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Kurzfassung

Die vorliegende Studie befasst sich mit der Bestimmung von silberbasierten Nanopartikeln
(Ag-b-NPs) in Umweltproben, wie z. B. Leitungswasser, Abwasser, natiirlichen Gewéssern und
Seesedimenten. Bislang stellte die Bestimmung von Ag-b-NP in solchen Proben mit den
gingigen Analysetechniken eine Herausforderung dar, da die Partikel nur geringe
Konzentrationen im ng L-'-Bereich aufweisen und gleichzeitig grofie Mengen an gelosten

Ag(D)-Spezies und anderen natiirlich vorkommenden Probenbestandteilen vorhanden sind.

Die Einzelpartikel-Massenspektrometrie mit induktiv gekoppeltem Plasma (sp-ICP-MS) ist
eine vielversprechende Technik, die in der Lage ist, gleichzeitig die Konzentration und die
Partikelgr6f3en von nanopartikuldren Analyten wie Ag-b-NP selbst bei Konzentrationen von
nur einigen ng L' zu bestimmen. Allerdings bereiten gleichzeitig vorhandene geloste
Analytspezies der sp-ICP-MS Probleme, da diese hohe Hintergrundsignale verursachen. Diese
Hintergrundsignale liberdecken einen Grofiteil der von den nanopartikuldren Analyten
stammenden Signale und begrenzen daher die Gréf3endetektionsgrenze (engl. size detection
limit, SDL), d.h. die kleinste detektierbare Partikelgréfie. Ag-b-NP in Umweltproben weisen in
der Regel Durchmesser < 20 nm auf. Leider konnen aktuelle sp-ICP-MS-Ansitze solche

niedrigen SDL-Werte kaum erreichen.

In dieser Studie wurde daher die sp-ICP-MS mit einer tensidbasierten Probenvorbehandlung,
der sogenannten Cloud-Point-Extraktion (CPE), kombiniert, die eine selektive Extraktion und
Anreicherung von Ag-b-NP aus Umweltproben ermdglicht. Dabei werden Ag-b-NP quantitativ
von gelbsten Silberspezies getrennt. Durch diese spezifische Probenvorbehandlung werden
die Hintergrundsignale bei sp-ICP-MS-Messungen auf ein absolutes Minimum reduziert, was
den Weg zur Quantifizierung und Bestimmung von Partikelgréfienverteilungen von Ag-b-NP
in Umweltproben mit einer Gréfde < 20 nm ebnet. Die Cloud-Point-Extraktion wurde dartiber
hinaus mit der Elektronenmikroskopie gekoppelt, um die Bildgebung von Ag-b-NP in

Umweltproben zu ermdoglichen.

Diese Technik wurde erfolgreich aufverschiedene Umweltproben angewendet. So wurden z. B.
ng L Spuren von Ag-b-NP in Flusswasser bestimmt, wobei das Vorkommen dieser Partikel
hauptsachlich auf Abwéasser von Klaranlagen zuriickzufiihren ist. Dartiber hinaus konnte
gezeigt werden, dass Ag-b-NP aus metallischen Leitungswasserrohren in Leitungswasser
freigesetzt, aber auch in Seen auf natilirliche Weise gebildet werden kénnen. Sobald Ag-b-NPs

ins Seewasser gelangen, werden sie im Wesentlichen aufgelost.
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Abstract

The present study focuses on the determination of silver-based nanoparticles (Ag-b-NPs) in
environmental samples, such as tap water, wastewater, natural waters and lake sediments.
Hitherto, determination of Ag-b-NPs in such samples has been challenging with current
analytical techniques, owing to the particles’ low concentrations in the ng L-* range and the co-
existence of high amounts of dissolved Ag(I) species and other naturally occurring samples

constituents.

Single-particle inductively coupled plasma mass spectrometry (sp-ICP-MS) is a promising
technique able to simultaneously determine the concentration and particle sizes of
nanoparticulate analytes such as Ag-b-NPs even at concentrations of only several ng L™
However, sp-ICP-MS suffers from the coexistence of dissolved analyte species causing high
background signals. These background signals cover a majority of signals deriving from the
nanoparticulate analytes and therefore limit the size detection limit (SDL), i.e. the minimum
particle size detectable. Ag-b-NPs in environmental samples usually size diameters <20 nm.

Unfortunately, current sp-ICP-MS approaches can barely reach such low SDL values.

In this study, sp-ICP-MS has, thus, been combined with a surfactant-mediated sample pre-
treatment, the so-called Cloud Point Extraction (CPE), which allows for the selective extraction
and enrichment of Ag-b-NPs from environmental samples. Thereby, Ag-b-NPs are
quantitatively separated from dissolved silver species. Due to this specific sample
pretreatment, background signals during sp-ICP-MS measurements are reduced to an
absolute minimum, paving the way to quantification and determination of particle size
distributions of Ag-b-NPs in environmental samples sizing < 20 nm. Cloud Point Extraktion
has also been coupled to electron microscopy to allow for picturing Ag-b-NPs in

environmental samples.

This technique has been successfully applied to different environmental samples. For
instance, ng L traces of Ag-b-NPs in river water have been determined whereas the
occurrence of these particles is mainly attributed to wastewater treatment plant effluents.
Moreover, it could have been shown that Ag-b-NPs can be released from metallic tap water
tubes into tap water but can also be formed naturally in lakes. Once Ag-b-NPs reach sea water,

they are substantially dissolved.
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Einleitung, Zielsetzung und Motivation 1

1 Einleitung, Zielsetzung und Motivation

«In the year 2000, when they look back at this age, they will wonder why it was not until the

year 1960 that anybody began seriously to move in this direction. » [1]

« Wenn man im Jahr 2000 auf heute zurtickblickt, wird man sich fragen, warum erst im Jahr 1960 jemand

ernsthaft begann, in diese Richtung zu forschen. » [2]

So stellt sich Richard Feynman, Physiker und Nobelpreistriger, bei seiner zukunftsweisenden
Rede ,There’s Plenty of Room at the Bottom*® (zu Deutsch: ,Viel Spielraum nach unten® [2]) im
Rahmen der Jahresversammlung der Amerikanischen Physikalischen Gesellschaft am
California Institute of Technology unseren heutigen Blick auf die Anfinge der

Nanotechnologie vor.

