.8778 0.2229 0.0716 0.0742 0.0850 0.22 0.07 0.07 0.08 

3 1.8783 0.2230 0.0705 0.0710 0.0856 0.22 0.07 0.07 0.09 

4 1.8595 0.2213 0.0712 0.0698 0.0910 0.22 0.07 0.07 0.09 

 

Tabelle 37: Intensities of styrene - and butadiene -units of SBR model samples within the range of 3.2 -2.3 
mg/mL measured by 1H-NMR in non -deuterated THF using HMDSO as INST (0.1%). Each sample is measured 
!ve times distributed over !ve hours.  

Sample  count  Absolute Intensity  Normalised Intensity  

INST Styrene -Unit  Butadiene -Unit  Styrene -Unit  Butadiene -Unit  

SBR1 1 14.1160 5.2480 13.9186 1.10 2.92 

2 4.7824 1.7775 4.6991 1.10 2.91 

3 14.2683 5.3223 14.1598 1.10 2.93 

4 14.3163 5.2713 14.0959 1.09 2.91 

5 4.8009 1.8080 4.7309 1.11 2.91 

SBR2 1 14.0359 4.7359 12.5453 1.00 2.64 

2 14.2379 4.8215 12.6085 1.00 2.62 

3 4.7953 1.6198 4.2783 1.00 2.64 

4 14.2459 4.8358 12.6263 1.00 2.62 

5 4.8973 1.6723 4.3535 1.01 2.63 

SBR3 1 4.8714 1.5418 3.9701 0.94 2.41 

2 4.8585 1.5237 3.9721 0.93 2.42 

3 4.8596 1.5139 3.9585 0.92 2.41 

4 4.8693 1.5307 3.9403 0.93 2.39 

5 14.6531 4.6182 11.9492 0.93 2.41 
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X.4.2!ErgŠnzende Materialien zu Kapitel VIII.2  

Gravimetric measurements  

Samples are weighed on a XS205 DU (METTLER TOLDEO). After collection, the extracts are 

concentrated to a volume of 5  ml by distillation before being transferred into smaller vials 

including several rinsing steps using small volumes of the same solvent. Those small vials 

are weighed once before and after the transfer and subsequent evaporation of the 

solvent. In case of FA as an extracting solvent, methanol was added in equal amounts 

before distillation and evaporation.  

 

Extraction setup  

 

  

Abbildung 43: Exemplary extraction setup as used for all extractions described herein.  
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Calibration data  

In CDCl3: 

 

Tabelle 38: Calibration data of PMMA, BR and PS in CDCl3, including the root mean square deviation (RMSD) 
as well as limit of quanti!cation (LOQ) and limit of detection (LOD).  

 

Tabelle 39: Model samples used for the validation of PMMA, BR and PS, including the initially weighed in mass 
(mtrue ), the mass determined by NMR (m calc.) as well as accuracy and precising given as bias and relative 
standard deviation (RSD).  

  

Polymer  PS BR PMMA  

Calibration range [mg/mL]  0.5 to 2.5  0.5 to 2.5  0.5 to 2.5  

Linearity r"  0.99968 0.99961 0.99965 

RMSD 0.00261 0.01136 0.00667 

LOQ [µg/mL]  89.34 4.28 5.88 

LOD [µg/mL]  26.80 1.28 1.76 

Model sample  m true  [mg]  Mcalc.  [mg]  Bias [%]  RSD [%] 

PS1 0.95 0.89 93.9 99.3 

PS2 2.02 2.05 101.5 99.9 

PS3 1.38 1.31 95.0 99.8 

BR1 1.81 1.72 95.2 99.8 

BR2 1.25 1.27 101.2 99.9 

BR3 2.13 2.07 97.1 99.9 

PMMA1 2.15 2.06 95.9 99.9 

PMMA2 0.87 0.85 98.2 99.8 

PMMA3 1.47 1.39 94.6 99.9 

Abbildung 44: 1H NMR spectra of PS, BR and PMMA in CDCl3, including HMDSO as internal standard.  



  X Anhang 

209 
 

In TFA/TFE: 

 

Tabelle 40: Calibration data of PET, PA and PAN in TFA/TFE, including the root mean square deviation (RMSD) 
as well as limit of quanti!cation (LOQ) and limit of detection (LOD).  

 

Tabelle 41: Model samples used for the validation of PET, PA and PAN, including the initially weighed in mass 
(mtrue ), the mass determined by NMR (m calc.) as well as accuracy and precising given as bias and relative 
standard deviation (RSD).  

 

  

Polymer  PET PA PAN 

Calibration range [mg/mL]  0.5 to 2.5  0.5 to 2.5  0.5 to 2.5  

Linearity r"  0.99999 0.99962 0.99974 

RMSD 0.00000 0.00002 0.00005 

LOQ [µg/mL]  6.68 26.83 41.78 

LOD [µg/mL]  2.00 8.05 12.53 

Model sample  m true  [mg]  Mcalc.  [mg]  Bias [%]  RSD [%] 

PET1 2.26 2.29 101.2 99.9 

PET2 0.53 0.52 98.3 99.0 

PET3 1.24 1.23 99.3 99.8 

PA1 1.10 1.05 95.9 99.1 

PA2 2.46 2.42 98.4 99.7 

PA3 0.89 0.91 102.4 99.4 

PAN1 0.96 0.94 98.1 99.7 

PAN2 1.66 1.64 98.4 99.9 

PAN3 1.84 1.74 94.6 99.4 

Abbildung 45: 1H NMR spectra of PET, PA and PAN in TFA/TFE, including HMDSO as internal standard.  
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In THF: 

 

Tabelle 42: Calibration data of PVC, BR and PS in THF, including the root mean square deviation (RMSD) as 
well as limit of quanti!cation (LOQ) and limit of detection (LOD).  

 

Tabelle 43: Model samples used for the validation of PVC, BR and PS, including the initially weighed in mass 
(mtrue ), the mass determined by NMR (m calc.) as well as accuracy and precising given as bias and relative 
standard deviation (RSD).  

 

  

Polymer  PS BR PVC 

Calibration range [mg/mL]  0.5 to 2.5  0.5 to 2.5  0.5 to 2.5  

Linearity r"  0.99999 0.99993 0.99753 

RMSD 0.00002 0.00038 0.00225 

LOQ [µg/mL]  92.63 6.52 95.70 

LOD [µg/mL]  27.79 1.96 28.71 

Model sample  m true  [mg]  Mcalc.  [mg]  Bias [%]  RSD [%] 

PS1 0.89 0.84 94.5 99.9 

PS2 1.51 1.51 100.2 99.7 

PS3 2.20 2.24 102.0 99.6 

BR1 1.77 1.74 98.4 99.7 

BR2 0.90 0.92 102.3 99.2 

BR3 1.82 1.91 104.9 99.7 

PVC1 1.23 1.16 94.8 98.2 

PVC2 2.05 2.07 100.9 99.1 

PVC3 1.03 1.01 97.5 99.5 

Abbildung 46: 1H NMR spectra of PS, BR and PVC in THF, including HMDSO as internal standard.  
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In DMSO-d6: 

  

Abbildung 47: 1H NMR spectra of PAN in DMSO -d6. 



  X Anhang 

212 
 

Further individual extraction data  
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Gravimetric:  
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Tabelle 46: Extraction data of BR after extraction by THF using either one, two or three extraction cycles. 
Initially weighed in mass given as m init. , calculated extracted mass given as m extr. , recovery rate given as RR. 