«ButTam not afraid to consider the final question as to whether, ultimately—in the great
future—we can arrange the atoms the way we want; the very atoms, all the way down! What
would happen if we could arrange the atoms one by one the way we want them (within
reason, of course; you can’t put them so that they are chemically unstable, for example)? Up

to now, [...] we must always accept some atomic arrangement that nature gives us. » [1]

«Dennoch scheue ich mich nicht, in letzter Konsequenz tiber die Frage nachzudenken, ob wir zu guter Letzt —

in ferner Zukunft — die Atome so anordnen konnen, wie wir es wollen. Die blofien Atome, bis ins Kleinste! Was

wliirde geschehen, wenn wir die Atome so anordnen konnen, wie wir wollen (natiirlich in gewissen Grenzen,
man kann sie zum Beispiel nicht so platzieren, dass sie chemisch instabil sind)? Bisher [...] miissen wir immer

eine gewisse Atomordnung akzeptieren, die uns die Natur vorgibt. » [2]

Er schilderte damals seine Visionen von einer Technologie, die es erlaubt, Atome beliebig
anzuordnen, um schliefdlich miniaturisierte Computer und Maschinen auf atomarer Ebene
herzustellen und zu betreiben. Tatsachlich begriindeten viele seiner Ideen das erst sehr viel

spéter als Nanotechnologie bezeichnete Forschungsgebiet.

So war es der Japaner Norio Taniguchi, der 1974 als erster den Terminus ,Nanotechnologie®

benutzte. Unabhingig von Taniguchiverwendete ab 1986 Eric Drexlerdiesen Begriffin vielen,
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meist populdrwissenschaftlichen Berichten, die letztlich Richard E. Smalley zur Entwicklung
und Untersuchung der Fullerene inspiriert haben sollen. Fullerene sind kugelférmige,
nanoskalige Kafigstrukturen aus meist 60 Kohlenstoffatomen oder mehr und werden zu Ehren
des Architekten und Kuppelbauers Richard Buckminster Fuller auch Buckminster-Fullerene
genannt. Smalley erhielt zusammen mit Robert F. Curl und Harold Kroto 1996 fiir die

Entdeckung der Fullerene den Nobelpreis fiir Chemie.[3]

Feynman nennt in seiner damaligen Rede jedoch auch die Limitierungen, die eine
Entwicklung der von ihm ertrdumten Systeme bisher noch nicht méglich gemacht haben.
Insbesondere beklagt er die in den 1960er Jahren noch unzureichende Entwicklung der

Bildgebungstechnologie auf atomarer Ebene.[1]

Erst in den 1980er Jahren o6ffneten die Physiker Gerd Binning, Ernst Ruska und Heinrich
Rohrer durch die Entwicklung der Rastertunnelmikroskopie als bildgebendes Verfahren auf
atomarer Ebene die Tore zur ,Nano-Welt". Alle drei wurden 1986 dafiir mit dem Nobelpreis fiir
Physik ausgezeichnet. Seither tiberschlagen sich die Ereignisse und machen die

Nanotechnologie zu einem der am stidrksten wachsenden Technologiezweige unserer Zeit.[3]

Die von Feynman angesprochenen Nanomaschinen bzw. molekularen Maschinen — also
supramolekulare Verbindungen, die mechanische Bewegungen ausfiihren kénnen — konnten
beispielsweise erst viele Jahre spéter durch Jean-Pierre Sauvage, SirJ. Fraser Stoddart und
Bernard L. Feringa realisiert werden, die dafiir 2016 mit dem Nobelpreis fiir Chemie

ausgezeichnet wurden.[3]

Die Nanotechnologie umfasst mittlerweile zahlreiche Felder, wie Nanopartikel,
nanostrukturierte Oberflichen oder molekulare Maschinen. Diese Arbeitistinsbesondere auf
Nanopartikel (NP) gerichtet, die gemafd IUPAC als partikelformige Gebilde mit einer Gréfie im

Bereich von 1 bis 100 nm definiert sind.[4]

NP sind jedoch keine Erfindung des 21. Jahrhunderts — ganz im Gegenteil. Deren
dokumentierte Verwendung, wenngleich unbewusst, reicht sogar bis in die Antike zurtick.
Bereits die Romer nutzten kolloidales Gold zum Farben von Glas, wobei Farben von Violett bis

Rot erreicht werden konnten.[3] NP werden heute in extrem vielfiltiger Weise angewandt und
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haben Einzug in viele Bereiche des Alltags gefunden: So enthélt Sonnencreme zur Absorption
von hautschidlicher UV-Strahlung nanoskaliges TiO2.[3] TiO2-NP werden auch in Wandfarbe
suspendiert und sind aufgrund ihrer photokatalytischen Eigenschaften in der Lage, Molekiile
zu zersetzten, die fiir schlechte Gertiiche in RAumen verantwortlich sind.[5] AufSerdem werden
NP-basierte Produkte zur Oberflichenveredelung eingesetzt, um in Anlehnung an den Lotus-
Effekt nanostrukturierte, selbstreinigende Oberflichen zu schaffen.[6] NP werden auch in
Spezialanwendungen eingesetzt, wie der heterogenen Katalyse,[7-9] der Sensortechnik,[10] in
medizinischen Anwendungen zur Diagnose sowie zur Aufklarung des Wirkstofftransports [11]
oder als optische Anwendung in Form von Quantum-Dots [12]. Aufierdem spielen NP (z.B.
TiO2) bei der Herstellung neuartiger Fluide, die beim Hydraulic-Fracturing eingesetzt werden,
eine Rolle.[13] In der Analytik sind Lanthanoid-dotierte NaYF;-NP in der Lage, molekulare
Fluorophore fiir Bioapplikationen zu ersetzten.[14] Magnetische Nanopartikel konnen zur
Anreicherung und Reinigung von Analyten verwendet werden.[15-17] In der Umwelttechnik
werden Fe-NP zur Reinigung von mit chlorierten Losungsmitteln belastetem Boden und

Wasser verwendet.[18, 19]

Eine der bedeutendsten Vertreter der NP sind Silber-Nanopartikel (Ag-NP). Aufgrund ihrer
antimikrobiellen Eigenschaften werden Ag-NP mittlerweile in einer Vielzahl von Artikeln des
tdglichen Lebens eingesetzt, beispielsweise als Zusdtze zu Kosmetika oder bei
antimikrobiellen Beschichtungen und Textilien.[20] Aufgrund der aufierordentlichen
Relevanzvon Ag-NPistder Verwendung dieser Partikel ein eigenes Kapitel (siehe Kapitel 2.2.2)

gewidmet.

Werden Ag-NP-haltige Produkte verwendet, so kommt es unweigerlich zu einer Freisetzung
der Ag-NP in die Umwelt — sei es bei Herstellung, Verwendung oder Entsorgung dieser
Produkte. Die Eintragsrouten von Ag-NP in natlirliche Gewésser verlaufen meist tiber
Haushalts- und Industrieabwésser.[21] Ag-NP konnen aufgrund ihrer antimikrobiellen
Eigenschaften auf viele Organismen toxisch wirken und stellen somit eine potentielle Gefahr
flir den Mensch und die Umwelt dar. Das Risiko und die Umweltrelevanz der Ag-NP wird in

den Kapiteln 2.2.3 und 2.2.4 ausfiihrlich diskutiert.

Die vorliegende Arbeit stellt sich insbesondere die Frage, wie Ag-NP in die Umwelt eingetragen

werden koénnen, in welchen Mengen sie dort verbleiben und welchem Schicksal sie
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unterliegen. Da die Reaktivitit und Mobilitat von Ag-NP in natiirlichen Systemen ganz
entscheidend von der Partikelgrofie abhédngen, ist auch die Gréfienverteilung von Ag-NP in
der Umwelt von grofiem Interesse.[22] Die Literatur liefert bis heute dazu noch keine
zufriedenstellende Antwort. Ursache dafiir ist das Fehlen geeigneter Analyseverfahren, um
Ag-NP in Umweltmatrices selbst bei geringen Konzentrationen im ng L' Bereich selektiv

nachweisen zu konnen.

Im Rahmen dieser Arbeit wurde deshalb ein analytisches Verfahren zur Quantifizierung und
Bestimmung der Partikelgréflenverteilung von Ag-NP in Umweltmatrices entwickelt. Tm
Bereich der Instrumentellen Analytischen Chemie etablierte Systeme, wie die
Atomabsorptionsspektrometrie oder Plasma-Massenspektrometrie, sind zwar in der Lage,
Silberspuren in Umweltmatrices zu quantifizieren, konnen aber nicht zwischen gel6sten und
nanopartikuldren Analyten unterscheiden. Das Fundament der im Rahmen dieser Arbeit
eingesetzten Analytik ist deshalb die Einzelpartikel-Massenspektrometrie — eine neuartige
Entwicklung im Bereich der Plasma-Massenspektrometrie, die es erlaubt, nicht nur
nanopartikuldre Analyten zu quantifizieren, sondern simultan deren Partikelgrofle zu
bestimmen. Die Grofienbestimmung wird jedoch von einem durch geldste Analytspezies
hervorgerufenes Untergrundrauschen stark eingeschrankt. Da Ag-NP in Umweltproben fast
ausschliefllich zusammen mit geldsten Silberspezies existieren, war es deshalb notwendig, die
Einzelpartikel-Massenspektrometrie mit einem Verfahren zur Trennung von Ag-NP und

gelosten Ag-Spezies zu koppeln.

Dazu kam eine in einem vorherigen Projekt entwickelte Methode zur speziesselektiven
Anreicherung von Ag-NP aus Umweltproben zum Einsatz, die sogenannte Cloud-Point-
Extraktion.[23-25] Diese Technik erlaubt es, Ag-NP in Gegenwart gelGster, ionischer
Silberspezies selektiv in einer Tensidphase anzureichern. Hierbei war jedoch stets eine
gewisse, wenn auch geringe, Koextraktion von gelostem Silber in die Tensidphase zu
verzeichnen. Die auflerordentliche Empfindlichkeit der Einzelpartikel-Massenspektrometrie
gegeniiber gelosten Ag-Spezies machte es deshalb notwendig, diese Koextraktion durch
Einsatz ausgewédhlter Komplexbildner fiir geloste Ag-Spezies wiahrend der Extraktion auf ein

absolutes Minimum zu reduzieren.
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Die hier entwickelte Methode wurde anschlieflend aufihre Anwendbarkeit als routinefahiges
Messsystem fiir ein effizientes Umweltmonitoring getestet und unter anderem zur Analytik
von Ag-NP in Trinkwasser, Klarwerksstromen, Fliissen, Binnengewéassern und Seesedimenten
angewendet. Es wurde dartiber hinaus untersucht, ob Ag-NP auch auf natilirliche Weise
gebildet werden und somit nicht ausschliefilich anthropogener Natur sind. Ferner konnte
geklart werden, ob Ag-NP in Meerwasser noch stabil sind, sobald sie iiber Fliisse dorthin

gelangen.