Cycle Repetition  m init.  [mg]  m extr.  [mg]  RR [%] 

1 1 10.55 10.57 100.14 

2 11.73 11.09 94.54 

2 1 11.70 12.57 107.39 

2 12.70 13.49 106.23 

3 1 11.05 12.07 109.23 

2 11.45 12.52 109.34 

 

Summary:  

 

  

Abbildung 48: Summarised recovery rates of all investigated polymer types after individual extraction by THF, 
TFA/CHCl3, FA/CHCl3 and xylene, either determined by qNMR or gravimatically by scale. Recovery rates of 
xylene were not determined by qNMR.  
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Combined extractions  

 

Abbildung 49: Summarised gravimetrically determined recovery rates of total polymer mass expected to be 
extracted in each step. No extraction by xylene in samples M p11-Mp15. (THF: PS, BR, PMMA and PVC; TFA: PET; 
FA: PA; xylene: LDPE) 
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Mp11-Mp15 
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Preliminary extraction experiments  

Tabelle 53: Extraction data of BR by an automated extractor (EDGE; CEM) using up to 7 cycles of each 20 ml 
THF and 20 min duration at 40¡C. Initial polymer mass given as mBR, init., extracted mass given as m BR, NMR, 
recovery  rate given as RR. 

Number of extraction cycles  Repetition  m BR, init.  [mg]  m BR, NMR [mg]  RR [%] 

4 1 10.25 0.74 7.18 

2 10.27 1.90 18.54 

5 1 10.96 1.53 13.98 

2 11.79 3.69 31.26 

6 1 10.24 7.96 77.69 

2 12.08 3.74 30.96 

7 1 11.70 5.60 47.86 

2 10.15 7.41 72.96 

 

 

  

Abbildung 50: mean recovery rates of BR by an automated extractor (EDGE; CEM) using up to 7 cycles of each 
20 ml THF and 20 min duration at 40¡C.  
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X.4.3!ErgŠnzende Materialien zu Kapitel VIII.3  

Comparison between high -!eld and low -!eld NMR devices Ð PAN quanti!cation  

Additional to the results discussed in the main article, there is another exception 

regarding the method transfer between 500  MHz and 80  MHz devices. In a recent 

publication, we introduced a mixture of tri#uoroacetic acid (TFA) and tri#uoroethanol 

(TFE) as NMR solvent for the simultaneous measurement of PET, PA and polyacrylonitrile 

(PAN).177 However, the signals of PA and PAN occur in an alternating pattern at a 

comparably close distance to each other. Thus, at a weaker magnetic !eld strength like 

80 MHz, baseline separation cannot be achieved anymore, impairing the proper 

quanti!cation of these polymers. Additionally, 13C-satellites of TFE now overlap partially 

with signals of PAN and PA. Exemplary spectra are depicted in Abbildung 54. 

Unfortunately, there is only a limited variation of solvents available for PAN as discussed 

in our previous publication .177 Therefore, we decided to omit PAN from further 

measurements as it also could not be extracted with our current separation procedure.  

 

Bio!lm incubation  

Bio!lm fresh water medium (BORGMANN, 1996)219 

Tabelle 54: Fresh water medium used for bio!lm incubation.  

Substance  Concentration  

CaCO3 0.1 g/l  

MgSO4 86.1 mg/l  

NaCl 35.1 mg/l  

KCl 2.98 mg/l  

H3BO3 2.85 mg/l  

Na2EDTA á 2H2O 2.49 mg/l  

FeSO4 0.99 mg/l  

MnSO4 á H2O 0.307 mg/l  

KI 3.32 µg/l  

V2O5 0.45 µg/l  
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Flow Channel  

 

Bio!lm removal  

Testing digestion protocols  

Tabelle 55: Recovery rates as well as weighed masses and extracted masses compared for the use of di(erent 
digestion steps within the extraction protocol.  

 H2O2 H2O2 + H2SO4 (10:1) 

Polymer  
Mass weighed  

[mg]  

Mass extracted  

[mg]  

Recovery rate  

[%]  

Mass weighed  

[mg]  

Mass extracted  

[mg]  

Recovery rate  

[%]  

PS 2.66 2.56 96.22 2.28 1.54 67.61 

BR 2.10 1.54 73.10 2.61 1.82 69.61 

PMMA 2.63 2.28 86.63 2.86 1.64 57.44 

PVC 2.82 2.62 93.07 2.41 1.48 61.47 

PA 3.06 2.84 92.74 3.19 0.33 10.45 

PET 2.65 2.93 110.61 2.38 2.49 104.46 

 

  

Abbildung 51: Flow channel used for bio!lm incubation.  
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Combining MeOH extraction and chemical digestion  

  

Abbildung 52: NMR spectra after application of the !nal extraction protocol, depicting A) PET in TFA/FA B) PA 
in TFA/FA C) PS, BR and PMMA in CDCl3 D) PS, BR and PVC in THF. 
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Tabelle 56: Extraction data after application of the !nal extraction protocol, including mean values and 
standard deviation of the recovery rates for three replicates of each polymer type.  

Polymer  
Mass weighed  

[mg]  

Mass extracted  

[mg]  

Recovery rate  

[%]  

Recovery rate Mean  

[%]  

Recovery rate s 

[%]  

PS 

4.30 4.51 104.91 

99.34 8.99 4.14 4.31 104.14 

4.38 3.90 88.96 

BR 

4.24 4.49 105.90 

100.70 7.30 4.15 4.31 103.85 

4.04 3.73 92.36 

PMMA 

4.30 4.25 98.85 

93.53 9.32 4.34 4.30 98.98 

4.40 3.64 82.77 

PVC 

4.56 3.78 82.89 

80.63 4.47 4.13 3.45 83.51 

4.69 3.54 75.48 

PA 

4.70 4.30 91.58 

93.70 2.41 4.37 4.07 93.19 

4.38 4.22 96.33 

PET 

4.88 4.58 93.87 

84.64 8.10 4.38 3.56 81.33 

4.01 3.16 78.72 

 
PET at high NOM 

Abbildung 53: 1H-NMR spectra of PET in TFA/CDCL3 (1:4) after the sole extraction of PET from spiked bio!lm 
suspensions applying the !nal extraction procedure excluding FA and THF extraction steps and A&B) without 
further cleaning procedures involved C) prewashing the sample with CHCl 3 between chemical digestion and 
TFA-extraction.  
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NMR calibrations  

TFA/FA vs TFA/TFE 

 

Integration ranges at 80 MHz  

Tabelle 57: Integration ranges for PS, BR, PVC and HMDSO in THF at 80 MHz using a WET sequence and the 
HMDSO signal at 0.07 ppm as reference.  

Signal  PS BR PVC HMDSO 

Integration range 

[ppm]  

6.206.78 5.105.68  -0.190.30 

 

Tabelle 58: Integration ranges for PS, BR, PMMA and HMDSO in CDCl 3 at 80 MHz using a standard proton 
sequence and the CDCl 3 signal at 7.25 ppm as reference.  

Signal  PS BR PMMA  HMDSO 

Integration range 

[ppm]  

6.086.78 5.085.78 3.303.90 -0.300.35 

 

Tabelle 59: Integration ranges for PET, PA and HMDSO in TFA/FA (4:1) at 80 MHz using a WET sequence and 
the HMDSO signal at 0.08 ppm as reference.  

Signal  PET PA HMDSO 

Integration range 

[ppm]  

4.304.75 2.953.35 -0.150.30 

 

  

Abbildung 54: Superimposed spectra of A) PET, PAN and PA measured in TFA/TFE (4:1) and B) PET and PA 
measured in TFA/FA (4:1) both applying a WET sequence at 80 MHz (bold) and 500 MHz (!ne).  
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Integration ranges at 500 MHz  

Tabelle 60: Integration ranges for PS, BR, PVC and HMDSO in THF at 500 MHz using a WET sequence and the 
HMDSO signal at 0.07 ppm as reference.  

Signal  PS BR PVC HMDSO 

Integration range 

[ppm]  

6.336.78 5.055.70 4.284.70 -0.150.25 

 

Tabelle 61: Integration ranges for PS, BR, PMMA and HMDSO in CDCl 3 at 500 MHz using a standard proton 
sequence and the CDCl 3 signal at 7.25 ppm as reference.  

Signal  PS BR PMMA  HMDSO 

Integration range 

[ppm]  

6.106.84 5.055.70 3.503.70 -0.250.35 

 

Tabelle 62: Integration ranges for PET, PA and HMDSO in TFA/FA (4:1) at 500 MHz using a WET sequence and 
the HMDSO signal at 0.08 ppm as reference.  

Signal  PET PA HMDSO 

Integration range 

[ppm]  

4.254.75 3.003.35 -0.250.25 

 

In THF 

Tabelle 63: Concentrations c and absolute integrals for calibration samples S1K1 -S1K7 of calibration set 1, 
including three control samples (S1C1 -S1C3) measured by a WET sequence at 80 MHz and 500 MHz for PS, BR, 
PVC and HMDSO in THF. 
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S1K1 1.005 2.6544 0.4295 1.005 5.3582 0.8705 1.000  0.3557 13.5105 2.1818 

S1K2 0.855 2.0825 1.0551 0.855 4.3188 2.1561 0.850  0.9002 12.5634 6.3318 

S1K3 0.704 1.7072 0.9012 0.704 3.4741 1.8382 0.700  0.7520 12.6628 6.4602 

S1K4 0.553 1.3392 0.7083 0.553 2.7322 1.4426 0.550  0.5942 12.7771 6.4752 

S1K5 0.402 1.0187 0.1688 0.402 2.1160 0.3554 0.400  0.1402 13.6649 2.1865 

S1K6 0.251 0.5923 0.0996 0.251 1.2208 0.2053 0.250  0.0822 12.8133 1.9994 

S1K7 0.101 0.2153 0.0432 0.101 0.3936 0.0898 0.100  0.0356 12.7706 2.0530 

S1C1 0.800 1.9985 0.3153 0.818 4.0589 0.6556 0.832  0.2827 12.8163 2.0211 

S1C2 0.500 1.1568 0.1983 0.511 2.5282 0.4088 0.520  0.1753 12.7460 1.9849 

S1C3 0.200 0.4681 0.0783 0.204 1.0281 0.1681 0.208  0.0697 12.8319 2.0153 
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In CDCl3 

Tabelle 64: Concentrations c and absolute integrals for calibration samples S2K1 -S2K7 of calibration set 2, 
including three control samples (S2C1 -S2C3) measured by a standard proton sequence at 80 MHz and 500 
MHz for PS, BR, PMMA and HMDSO in CDCl3. 

 PS BR PMMA  HMDSO 
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S2K1 1.010 4.9825 4.3578 1.010 9.4086 8.0453 1.000 7.5142 6.3993 22.6209 18.9042 

S2K2 0.858 4.0591 3.5616 0.858 7.6147 6.6768 0.850 6.2295 5.3418 21.4496 18.5413 

S2K3 0.707 3.3623 2.9784 0.707 6.3038 5.5095 0.700 5.0181 4.4032 21.3239 18.3104 

S2K4 0.555 2.6547 2.2973 0.555 4.8652 4.2422 0.550 4.0959 3.3865 21.3809 18.1038 

S2K5 0.404 1.9061 1.6926 0.404 3.6032 3.0684 0.400 3.0561 2.4879 21.3938 18.4672 

S2K6 0.252 1.2387 1.0725 0.252 2.1286 1.8572 0.250 1.893 1.5437 21.1605 18.3951 

S2K7 0.101 0.5617 0.4139 0.101 0.918 0.6705 0.100 0.958 0.6430 21.296 18.6008 

S2C1 0.807 3.9499 3.3391 0.800 7.4667 6.2059 0.807 6.0838 4.9061 22.7003 18.4414 

S2C2 0.504 2.3787 2.0787 0.500 4.4083 3.8143 0.504 3.6813 3.0979 21.1346 18.2344 

S2C3 0.202 1.0397 0.9083 0.200 1.9221 1.5633 0.202 1.7677 1.3145 22.7794 19.1698 

 

In TFA/FA 

Tabelle 65: Concentrations c and absolute integrals for calibration samples S3K1 -S3K7 of calibration set 3, 
including three control samples (S3C1 -S3C3) measured by a WET sequence at 80 MHz and 500 MHz for PET, 
PA and HMDSO in TFA/FA (4:1). 

 PET PA HMDSO 

Sample  c [mg/ml]  I80 MHz  I500 MHz  c [mg/ml]  I80 MHz  I500 MHz  I80 MHz  I500 MHz  

S3K1 1.004 1.9053 0.4412 1.000 1.6704 0.3560 12.1100 2.0343 

S3K2 0.854 1.7291 0.3837 0.850 1.4558 0.3128 12.8746 2.1017 

S3K3 0.703 1.4497 0.3151 0.700 1.2273 0.2580 12.8591 2.0941 

S3K4 0.552 0.9802 0.2365 0.550 0.8117 0.1894 11.8413 1.9754 

S3K5 0.402 0.7508 0.1753 0.400 0.5377 0.1354 12.0830 1.9834 

S3K6 0.251 0.4531 0.1068 0.250 0.3981 0.0874 12.1442 1.9975 

S3K7 0.100 0.2359 0.0414 0.100 0.1832 0.0328 12.1629 1.9899 

S3C1 0.800 1.6338 0.3579 0.857 1.4384 0.3150 12.0948 2.0306 

S3C2 0.500 1.0257 0.2352 0.536 0.8873 0.2038 12.0860 2.0299 

S3C3 0.200 0.4290 0.0959 0.214 0.3707 0.0820 12.8803 2.0864 
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In THF for di"usion experiments Ð 1D WET data 

Tabelle 66: Concentrations c and absolute integrals for calibration samples S4K1 -S4K5 of calibration set 4, 
including three control samples (S4C1 -S4C3) measured by a WET sequence at 80 MHz for PS, BR, PVC and 
HMDSO in THF. 

 PS BR PVC PMMA HMDSO 
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S4K1 2.50 16.0931 2.50 12.8392 2.56  2.50  12.3778 

S4K2 2.00 12.8192 2.00 10.2540 2.05  2.00  12.3319 

S4K3 1.50 9.8426 1.50 7.7792 1.54  1.50  12.3254 

S4K4 1.00 7.2160 1.00 5.8190 1.02  1.00  13.3687 

S4K5 0.50 3.6223 0.50 2.9262 0.51  0.50  12.3305 

S4C1 0.56 3.8814 0.89 4.8149 0.65  0.63  12.1653 

S4C2 1.87 12.3439 1.82 9.8202 2.21  1.68  12.1951 

S4C3 1.40 9.2058 1.06 6.1843 1.55  1.15  12.2055 
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PGSTE data 

Integration ranges  

Tabelle 67: Integration ranges for PS, BR, PVC and PMMA in THF at 80 MHz using a PGSTE sequence and the 
HMDSO signal at 0.07 ppm as reference.  