Abschlielend sei angemerkt, dass Ag-NP technisch unterschiedlich oberflichenbehandelt
sind und in der Umwelt einer Vielzahl von Transformationen unterliegen (siehe Kapitel 2.2.4).
Um der Existenz von verschiedenen Beschichtungen sowie unterschiedlicher chemischer
Zusammensetzungen (Silber, Silberhalogenid, Silbersulfid u.v.m.) Rechnung zu tragen, wird
nachfolgend der Sammelbegriff ,silberbasierte Nanopartikel” (Ag-b-NP) in Bezug auf die

Gesamtheit des Nanosilbers verwendet.
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2 Nanomaterialien

2.1 Definition und bedeutende Vertreter

Die Klassifizierung ,Nano“ (altgr. nanos, Zwerg) ist strengen Definitionen unterworfen:
Nanomaterialien zeichnen sich dadurch aus, dass mindestens die Hilfte der
Oberflichenstrukturen 1 bis 100 nm messen.[4] Erstrecken sich diese Abmessungen in alle
drei Raumrichtungen, so liegen Nanopartikel (NP) vor. Sind solche Abmessungen nur in zwei
bzw. einer Dimension vorhanden, so spricht man von Nanofasern bzw. Nanopldttchen.[4] NP
kénnen natiirlichen Ursprungs sein, wie z.B. Viren, Proteine oder auch Staubpartikel nach
Waldbrinden oder Vulkanausbriichen. Zur Abgrenzung gegentiiber anthropogenen
Nanomaterialien hat sich fiir letztere der Begriff ENPs (engl engineered nanoparticles,
technisch hergestellte Nanopartikel) etabliert. ENPs werden gezielt hergestellt und meist als
Beimischung zu Produkten verwendet, um spezielle technische Effekte zu erzielen. Die
Einsatzgebiete von Nanopartikeln sind extrem breit gefiachert, weshalb die Nanotechnologie

zurecht als Schliisseltechnologie des 21. Jahrhunderts bezeichnet werden kann.

Sun et al. zdhlen nanoskaliges TiO2, ZnO sowie Ag zu den industriell bedeutendsten
Metall(oxid)-Nanopartikeln. TiO2- sowie ZnO-NP weisen sehr hohe Produktionsvolumina auf,
beispielsweise 10.200 t bzw. 1.580 t in der EU fiir das Jahr 2012. Ag-NP werden zwar in
geringeren Mengen produziert (32,4 t in der EU fiir das Jahr 2012), stellen jedoch diejenigen
NP dar, die in den meisten Produktkategorien eingesetzt sind.[26, 27] Tatsdchlich werden in

einem Drittel aller NP-enthaltenden Produkte Ag-NP verwendet.[28]

Anatas-TiO. wird insbesondere in Sonnencreme und dabei ausschlief)lich in nanoskaliger
Form als UV-Absorbens eingesetzt.[29] Der Einsatz von nanoskaligem TiO; in Sonnencreme
hat unter anderem den Vorteil, dass die Creme nach Auftragung auf die Haut transparent ist
und dennoch vor schidlicher UV-Strahlung schiitzt. Aufgrund besonderer photokatalytischer
Eigenschaften werden Anatas-TiO.-NP in selbstreinigender Wandfarbe im Aufienbereich
verwendet. Eine Bandliicke von 3.2 eV in Anatas macht eine Anregung tiber UV-Licht (ca.
380nm Wellenlinge) unter Bildung eines Elektronen-Loch-Paares mdoglich. Durch
Wechselwirkung der angeregten TiO.-NP mit Luftsauerstoff oder Luftfeuchtigkeit entstehen
radikalische Molekiile, die organische Substanzen auf der NP-Oberflidche, wie beispielsweise

Schmutzpartikel oder geruchsbildende Substanzen, zersetzen. Durch Dotierung der TiO2-NP
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mit Fremdmetallen kann die Bandliicke so verdndert werden, dass auch eine Anregung mit
Strahlung aufierhalb des UV-Bereichs erfolgen kann. So ist ein Einsatz der selbstreinigenden
Wandfarbe selbst im Innenbereich moglich, wo aufgrund der UV-Absorption durch
Fensterglas kaum UV-Strahlung auftritt.[30] Auch ZnO-NP sind im sichtbaren Bereich des
Lichtspektrums transparent, absorbieren jedoch UV-Strahlung und werden deshalb als
physikalischer UV-Filter in Sonnenschutzmitteln eingesetzt. Da diese NP zusitzlich
antimikrobielle Eigenschaften haben, werden sie auch in Textilien, Holz sowie Kunstoffen
verwendet.[31] Bei Produkten mit Ag-b-NP wird vor allem deren antimikrobielle Wirkung
ausgenutzt.[28] Da der Einsatz von Ag-b-NP, wie nachfolgend dargelegt, extrem vielseitig ist,
geht damit eine erh6hte Umweltrelevanz einher. Die vorliegende Arbeit adressiert deshalb

insbesondere den Bereich von silberbasierten Nanopartikeln.

2.2 Silbernanopartikel

2.2.1 Herstellung, Stabilisierung und Charakterisierung

Die folgenden Ausfiihrungen betreffen Ag-b-NP, sind jedoch in den Grundziigen auf praktisch

alle Metall(oxid)-NP anzuwenden.

Grundsatzlich konnen Ag-b-NP in einem bottom-up oder einem top-down Verfahren
hergestellt werden.[32] Beim bottom-up Verfahren werden die Ag-b-NP ausgehend von
gelostem Ag(I) hergestellt, indem das geloste Ag(I) mit geeigneten Reduktionsmitteln, wie
beispielsweise Natriumborhydrid, Hydrazin oder Citrat, zu Ag(0) reduziert wird. Aus dem
entstehenden elementaren Silber, das in Losung gewissermaifien stark dispergiert vorliegt,
bildet sich an Nukleationskeimen partikuldres Silber.[33] Da die NP-Bildung und deren
Wachstum stark von der Anzahl der Nukleationskeime abhédngt, ist die Reaktion kinetisch
gesteuert und daher nur schwer in Morphologie und Partikelgrofenverteilung
reproduzierbar.[32, 34] Im Gegensatz dazu bietet das top-down Verfahren die Méglichkeit, Ag-
b-NP mit engerer Partikelgroflenverteilung herzustellen, weshalb dieses Verfahren
insbesondere grofitechnisch relevant ist. Dabei werden makroskopische Festkorper (z.B.
elementares Silber), mechanisch in nanoskalige Teilchen umgewandelt. Die Umwandlung
kann durch Zermahlen, Ultraschallzerkleinerung oder Laserablation erfolgen. Da sich die
Festkorper dabei meist in einem wassrigen Medium befinden, wird eine NP-Dispersion

erhalten. Bei Ag-b-NP ist die Laserablation die Methode der Wahl. Dabei werden
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hochenergetische Laserpulse auf den Festkorper gerichtet, was eine NP-Abgabe in das den
Festkorper umgebende Medium induziert. Es ist ferner vorteilhaft, dass beim top-down
Verfahren reine Ag-b-NP-Dispersionen ohne jegliche Verunreinigungen erhalten werden —
im Gegensatz zum bottom-up Verfahren, bei dem die Ag-b-NP in Gegenwart von umgesetztem

und nicht umgesetztem Reduktionsmittel vorliegen.[35]