Signal  PS BR PVC PMMA  

Integration range 

[ppm]  

6.157.44 5.055.77 4.074.90 3.283.96 

 

Extrapolated calibration data  

Tabelle 68: Concentrations c and extrapolated absolute integrals for calibration samples S4K1 -S4K5 of 
calibration set 4, including three control samples (S4C1 -S4C3) based on measured PGSTE spectre at 80 MHz 
for PS, BR, PVC, PMMA and HMDSO in THF extrapolated back to 0 T/m gradient strength.  
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S4K1 2.50 2.19 2.50 2.3924 2.56 0.66 2.50 1.50  

S4K2 2.00 1.75 2.00 1.9648 2.05 0.52 2.00 1.30  

S4K3 1.50 1.36 1.50 1.5110 1.54 0.42 1.50 1.13  

S4K4 1.00 0.94 1.00 1.0748 1.02 0.26 1.00 0.96  

S4K5 0.50 0.42 0.50 0.4884 0.51 0.12 0.50 0.74  

S4C1 0.56 0.51 0.89 0.90 0.65 0.17 0.63 0.78  

S4C2 1.87 1.64 1.82 1.84 2.21 0.56 1.68 1.15  

S4C3 1.40 1.23 1.06 1.05 1.55 0.42 1.15 1.01  
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Integrals  

Tabelle 69: Absolute integrals of PS, BR, PVC and PMMA in THF for calibration sample S4K1 of calibration set 
4 measured by a PGSTE sequence at 80 MHz with increasing gradient strength g. Integrals highlighted in bold  
style are used for extrapolation. Grey values are excluded from further calculations.  

Step  g in [T/m]  IPMMA  IPVC IBR IPS 

1 0.0426 1128.7286 9.5034 2.2461 1.7197 

2 0.1043 344.6224 3.2485 2.3497 2.0678 

3 0.1413 106.6197 1.3610 2.3940 2.1290 

4 0.1704 34.0989 0.8674 2.3867 2.1743 

5 0.1952 11.8397 0.6588 2.3538 2.1354 

6 0.2172 4.8202 0.6399 2.3381 2.0798 

7 0.2372 2.5415 0.6011 2.3168 2.0386 

8 0.2556 1.7546 0.5995 2.2791 2.0107 

9 0.2727 1.4364 0.5646 2.2542 1.9907 

10 0.2889 1.2745 0.5598 2.2458 1.9641 

11 0.3042 1.1904 0.5494 2.2169 1.9032 

12 0.3187 1.1142 0.5599 2.2097 1.9024 

13 0.3327 1.0472 0.5230 2.1717 1.8903 

14 0.3460 0.9967 0.5420 2.1602 1.8483 

15 0.3589 0.9404 0.5326 2.1236 1.8052 

16 0.3713 0.9018 0.5027 2.0988 1.7896 

17 0.3833 0.9059 0.5115 2.0932 1.7338 

18 0.3950 0.8583 0.4829 2.0772 1.7153 

19 0.4063 0.8219 0.4556 2.0337 1.7237 

20 0.4173 0.7935 0.4688 2.0219 1.6910 

21 0.4281 0.7851 0.4780 2.0193 1.6489 

22 0.4385 0.7593 0.4543 1.9895 1.6550 

23 0.4488 0.7360 0.4441 1.9715 1.6141 

24 0.4588 0.7120 0.4345 1.9818 1.6089 

25 0.4685 0.6967 0.4487 1.9426 1.5736 

26 0.4781 0.7051 0.4373 1.9279 1.5494 

27 0.4875 0.6600 0.4180 1.9085 1.5340 

28 0.4967 0.6397 0.4289 1.8694 1.5289 

29 0.5058 0.6154 0.4241 1.8690 1.4778 

30 0.5147 0.6281 0.3958 1.8680 1.4536 

31 0.5234 0.5916 0.3912 1.8660 1.4688 

32 0.5320 0.6054 0.3967 1.8255 1.4295 

 

  



  X Anhang 

231 
 

Tabelle 70: Absolute integrals of PS, BR, PVC and PMMA in THF for calibration sample S4K2 of calibration set 
4 measured by a PGSTE sequence at 80 MHz with increasing gradient strength g. Integrals highlighted in bold  
style are used for extrapolation. Grey values are excluded from further calculations.  

Step  g in [T/m]  IPMMA  IPVC IBR IPS 

1 0.0426 1116.6477 9.9430 2.0059 1.3919 

2 0.1043 338.7837 3.2251 1.9878 1.6649 

3 0.1413 104.2096 1.3119 1.9637 1.6961 

4 0.1704 32.9952 0.7435 1.9395 1.7134 

5 0.1952 11.2298 0.5585 1.8992 1.7075 

6 0.2172 4.4325 0.4974 1.8911 1.6710 

7 0.2372 2.2567 0.4498 1.8937 1.6707 

8 0.2556 1.5099 0.4656 1.8490 1.6380 

9 0.2727 1.1898 0.4507 1.8254 1.5602 

10 0.2889 1.0590 0.4395 1.8045 1.5637 

11 0.3042 0.9820 0.4502 1.7776 1.5485 

12 0.3187 0.9294 0.4665 1.7799 1.5126 

13 0.3327 0.8348 0.4228 1.7304 1.4876 

14 0.3460 0.8323 0.4247 1.7430 1.4589 

15 0.3589 0.7746 0.3977 1.7129 1.4355 

16 0.3713 0.7819 0.3916 1.6977 1.4233 

17 0.3833 0.7523 0.3839 1.6830 1.3939 

18 0.3950 0.6849 0.4009 1.6630 1.3778 

19 0.4063 0.6701 0.3812 1.6548 1.3825 

20 0.4173 0.6727 0.3703 1.6230 1.3214 

21 0.4281 0.6426 0.3319 1.6245 1.3312 

22 0.4385 0.6103 0.3540 1.6018 1.3031 

23 0.4488 0.5906 0.3356 1.5565 1.2559 

24 0.4588 0.5815 0.3780 1.5729 1.2457 

25 0.4685 0.5448 0.3370 1.5451 1.2291 

26 0.4781 0.5467 0.3375 1.5577 1.2001 

27 0.4875 0.5422 0.3549 1.5052 1.2149 

28 0.4967 0.5255 0.3301 1.5041 1.1815 

29 0.5058 0.5024 0.3305 1.4871 1.1939 

30 0.5147 0.4991 0.3251 1.4820 1.1786 

31 0.5234 0.4674 0.3211 1.4788 1.1399 

32 0.5320 0.4723 0.3244 1.4457 1.1334 
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Tabelle 71: Absolute integrals of PS, BR, PVC and PMMA in THF for calibration sample S4K3 of calibration set 
4 measured by a PGSTE sequence at 80 MHz with increasing gradient strength g. Integrals highlighted in bold  
style are used for extrapolation. Grey values are excluded from further calculations.  