Ag-b-NP sind aufgrund ihrer extrem hohen intrinsischen Oberfliche &uflerst reaktiv,
aggregieren jedoch sehr leicht zu einer thermodynamisch giinstigeren Form. Da dies mit
einem Verlust an Reaktivitat einhergeht, wird eine Aggregation durch Zusatz von an die
Partikeloberflache adsorbierenden Stabilisierungsmitteln unterbunden. Insgesamt gibt es
drei Stabilisierungskonzepte: bei der elektrostatischen Stabilisierung mit beispielsweise
Citrat weisen die Partikel eine negativ geladene Citrat-Hiille auf und stofien sich aufgrund
gleichnamiger Ladung untereinander ab. Polyvinylpyrrolidon (PVP) ist ein Polymer, das zur
sterischen Stabilisierung von NP eingesetzt werden kann. Eine sterisch anspruchsvolle
Ligandensphédre reduziert eine interpartikuldre Wechselwirkung und damit die
Wahrscheinlichkeit einer Aggregation. Zuséatzlich ist auch eine Kombination beider
Stabilisierungskonzepte denkbar, die sogenannte elektrosterische Stabilisierung. Langkettige
Carbonsduren kénnen beispielsweise eingesetzt werden, um Partikel gleichzeitig sterisch und

elektrostatisch zu stabilisieren.[32]

Industriell hergestellte Ag-NP werden insbesondere im Hinblick auf deren chemische
Zusammensetzung, Morphologie und Partikelgrofienverteilung charakterisiert. Meistens
kommen dabei bildgebende Verfahren der Elektronenmikroskopie oder laserbasierte
Verfahren zum Einsatz. Den analytischen Methoden der Nanotechnologie ist nachfolgend das

Kapitel 3 gewidmet.

2.2.2  Eigenschaften und Verwendung

Die vielfaltigen Einsatzmoéglichkeiten von Ag-b-NP sind insbesondere den folgenden vier

Eigenschaften geschuldet:

Industriell besonders bedeutend ist die antimikrobielle Eigenschaft von Ag-b-NP. Eine
biozide Wirkung gegen multiresistente Bakterien, Hefen, Pilze und Viren ist bekannt.[36]

Ag-b-NP kommen deshalb zur Infektionsprophylaxe und im medizinischen Bereich in Form
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von Wundauflagen, Verbandsmaterialien und Wandfarbe zum Einsatz.[37-39] Zudem sind mit
Ag-b-NP versetzte Textilien auf dem Markt, die insbesondere im Sportbereich verwendet
werden, um bakterienbedingte Geruchsbildung zu hemmen.[40-45] Im Zuge der SARS-Cov-2-
Pandemie im Jahr 2020/2021 wurde auflerdem die viruzide Eigenschaft von Ag-b-NP gegen das
neuartige Corona-Virus mehrfach bestatigt.[46-49] Balagnaetal. berichten beispielsweise von
mit Ag-b-NP behandelten Atemschutzmasken, die die Viruslast der eingeatmeten Luft

deutlich herabsetzen.[46]

Neben den antimikrobiellen Eigenschaften ist auch die elektrische und thermische
Leitfihigkeit von Ag-b-NP herausragend. Silber als das Element mit der hochsten elektrischen
und thermischen Leitfdhigkeit wird in nanopartikuldrer Form deshalb auch in der Elektronik

in Form von transparenten, leitfihigen Folien eingesetzt.[36, 50]

Ag-b-NP zeichnen sich weiterhin durch einen optischen Effekt, der sogenannten
Plasmonenresonanz, aus. Plasmonen sind Schwingungen von freien Elektronen in Metallen,
die sich gegeniiber ihren Ionenrimpfen bewegen. Treten diese an der Oberfldche eines
Metalls auf, spricht man von Oberflichenplasmonen. Da solche Oberflichenplasmonen durch
sichtbares Licht einer spezifischen Wellenldnge angeregt werden kénnen, weisen Ag-b-NP
eine spezifische Absorptionsbande im Wellenldngenbereich zwischen 300 und 400 nm
auf.[51] Der Absorptionsprozess von Strahlung durch Nanopartikel wird als
Oberflachenplasmonenresonanz bezeichnet. Da die Stirke dieser Resonanz von der
Morphologie und Partikelgréfie der Ag-b-NP abhéngt, ist es moglich, die durchschnittliche
Partikelgrofie von Ag-b-NP anhand der Lage der Absorptionsbande der Oberflichenresonanz
zu bestimmen.[52] Aufgrund dieser besonderen optischen Eigenschaften werden Ag-b-NP
ferner im Bereich der Sensortechnik und Spektroskopie eingesetzt.[53] Ein Beispiel ist der
Einsatz von  Ag-b-NP oder anderen  metallischen NP mit geeigneter
Oberflachenplasmonenresonanz in der oberflichenverstiarkten Ramanspektroskopie (SERS,
engl. Surface Enhanced Raman Spectroscopy). Durch den Zusatz von NP zu den zu

untersuchenden Proben kann das Raman-Signal deutlich verstarkt werden.[54]

Die katalytische Eigenschaft von Silber wird durch die intrinsisch hohe Oberfliche

intensiviert. In der Literatur wird beispielweise berichtet, dass die auf ein Tragermaterial
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immobilisierten Ag-b-NP die CO- oder Benzol-Oxidation oder auch eine reduktive

Darstellung von 4-Aminophenol aus 4-Nitrophenol katalysieren kénnen.[55, 56]

2.2.3 Silbernanopartikel — Chancen und Risiken

Wie im vorangehenden Kapitel dargestellt, haben Ag-b-NP insbesondere aufgrund ihrer
antimikrobiellen Eigenschaften Einzug in viele Bereiche des tdglichen Lebens gefunden. Die
Nanotechnologie bereichert zweifelsohne unsere Zeit — stofst jedoch auch auf Kritik und
Bedenken in der Bevolkerung und der Wissenschaftsgemeinde.[57] In diesem Zusammenhang
wird meist eine mogliche Toxizitdt von Ag-b-NP auf Mensch und Natur diskutiert — besonders

wenn diese Nanopartikel in die aquatische Umwelt freigesetzt werden.