Step  g in [T/m]  IPMMA  IPVC IBR IPS 

1 0.0426 1111.5374 11.1781 2.1040 1.6441 

2 0.1043 335.5122 3.6344 1.7251 1.4572 

3 0.1413 102.5800 1.3527 1.5458 1.3807 

4 0.1704 32.4177 0.6593 1.4833 1.3463 

5 0.1952 10.9694 0.4736 1.4424 1.2939 

6 0.2172 4.2998 0.3728 1.4549 1.2725 

7 0.2372 2.1464 0.3702 1.4197 1.2371 

8 0.2556 1.3843 0.3619 1.3994 1.2188 

9 0.2727 1.0829 0.3660 1.3694 1.2074 

10 0.2889 0.9360 0.3422 1.3722 1.1952 

11 0.3042 0.8210 0.3442 1.3551 1.1841 

12 0.3187 0.7791 0.3328 1.3446 1.1360 

13 0.3327 0.7362 0.3256 1.3215 1.1195 

14 0.3460 0.6793 0.3047 1.2904 1.0855 

15 0.3589 0.6559 0.3050 1.2793 1.0740 

16 0.3713 0.6140 0.2922 1.2695 1.0398 

17 0.3833 0.5863 0.2870 1.2442 1.0590 

18 0.3950 0.5638 0.2944 1.2312 1.0410 

19 0.4063 0.5373 0.2974 1.2521 1.0141 

20 0.4173 0.5094 0.2747 1.2262 0.9902 

21 0.4281 0.5192 0.2825 1.2139 0.9718 

22 0.4385 0.4882 0.2648 1.1988 0.9497 

23 0.4488 0.4629 0.2602 1.1929 0.9344 

24 0.4588 0.4672 0.2630 1.1689 0.9234 

25 0.4685 0.4284 0.2370 1.1537 0.9199 

26 0.4781 0.4168 0.2517 1.1646 0.9055 

27 0.4875 0.4314 0.2499 1.1299 0.8708 

28 0.4967 0.4185 0.2522 1.1092 0.8542 

29 0.5058 0.3977 0.2066 1.1110 0.8679 

30 0.5147 0.3852 0.2184 1.0823 0.8439 

31 0.5234 0.3657 0.2275 1.0875 0.8410 

32 0.5320 0.3609 0.2145 1.0828 0.8118 
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Tabelle 72: Absolute integrals of PS, BR, PVC and PMMA in THF for calibration sample S4K4 of calibration set 
4 measured by a PGSTE sequence at 80 MHz with increasing gradient strength g. Integrals highlighted in bold  
style are used for extrapolation. Grey values are excluded from further calculations.  

Step  g in [T/m]  IPMMA  IPVC IBR IPS 

1 0.0426 1198.5288 11.7933 1.7287 1.2560 

2 0.1043 359.5118 3.6496 1.2705 1.0463 

3 0.1413 108.6512 1.2572 1.1323 0.9273 

4 0.1704 33.7879 0.5316 1.0546 0.9245 

5 0.1952 11.1787 0.3328 0.9976 0.8751 

6 0.2172 4.2185 0.2765 1.0016 0.8693 

7 0.2372 1.9817 0.2283 0.9891 0.8265 

8 0.2556 1.2117 0.1993 0.9816 0.8291 

9 0.2727 0.9111 0.2205 0.9610 0.8062 

10 0.2889 0.7714 0.2339 0.9508 0.7966 

11 0.3042 0.6710 0.2227 0.9489 0.7718 

12 0.3187 0.6155 0.1985 0.9385 0.7570 

13 0.3327 0.5554 0.1938 0.9117 0.7577 

14 0.3460 0.5305 0.1767 0.9117 0.7201 

15 0.3589 0.4945 0.1876 0.9054 0.7424 

16 0.3713 0.4882 0.1751 0.8862 0.7215 

17 0.3833 0.4480 0.1868 0.8797 0.6921 

18 0.3950 0.4028 0.1836 0.8720 0.6812 

19 0.4063 0.3841 0.1470 0.8472 0.6727 

20 0.4173 0.3741 0.1777 0.8478 0.6652 

21 0.4281 0.3851 0.1572 0.8534 0.6655 

22 0.4385 0.3527 0.1594 0.8109 0.6307 

23 0.4488 0.3260 0.1628 0.7956 0.6282 

24 0.4588 0.3334 0.1615 0.7958 0.6080 

25 0.4685 0.3010 0.1539 0.7799 0.5812 

26 0.4781 0.3154 0.1754 0.7702 0.6110 

27 0.4875 0.2967 0.1564 0.7839 0.5887 

28 0.4967 0.2859 0.1418 0.7677 0.5676 

29 0.5058 0.2736 0.1378 0.7548 0.5694 

30 0.5147 0.2641 0.1562 0.7343 0.5649 

31 0.5234 0.2583 0.1223 0.7248 0.5536 

32 0.5320 0.2566 0.1240 0.7362 0.5096 
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Tabelle 73: Absolute integrals of PS, BR, PVC and PMMA in THF for calibration sample S4K5 of calibration set 
4 measured by a PGSTE sequence at 80 MHz with increasing gradient strength g. Integrals highlighted in bold  
style are used for extrapolation. Grey values are excluded from further calculations.  

Step  g in [T/m]  IPMMA  IPVC IBR IPS 

1 0.0426 1105.6481 9.7284 0.5031 -0.0105 

2 0.1043 328.1271 2.9345 0.5050 0.3209 

3 0.1413 98.5054 0.9397 0.4873 0.3531 

4 0.1704 30.1648 0.3434 0.4609 0.3816 

5 0.1952 9.7491 0.1695 0.4798 0.3975 

6 0.2172 3.5209 0.1436 0.4525 0.3739 

7 0.2372 1.5387 0.1110 0.4449 0.3782 

8 0.2556 0.8485 0.0748 0.4298 0.3306 

9 0.2727 0.6043 0.1047 0.4417 0.3382 

10 0.2889 0.4849 0.0733 0.4276 0.3525 

11 0.3042 0.4096 0.0448 0.4214 0.3543 

12 0.3187 0.3447 0.0837 0.4315 0.3376 

13 0.3327 0.3334 0.0657 0.4117 0.3154 

14 0.3460 0.3073 0.0825 0.4068 0.2893 

15 0.3589 0.2792 0.0519 0.4044 0.3229 

16 0.3713 0.2649 0.0762 0.3729 0.3307 

17 0.3833 0.2507 0.0432 0.3816 0.3072 

18 0.3950 0.2202 0.0600 0.3849 0.2916 

19 0.4063 0.2104 0.0670 0.3876 0.2830 

20 0.4173 0.1934 0.0560 0.3784 0.3059 

21 0.4281 0.1973 0.0912 0.3752 0.2646 

22 0.4385 0.1634 0.0580 0.3707 0.3002 

23 0.4488 0.1733 0.0438 0.3858 0.2684 

24 0.4588 0.1475 0.0616 0.3651 0.2227 

25 0.4685 0.1533 0.0425 0.3460 0.2415 

26 0.4781 0.1495 0.0304 0.3599 0.2357 

27 0.4875 0.1692 0.0429 0.3509 0.2142 

28 0.4967 0.1322 0.0377 0.3447 0.2382 

29 0.5058 0.1185 0.0426 0.3361 0.2377 

30 0.5147 0.1211 0.0739 0.3268 0.2278 

31 0.5234 0.1315 0.0531 0.3313 0.2378 

32 0.5320 0.1461 0.0300 0.3305 0.2241 
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Tabelle 74: Absolute integrals of PS, BR, PVC and PMMA in THF for control sample S4C1 of calibration set 4 
measured by a PGSTE sequence at 80 MHz with increasing gradient strength g. Integrals highlighted in bold  
style are used for extrapolation. Grey values are excluded from further calculations.  

Step  g in [T/m]  IPMMA  IPVC IBR IPS 

1 0.0426 1110.6050 11.0173 1.5330 0.8193 

2 0.1043 328.8428 3.3087 1.0862 0.6013 

3 0.1413 98.6399 1.0876 0.9583 0.4893 

4 0.1704 30.2891 0.4213 0.8868 0.4865 

5 0.1952 9.8161 0.2111 0.8704 0.4384 

6 0.2172 3.5686 0.1635 0.8174 0.4605 

7 0.2372 1.5844 0.1429 0.8193 0.4362 

8 0.2556 0.9149 0.1358 0.8289 0.4239 

9 0.2727 0.6512 0.1356 0.8001 0.4060 

10 0.2889 0.5554 0.1349 0.8000 0.3972 

11 0.3042 0.4603 0.1168 0.7849 0.3884 

12 0.3187 0.4210 0.1442 0.7664 0.3810 

13 0.3327 0.3617 0.1210 0.7563 0.3956 

14 0.3460 0.3416 0.1071 0.7509 0.3918 

15 0.3589 0.3206 0.0947 0.7503 0.3832 

16 0.3713 0.2961 0.1239 0.7357 0.3533 

17 0.3833 0.2784 0.1413 0.7385 0.3564 

18 0.3950 0.2706 0.0864 0.7043 0.3566 

19 0.4063 0.2454 0.1074 0.7129 0.3498 

20 0.4173 0.2303 0.1033 0.7022 0.3246 

21 0.4281 0.2535 0.1048 0.7164 0.3355 

22 0.4385 0.2166 0.0895 0.6959 0.3318 

23 0.4488 0.2148 0.0864 0.6831 0.3115 

24 0.4588 0.2069 0.0916 0.6657 0.3050 

25 0.4685 0.1877 0.1068 0.6493 0.2946 

26 0.4781 0.1589 0.1074 0.6606 0.3148 

27 0.4875 0.1730 0.0975 0.6642 0.2973 

28 0.4967 0.1561 0.1030 0.6336 0.2568 

29 0.5058 0.1610 0.0880 0.6145 0.2715 

30 0.5147 0.1606 0.0884 0.6041 0.2724 

31 0.5234 0.1464 0.0797 0.6140 0.2666 

32 0.5320 0.1277 0.1068 0.6104 0.2781 
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Tabelle 75: Absolute integrals of PS, BR, PVC and PMMA in THF for control sample S4C2 of calibration set 4 
measured by a PGSTE sequence at 80 MHz with increasing gradient strength g. Integrals highlighted in bold  
style are used for extrapolation. Grey values are excluded from further calculations.  

Step  g in [T/m]  IPMMA  IPVC IBR IPS 

1 0.0426 1107.4450 10.9618 2.3338 1.8540 

2 0.1043 336.8920 3.6165 2.0152 1.7207 

3 0.1413 103.5206 1.4302 1.8871 1.6577 

4 0.1704 32.7156 0.8015 1.8076 1.6190 

5 0.1952 11.0492 0.6047 1.7767 1.6048 

6 0.2172 4.2774 0.5015 1.7539 1.5649 

7 0.2372 2.0890 0.4979 1.7306 1.5399 

8 0.2556 1.3412 0.4856 1.7124 1.5210 

9 0.2727 1.0386 0.4896 1.7058 1.4980 

10 0.2889 0.8886 0.4759 1.6701 1.4691 

11 0.3042 0.8486 0.4521 1.6576 1.4322 

12 0.3187 0.7728 0.4528 1.6513 1.3896 

13 0.3327 0.7406 0.4278 1.6178 1.4261 

14 0.3460 0.6769 0.4436 1.6065 1.3964 

15 0.3589 0.6606 0.4422 1.6020 1.3622 

16 0.3713 0.6325 0.4048 1.5769 1.3524 

17 0.3833 0.6105 0.4014 1.5644 1.3151 

18 0.3950 0.5727 0.3898 1.5537 1.2883 

19 0.4063 0.5697 0.4068 1.5332 1.2624 

20 0.4173 0.5508 0.3975 1.5169 1.2502 

21 0.4281 0.5332 0.3878 1.4995 1.2132 

22 0.4385 0.5131 0.3791 1.5029 1.1954 

23 0.4488 0.5263 0.3602 1.4555 1.1963 

24 0.4588 0.4661 0.3568 1.4392 1.1718 

25 0.4685 0.4733 0.3469 1.4400 1.1496 

26 0.4781 0.4361 0.3429 1.4193 1.1251 

27 0.4875 0.4176 0.3125 1.4103 1.1250 

28 0.4967 0.4020 0.3323 1.4161 1.0961 

29 0.5058 0.4147 0.3298 1.3754 1.0997 

30 0.5147 0.3940 0.3311 1.3727 1.0692 

31 0.5234 0.4098 0.3105 1.3643 1.0572 

32 0.5320 0.3901 0.3347 1.3355 1.0565 
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Tabelle 76: Absolute integrals of PS, BR, PVC and PMMA in THF for control sample S4C3 of calibration set 4 
measured by a PGSTE sequence at 80 MHz with increasing gradient strength g. Integrals highlighted in bold  
style are used for extrapolation. Grey values are excluded from further calculations.  

Step  g in [T/m]  IPMMA  IPVC IBR IPS 

1 0.0426 1136.3893 11.9046 1.9193 1.7591 

2 0.1043 341.8940 3.7782 1.3622 1.3950 

3 0.1413 104.0119 1.3779 1.1355 1.2715 

4 0.1704 32.5778 0.6846 1.0881 1.2090 

5 0.1952 10.8854 0.4186 1.0434 1.1779 

6 0.2172 4.1726 0.3860 1.0438 1.1663 

7 0.2372 2.0213 0.3573 1.0031 1.1649 

8 0.2556 1.2425 0.3503 0.9927 1.1288 

9 0.2727 0.9507 0.3473 1.0147 1.0940 

10 0.2889 0.7997 0.3562 0.9607 1.0553 

11 0.3042 0.7329 0.3069 0.9428 1.0412 

12 0.3187 0.6676 0.3181 0.9736 1.0426 

13 0.3327 0.5886 0.3057 0.9354 1.0418 

14 0.3460 0.5649 0.3096 0.9298 1.0101 

15 0.3589 0.5369 0.2784 0.9128 0.9919 

16 0.3713 0.5078 0.3036 0.8897 0.9722 

17 0.3833 0.4877 0.3043 0.9140 0.9467 

18 0.3950 0.4603 0.2835 0.8903 0.9426 

19 0.4063 0.4427 0.2947 0.8820 0.9276 

20 0.4173 0.4104 0.2443 0.8706 0.8873 

21 0.4281 0.4067 0.2439 0.8458 0.8729 

22 0.4385 0.3690 0.2524 0.8245 0.8884 

23 0.4488 0.3693 0.2696 0.8195 0.8992 

24 0.4588 0.3530 0.2797 0.8570 0.8831 

25 0.4685 0.3601 0.2517 0.8189 0.8256 

26 0.4781 0.3253 0.2270 0.8313 0.7996 

27 0.4875 0.2992 0.2380 0.8137 0.7990 

28 0.4967 0.3144 0.2292 0.7993 0.8064 

29 0.5058 0.3120 0.2023 0.7814 0.7878 

30 0.5147 0.2995 0.2189 0.7892 0.7966 

31 0.5234 0.2837 0.1970 0.7605 0.7463 

32 0.5320 0.2640 0.2048 0.7689 0.7510 
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X.4.4!ErgŠnzende Materialien zu Kapitel VIII.4.1  

Tabelle 77: Concentrations of calibration and control samples for EPR, PIR, BR and PS in THF.  