Ein Werkzeug zur Risikoabschitzung von Ag-b-NP in der Umwelt ist im Anhang 1 der REACH-
Verordnung zu finden.[58] Demnach ist das Risiko einer bestimmten Substanz von deren
Exposition und Toxizitit abhdngig. Ein Risikoquotient RQ ldsst sich dazu aus der
prognostizierten Umweltkonzentration PEC (engl predicted environmental concentration)
und der prognostizierten Konzentration ohne negative Umwelteffekte PNEC (engl. predicted

non effect concentration) nach folgender Gleichung (2.1) berechnen:

PEC

_ (2.1)
PNEC

RQ

Fiir RQ K 1 sind vernachlédssigbare Risiken zu erwarten, fiir RQ > 1 besteht eine signifikante
Umweltgefahr. Eine Gefahr geht somit nur von Substanzen aus, bei denen PEC > PNEC ist.
Stark exponierte Substanzen weisen beispielsweise bei geringer Toxizitit ein geringes Risiko
auf. Umgekehrt kénnen Substanzen aufgrund einer hohen Toxizitit bereits bei geringen
Umweltkonzentrationen ein Risiko darstellen. Fiir Ag-b-NP gilt also, dass das Risiko von deren

Toxizitdt sowie der Umweltexposition abhingt.

Der folgende Abschnitt soll einen kursorischen Einblick in Studien zur Toxizitit von Ag-b-NP,

insbesondere in aquatischen Matrices, geben.

Allein die Tatsache, dass Ag-b-NP antimikrobiell wirken, impliziert eine gewisse Toxizitat von

Silber. Die Frage, ob von Silber in geloster Form eine stirkere toxische Wirkung ausgeht als
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von Ag-b-NP, konnte bis heute nicht zweifelsfrei geklart werden. Studien zeigen zum Teil, dass
Ag-b-NP toxischer wirken als die gleiche Menge Silber in ausschliefilich geloster Form. So
wurden beispielsweise unterschiedliche Organismen mit Ag-b-NP und Ionen behandelt.
Dabei wurde festgestellt, dass bei Behandlung mit NP die Expression stressassoziierter
Proteine hiufiger auftritt als bei Behandlung mit Ionen.[59, 60] Andere Studien mit
Zebrafisch-Embryonen kommen aber zum Schluss, dass NP und Tonen gleichermafien toxisch
wirken.[61] Es ist jedoch anzumerken, dass viele Toxizitdtsstudien von Ag-b-NP, aber auch von
anderen untersuchten NP, nur sehr schwer vergleichbar sind, da bei den Studien
unterschiedliche Organismen, Matrices und Konzentrationen der aktiven Spezies betrachtet

werden.[62]

Die toxische Wirkung von Ag-b-NP beruht auf aus den Partikeln freigesetzten Silberionen und
entsprichtdamit der der ionischen Spezies. Durch langsame Oxidation mit in Wasser geldéstem
Luftsauerstoff setzt Silber in wéssrigen Matrices Silberionen frei. Dies gilt insbesondere fiir
Ag-b-NP, denn im Gegensatz zu Bulk-Silber ist die Freisetzung von lonen aus Ag-b-NP
aufgrund der extrem héheren intrinsischen Oberflache deutlich verstarkt.[63]. Ag-NP sind im
Korper sehr mobil und bioverfiighbar. Es liegen Hinweise vor, dass sie Zellmembranen

durchdringen [64-66] und sogar die Blut-Hirn-Schranke passieren kénnen [67].

Neben rein qualitativen wurden auch quantitative Untersuchungen zur Toxizitidt von Ag-b-NP
durchgefiihrt, die zu sehr unterschiedlichen Ergebnissen gefiihrt haben, aber die
Abschitzung einer Grofienordnung fiir die toxische Konzentration moglich machen. Mitunter
wurden negative Effekte von Ag-b-NP bereits bei Konzentrationen im Bereich des Grenzwerts
von Silber fiir Trinkwasser von 100 upg L' (WHO) bzw. 10 pg L' (deutsche
Trinkwasserverordnung) [64, 68, 69] festgestellt. Der LCso-Wert, also die Konzentration, bei
der 50% der mit einer Substanz behandelten Individuen sterben, wird in der Literatur mit
40 g L' angegeben, weshalb Ag-b-NP flir aquatische Organismen als toxisch eingestuft
werden. Ag-b-NP wirken auf Daphnien und Forellen nachweislich ab einer Konzentration von

40 pg L' bzw. 30-170 pg L toxisch.[70, 71]

Aus den vorangehenden Ausfiihrungen wird deutlich, dass von Ag-b-NP eine gewisse Toxizitat
ausgeht. Um abschlieflend das Risiko von Ag-b-NP abschétzen zu kénnen, bedarf es jedoch

noch Untersuchungen zur tatsdchlichen Exposition von Ag-b-NP in der Umwelt (siehe
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Gleichung 2.1). Die Frage, ob die oben genannten toxischen Konzentrationen von Ag-b-NP in
natiirlichen Gewéassern wie Fliissen und Seen erreicht werden, soll im Rahmen dieser Arbeit

geklart werden.