Sample  cEPR(PP) 

[mg/ml]  

cPIR 

[mg/ml]  

cBR 

[mg/ml]  

cPS 

[mg/ml]  

KG1 2.50 2.50 2.49 1.51 

KG2 2.00 2.00 1.99 1.21 

KG3 1.50 1.50 1.49 0.91 

KG4 1.00 1.00 1.00 0.60 

KG5 0.50 0.50 0.50 0.30 

TG1 2.18 2.20 2.42 1.34 

TG2 1.47 1.68 1.46 1.02 

TG3 0.70 0.65 0.85 0.46 

 

Tabelle 78: Absolute intensities of calibration and control samples of EPR, PIR, BR and PS as well as the 
corresponding internal standard (INST).  

Sample  IINST IEPR(PP) IPIR IBR IPS 

KG1 0.5989 3.3425 1.6055 3.9274 3.1818 

0.3005 1.6788 0.8103 1.9714 1.5926 

0.2996 1.6635 0.8025 1.9689 1.5894 

KG2 1.7581 8.0091 3.7632 9.2562 7.5269 

0.2838 1.3088 0.6161 1.4864 1.2181 

0.2837 1.2944 0.6178 1.4907 1.2116 

KG3 0.6019 2.1596 0.9964 2.4115 1.9824 

0.3017 1.0948 0.4977 1.2071 0.9959 

0.3012 1.1020 0.4997 1.2055 0.9958 

KG4 1.8020 4.4734 1.9689 4.8589 4.0861 

0.2889 0.7586 0.3231 0.7810 0.6503 

0.2886 0.7553 0.3335 0.7852 0.6597 

KG5 1.7753 2.7254 1.0338 2.4935 2.2036 

0.2852 0.4348 0.1658 0.4019 0.3559 

0.2849 0.4211 0.1609 0.4006 0.3532 

TG1 1.7209 8.3126 3.9928 10.6832 8.0256 

0.2764 1.3331 0.6372 1.7177 1.2925 

0.2766 1.3373 0.6462 1.7235 1.2948 

TG2 1.7321 5.9590 3.0877 6.5249 6.2334 

0.2800 0.9519 0.4890 1.0525 1.0028 

0.2801 0.9469 0.4949 1.0511 1.0100 

TG3 1.8160 3.2638 1.3042 4.0893 3.3608 

0.2913 0.5295 0.2106 0.6569 0.5387 

0.2912 0.5280 0.2138 0.6574 0.5400 
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Tabelle 79: Concentrations and absolute intensities of calibration and control samples of NR as well as the 
corresponding internal standard (INST). 

Sample  cNR 

[mg/ml]  

IINST INR 

KN1 2.50 1.7439 4.2931 

0.2808 0.6901 

0.2792 0.6879 

KN2 2.00 1.7460 3.5179 

0.2822 0.5671 

0.2794 0.5650 

KN3 1.50 1.8271 2.8000 

0.2935 0.4517 

0.2945 0.4520 

KN4 1.00 1.7792 1.9069 

0.2861 0.3064 

0.2865 0.3067 

KN5 0.50 1.8349 0.9485 

0.2949 0.1518 

0.2949 0.1478 

TN1 2.34 0.5947 1.3562 

0.2981 0.6785 

0.2988 0.6743 

TN2 1.74 0.5502 0.9559 

0.2772 0.4835 

0.2762 0.4822 

TN3 0.81 1.7750 1.4984 

0.2865 0.2393 

0.2863 0.2403 
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Tabelle 80: Concentrations and absolute intensities of calibration and control samples of SBR as well as the 
corresponding internal standard (INST) integral.  

Sample  cSBR 

[mg/ml]  

IINST ISBR(BR) ISBR(PS) 

KS1 2.50 0.5710 2.2997 0.9616 

0.6287 2.4057 1.0656 

0.6440 2.5516 1.0852 

KS2 2.00 0.5725 1.8408 0.8010 

0.6562 2.0993 0.9015 

0.6377 2.0500 0.8817 

KS3 1.50 0.6166 1.4845 0.6506 

0.7027 1.6943 0.7347 

0.6910 1.6720 0.7234 

KS4 1.00 0.6009 0.9979 0.4199 

0.6737 1.1306 0.4796 

0.6552 1.0874 0.4677 

KS5 0.50 0.6027 0.5220 0.2288 

0.6701 0.5799 0.2490 

2.0363 1.7785 0.7609 

TS1 1.61 0.6361 1.5895 0.6996 

0.6810 1.7496 0.7549 

0.6821 1.7135 0.7446 

TS2 2.50 1.0711 4.1242 1.7940 

1.0828 4.2255 1.8089 

1.0674 4.1342 1.7937 

TS3 2.41 1.1520 4.2450 1.8575 

1.1298 4.1787 1.8174 

1.1118 4.0903 1.7914 
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Tabelle 81: Weighed-in concentrations and absolute intensities of extraction samples of EPR, BR, PIR, NR and 
SBR as well as the corresponding internal standard (INST) intensity and blank sample data.  

Sample  c 

[mg/ml]  

IINST IPolymer  

EBlank (EPR) Ð 0.6412 0.7738 

0.6898 1.2020 

0.6459 0.9157 

EBR 2.46 0.6269 3.7498 

0.6198 3.6528 

0.6195 3.6900 

EEPR(PP) 0.96 0.6271 3.9418 

0.6191 4.3127 

0.6125 3.8701 

EPIR 2.47 0.5990 1.2519 

0.6085 1.2739 

0.5988 1.2622 

ENR 2.47 0.6060 1.1527 

0.6086 1.1525 

0.5886 1.1417 

ESBR(BR) 1.86 1.8975 6.4444 

1.8817 6.4053 

0.6029 2.0456 

ESBR(PS) 0.57 1.8975 2.8823 

1.8817 2.8635 

0.6029 0.8913 
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X.4.5!ErgŠnzende Materialien zu Kapitel VIII.4.2  

Tabelle 82: Figures of merit for 1H-NMR data from the University of Koblenz. Coe$cient of c orrelation  and 
limits of detection and quanti!cation using external calibration of the aliphatic PET signal as well as the 
aromatic PET signal. Further  below , masses and Relative Standard Deviation, % RSD (n=3) for !ve PET RM 
samples determined by 1H-NMR and the external calibration approach.  

 

 Calibration   RM Samples   
 R# LOQ [µg/mL]  LOD [µg/mL]   m [µg]  RSD, % 

PETaliphat.   0.99989 6.09 1.83  298.74 7.26 

PETarom.   0.99991 3.31 0.99  301.76 6.94 

!

Sample Nr.  411 412 413 419 422 

PETaliphat.  m[µg]  272.85 332.13 293.52 303.42 291.77 

RSDindividual  0.64 % 3.50 % 0.58 % 0.77 % 0.64 % 

PETarom.  m[µg]  275.88 332.26 304.32 306.01 290.31 

RSDindividual  1.49 % 1.13 % 0.23 % 2.67 % 1.32 % 

!

Tabelle 83: Figures of merit for 1H-NMR data for MP PET in a NaCl-matrix (JRC-Geel). Quantitative data 
obtained by  internal  calibration using DMSO2 and the aliphatic PET signal . Repeatability and intermediate 
precision % -RSDs was obtained by measuring four PET samples in a NaCl - matrix by 1H-NMR on two di(erent 
days (n = 8) and then calculated by Analysis of Variance, ANOVA.  

Parameter  Result  

Repeatability precision  4.9 % 

Intermediate precision  10.2 % 

Over all recovery of PET from NaCl -

matrix (n = 8)  

77 ± 5 % 

Relative expanded measurement 

uncertainty, k = 2  

23 % 

!
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Tabelle 84: All measurement results obtained on the PET reference material using 1H-NMR and two di(erent 
ultra -microbalances.  

Vial number 

(!ll sequence)  

Mass of PET, mg  

ultra -micro balances, 

JRC-Geel 

Mass of PET, mg  
1H-NMR, JRC-Geelb 

Mass of PET, mg 
1H-NMR,  

Uni -Koblenz c 

6 0.297   

45 0.350   

92 0.242   

132 0.320   

177 0.342   

222 0.261   

258 0.323   

288 0.341   

359 0.257   

389 0.237   

411   0.273 

412   0.332 

413   0.294 

418 0.277   

419   0.303 

422   0.292 

432  0.369  

434 0.315   

441 0.304   

446  0.353  

458  0.340  

459  0.405  

466 0.239   

474  0.311  

476  0.323  

478  0.393  

479  0.300  

481 0.251a   

486  0.311  

487  0.355  

488 0.313a   

503  0.368  

504 0.293a   

512  0.385  

515 0.286a   

517  0.363  

518  0.246  

a = Results obtained using slightly di!erent "ltration set -up, metal funnel and the UMT2 balance. b = Each measurement result 
has an relative expanded measurement uncertainty of 23 %, U, which was obtained in a separate method validation study (see 
Table S2), c = Only the aliphatic protons signals in PET were used to obtain these results. 
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Abbildung 56: From the left; an RM vial with salt carrier containing PET, !lter holder with glass frit, rubber ring, 
1 x 1 cm silicon membrane !lter and the custom -made metal funnels and 20 ml glass recipient used for 
!ltration of the RM samples.  

Abbildung 55: 1H-NMR spectra (University of Koblenz). Comparison of PET RM sample containing DMSO and 
HMDSO as internal standards (top). PET RM sample without any internal standard (middle) and PET reference 
spectra containing HMDSO as INST (bottom) . 
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X.4.6!ErgŠnzende Materialien zu Kapitel VIII.5  

Integral -Bereiche  

Tabelle 85: Integralbereiche fŸr NMR -Messungen des Methodenvergleichs, durchgefŸhrt an der UniversitŠt 
Koblenz, entsprechend der einzelnen Polymertypen und internen Standards nach Lšsungsmittel.  

 PVC BR PS7,1 PS6,6 HMDSO HMDSO PET 

LM THF THF THF THF THF TFA/FA TFA/FA 

VonÉ [ppm]  4,30 5,15 6,95 6,32 -0,25 -0,30 4,45 

BisÉ [ppm]  4,70 5,60 7,25 6,80 0,35 0,30 4,60 

 

Kalibrierdaten  

Tabelle 86: Kalibrierdaten fŸr PVC und BR in THF der zum Methodenvergleich an der UniversitŠt Koblenz 
durchgefŸhrten NMR -Messungen.  

Polymer  PVC BR 

Solvent THF THF 

cmax [µg/ml]  10 100 10 100 

cmin [µg/ml]  100 1000 100 1000 

Scans 256 20 256 20 

R" 0,89659 0,99921 0,99930 0,99988 

RMSD 0,00001 0,00001 0,00000 0,00001 

LODDIN [µg/ml]  30,95 25,65 2,43 10,01 

LOQDIN [µg/ml]  144,19 93,52 8,88 37,67 

LODSNR [µg/ml]  6,20 22,25 0,48 1,67 

LOQSNR [µg/ml]  20,66 74,18 1,59 5,56 

Richtigkeit  99,83% 101,60% 98,67% 99,17% 

STD 22,16% 1,37% 0,95% 1,01% 
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Tabelle 87: Kalibrierdaten fŸr PS in THF und PET in TFA/FA der zum Methodenvergleich an der UniversitŠt 
Koblenz durchgefŸhrten NMR -Messungen.  

Polymer  PS7,1 PS6,6 PET 

Solvent THF THF TFA/FA 

cmax [µg/ml]  10 100 10 100 10 

cmin [µg/ml]  100 1000 100 1000 100 

Scans 256 20 256 20 256 

R" 0,99712 0,99968 0,99446 0,99910 0,99959 

RMSD 0,00000 0,00001 0,00000 0,00003 0,00000 

LODDIN [µg/ml]  4,92 16,50 6,84 27,47 1,85 

LOQDIN [µg/ml]  17,30 61,18 23,44 99,88 6,84 

LODSNR [µg/ml]  5,76 21,08 3,19 11,90 1,32 

LOQSNR [µg/ml]  19,22 70,28 10,63 39,66 4,39 

Richtigkeit  97,70% 99,57% 100,30% 98,77% 97,80% 

STD 3,48% 2,00% 2,72% 0,50% 8,66% 

 

Blindwerte  

Tabelle 88: Blindwerte fŸr PVC, BR und PS in THF sowie PET in TFA/FA der zum Methodenvergleich an der 
UniversitŠt Koblenz durchgefŸhrten NMR -Messungen.  

Sample  PVC [µg] ± [µg]  BR [µg]  ± [µg]  PS7,1 [µg]  ± [µg]  PET [µg] ± [µg]  PS6,6 [µg]  ± [µg]  

Blind 1  -20,21 44,27 5,07 3,02 -1,92 6,34 1,85 2,34 1,34 8,66 

Blind 2  -18,31 43,78 -0,60 3,11 -3,72 6,41 0,86 2,35 -1,12 8,77 

Blind 3  -15,91 43,18 4,15 3,03 -3,63 6,40 0,15 2,36 3,41 8,57 

Blind 4  -15,63 43,10 -1,19 3,12 -0,71 6,30 0,12 2,36 7,14 8,40 
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Rohdaten  

PLE-Proben  

Tabelle 89: Rohdaten aus den zum Methodenvergleich an der UniversitŠt Koblenz durchgefŸhrten NMR -
Messungen an PLE-Extrakten.   

!"#$%&'

()*+"",& '

-#,. '

/01 '

-2,. '

3'

-2,. '

45'

-2,. '

3'

-2,. '

/! 7,1 

-2,. '

3'

-2,. '

/(6 '

-2,. '

3'

-2,. '

"#$%!&&'()* ! +'',-* ! ./0/ ! ./0/ ! +-,+( ! &,-) ! ++1,1)! ((,') ! ./0/ ! ./0/ !

"#$%!&&'--- ! +'',(2 ! ./0/ ! ./0/ ! &),22! &,2*! 21,-1! 2,1(! ./0/ ! ./0/ !

"#$%!&&'1&*! +'),'- ! ./0/ ! ./0/ ! (),2+ ! &,*- ! *-,'( ! 2,)' ! ./0/ ! ./0/ !

345.!6789:.;:4<8! +'&,1+! &2),22! &-,-* ! &+,-2! &,2=! *-,(= ! 2,)' ! )+,(- ! &,'+!

 

SLE-Proben  

Tabelle 90: Rohdaten aus den zum Methodenvergleich an der UniversitŠt Koblenz durchgefŸhrten NMR -
Messungen an SLE-Extrakten.  
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3'
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