2.2.4 Umweltrelevanz - Exposition und Transformation

Wie oben bereits dargelegt, ist die Textilindustrie ein Haupteinsatzgebiet der Ag-b-NP. Beim
Waschen dieser Textilien werden Ag-b-NP aus den Fasern freigesetzt und tiber das
Abwassersystem in die Umwelt eingetragen. Nach vier Waschgangen gelangen nahezu 100 %
der in Textilien eingesetzten Ag-b-NP ins Abwasser.[42-44] Die so aus den Textilien
freigesetzten Ag-b-NP bleiben intakt oder werden lediglich leicht modifiziert.[45,72] Auch Ag-
b-NP, die in Kosmetika eingesetzt werden, gelangen beispielsweise beim Duschen tiber das

Abwasser ebenfalls in die Umwelt.[72]

Freigesetzte Ag-b-NP schlagen dann zunichst in den Klarwerken auf. L7 et al. haben gezeigt,
dass ein Grofdteil der Ag-b-NP gebunden an Schwebstoffe im Klarschlamm verbleibt,
wohingegen nurmehr ein geringer Teil der Ag-b-NP iliber den Kliarwerksablauf in Fliisse
abgegeben wird.[21] Klarwerke sind also grundsitzlich die entscheidende Barriere fiir
Ag-b-NP vor dem Eintrag in natiirliche Gewdsser. Der Kldrschlamm wird mittlerweile meist
thermisch verwertet, in geringerem Ausmafl jedoch als Diinger fiir Felder verwendet.
Aufgrund des im Schlamm enthaltenen hohen Anteils von Ag-b-NP (neben weiteren
Schwermetallen) stellt die Kldrschlammdiingung jedoch ein gewisses Risiko fiir die Boden
dar.[57, 73]. Blaser et al. gehen davon aus, dass 15 % des Silbers im gesamten
Siilwasserdkosystem der EU von der Anwendung von belastetem Klarschlamm in der
Landwirtschaft stammen.[74] Die Belastung des Kldarschlamms mit Ag-b-NP hat sogar zu einer

Zunahme an silberresistenten Bakterien im Klarschlamm gefiihrt.[75, 76]

Eine Gefahr, die von Ag-b-NP in natiirlichen Gewissern ausgeht, ist deren Persistenz.
Nanopartikuldres Silber reichert sich besonders in marinem Phytoplankton oder an
Schwebstoffen, meist unléslichem organischen Material im Wasser, in zunachst schwer
abbaubarer Form an. Anderungen der Umweltbedingungen, wie Temperatur oder pH-Wert,
konnen allerdings eine plétzliche Remobilisierung einleiten. Resultat ist ein in hohen lokalen
Konzentrationen bioverfligbares Silber im Wasser.[77] Im Biosystem akkumulierte Ag-b-NP

dienen also sozusagen als Depot fiir toxische Silberionen.[64]
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Nicht alle Ag-b-NP in der Umwelt sind anthropogener Natur — ganz im Gegenteil konnen sie
sich auch auf natiirliche Weise bilden. In der Natur sind potentielle Reduktionsmittel wie
Huminsiduren vorhanden, die in Gewissern vorhandene Silberionen zu Nanopartikeln
reduzieren konnen. Hartmann et al. konnten in ersten Versuchen eine Bildung von Ag-NP aus
Ionen durch NOM (eng/. natural organic matter, natiirliches organisches Material) zeigen.[23]
Publikation 9 greift diese Thematik nochmals auf und untersucht die Grundprinzipien der
natiirlichen Bildung von Ag-b-NP aus gelosten Ag-Spezies in natlirlichen Gewédssern sowie

vergleichend im Labormafstab.

Abschlieflend soll das Schicksal von Ag-b-NP in der Umwelt kurz skizziert werden. Sobald sich
Ag-b-NP in der Umwelt befinden, liegen sie zusammen mit einer Vielzahl an Substanzen vor,
die mit den NP aufgrund ihrer groflen Oberfliche leicht interagieren konnen und NP-
Transformationen initiieren.[72, 78] Dabei koénnen sich sowohl die chemische
Zusammensetzung der Partikel also auch die Ligandensphare, also die Partikelbeschichtung,

andern.[78]

Die teils hohe Umweltkonzentration von Halogeniden X (X = Cl, Br, I) in Gewéssern zusammen
mit der Schwerloslichkeit von Silberhalogeniden sind die Ursache dafiir, dass Ag-b-NP leicht

in AgX-NP umgewandelt werden konnen.[78]

Wesentlich bedeutender ist aber die Tatsache, dass Silber, wie alle Edelmetalle, sehr
oxidationsbestdndig ist, aber eine hohe Thiophilie aufweist. Silbersulfid ist mit einem
Loslichkeitsprodukt von 5.5:10°3! das schwerlGslichste Silbersalz und eines der
schwerloslichsten Salze tliberhaupt. Die Transformationen in der Umwelt sind also

insbesondere von der hohen Thiophilie des Silbers bestimmt.[78]

Es ist bisher detailliert untersucht worden, welchen Transformationen Ag-b-NP in
Klarwerksmatrices, die einen hohen Anteil an Sulfid aufweisen, unterliegen. Basierend auf
physikochemischen Berechnungen kann davon ausgegangen werden, dass alle ins Klarwerk
eingetragenen Ag-b-NP als thermodynamisch begiinstigtes Silbersulfid vorliegen oder damit
beschichtet sind.[79] Die Reaktion von Ag-b-NP mit umweltrelevanten Sulfid-
Konzentrationen ist rein kinetisch gesteuert und wird deshalb nicht durch die Sulfid-

Konzentration limitiert.[80] Die Bildung von Silbersulfid kann weder durch
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Oberflachenfunktionalisierungen und Coatings noch die chemische Zusammensatzung des
Nanosilbers verhindert werden. Silbersulfide — im Gegensatz zu Sulfiden des Kupfers oder
Zinks — bleiben sogar bei Kompostierung des Klarschlamms bestehen.[81] Aufgrund der
extremen Schwerl6slichkeit von Silbersulfid senkt die Sulfidierung in Klarwerksmatrices die
Toxizitdt der Ag-b-NP enorm.[82] Der Grofiteil der in die Klarwerke eingetragenen Ag-b-NP
verbleibt gebunden an Schlammflocken im Klarschlamm.[83] Bojeong et al. konnten mittels
elektronenmikroskopischer =~ Untersuchungen gekoppelt  mit  energiedispersiver
Rontgenfluoreszenzanalyse nachweisen, dass Nanosilber im Klirschlamm in Form von
5-20 nm grofien a-Ag>S-NP vorliegt, wobei liberschiissiger Schwefel an der Oberflache der

Partikel gebunden ist.[84]

Mechanistisch gesehen reagieren entweder Ag-b-NP in einer Fest-Fliissig-Reaktion direkt mit
gelostem Sulfid oder Ag-b-NP werden zundchst mit gelostem O, zum Oxid umgesetzt. Da
Silberoxid besser wasserloslich als Silber ist, werden nach der Oxidation deutlich mehr
Silberionen freigesetzt, die in einem nachfolgenden Reaktionsschritt mit gelosten Sulfiden
Ag>S-NP bilden. Der alternative Reaktionsweg der oxidativen Auflésung und anschlieffender
Sulfidierung betrifft insbesondere sehr kleine Partikel.[79] Sowohl die Bildung vollstindiger
Ag>S-NP als auch die Ausbildung einer Ag»S-Phase um einen mehr oder weniger grofien

Ag®-Kern werden diskutiert.[85, 86]

Der Ligandenaustausch bei in die Umwelt freigesetzten Ag-b-NP ist weniger ausfiihrlich
untersucht. In Umweltmatrices existieren eine Vielzahl potentieller Liganden, besonders
(Makro)Molekiile, wie z. B. schwefelhaltige Proteine, Huminsduren und Tannine.
Insbesondere diejenigen in die Umwelt eingetragenen Ag-b-NP, die mit schwach bindenden
und sterisch wenig anspruchsvollen Liganden wie Citrat beschichtet sind, durchlaufen einen
sehr schnellen Ligandenaustausch. Sind erst einmal schwefelhaltige Liganden auf der
Oberflache der Ag-Partikel adsorbiert, ist die Umwandlung zum Silbersulfid nicht mehr

weit.[87, 88]
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3 Nanopartikelanalytik:  Standardverfahren @ und  aktuelle
Entwicklungen

Die Nanopartikelanalytik zeichnet sich insbesondere durch zwei Gruppen analytischer
Verfahren aus: bildgebende und quantitative Verfahren. Erstere sind in der Lage, die
Partikelgrofie, Morphologie und gegebenenfalls chemische Zusammensetzung der Partikel zu
bestimmen, wihrend letztere auf die Bestimmung der Konzentration von nanopartikuldaren

Analyten in meist wéssrigen Proben gerichtet ist.

Wichtige Vertreter der bildgebenden Techniken sind mikroskopische Verfahren. Da die
Auflésung einfacher Lichtmikroskopie nicht fiir den Nano-Bereich ausreicht, kommen
elektronenmikroskopische Verfahren, wie die Rasterelektronenmikroskopie (REM) oder die
Transmissionselektronenmikroskopie (TEM) zum Einsatz, die Auflésungen bis in den
sub-nano Bereich ermdglichen. Neben Partikelgréfie und Morphologie kann durch Kopplung
mit energiedispersiver Rontgenfluoreszenzanalyse (EDX) die Elementzusammensetzung des
untersuchten Nanomaterials ortsaufgel6st untersucht werden. Bildgebende Verfahren liefern
einzigartige Informationen zu Nanopartikeln, die so nur sehr schwer mit anderen
instrumentellen analytischen Methoden zugédnglich sind, sind aber gleichzeitig sehr kosten-
und zeitintensiv und bilden nur einen kleinen Anteilteil der Gesamtheit der Analytpartikel
einer Probe ab. Um nicht nur Gréfle, Morphologie und chemische Zusammensetzungen der
Partikel zu wuntersuchen, sondern auch eine reprisentative Abschitzung der
Partikelkonzentration in der Probe vornehmen zu kénnen, miissen deshalb viele Messungen
durchgefithrt werden. Um statistisch valide Aussagen zu treffen, sollte dabei die
Partikelkonzentration mehr als 100 Partikel pro mL Probe betragen. Solch hohe
Konzentrationen sind fiir Umweltproben nicht gegeben. Weitere Nachteile
elektronenmikroskopischer Verfahren sind der hohe apparative Aufwand verbunden mit
hohen Kosten je Messung.[89, 90] Publikation 4 beschreibt ein im Rahmen dieser Arbeit neu
entwickeltes Verfahren zur Anreicherung von Ag-b-NP aufeinem TEM-Probentriager, das eine
elektronenmikroskopische Untersuchung von Ag-b-NP-Spuren in Umweltproben moglich

macht. Doch auch dabei ist eine quantitative Aussage nicht moglich.

Quantitative Verfahren zur Bestimmung von NP, insbesondere im Spuren- und

Ultraspurenbereich sind bisher rar. Konventionelle quantitative Analysetechniken, wie die
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Atomabsorptionsspektrometrie oder die Massenspektrometrie, sind in den meisten Fillen

nicht in der Lage, zwischen gelosten und nanopartikuldren Analyten zu unterscheiden.

Neuste Entwicklungen im Bereich der elektrothermalen Atomabsorptionsspektrometrie (ET-
AAS) ermoglichen jedoch, eine solche Unterscheidung zu treffen und sogar die Groéfie der
untersuchten NP zu bestimmen. Diese Technologie, die von Leopold et al. entwickelt wurde,
nutzt den Effekt aus, dass ionische Analytspezies in der ET-AAS zu einem geringfligig anderen
Zeitpunkt atomisiert werden als nanopartikuldre Analyten und dass bei Letzteren sogar eine

Abhéangigkeit des Atomisierungszeitpunkts von der Partikelgréfie besteht.[91-94]

Die Einzelpartikel-Massenspektrometrie (eng/. Single Particle Inductively Coupled Plasma
Mass Spectrometry, sp-ICP-MS) ist ein neuartiges massenspektrometrisches Verfahren zur
groflenselektiven Quantifizierung von NP bei geringen Konzentrationen. Details dazu sind in
Kapitel 4.3.3 aufgefiihrt. Obwohl die Massenspektrometrie grundsitzlich eine
Multielementanalyse ist, ist die Einzelpartikel-Massenspektrometrie bei Einsatz eines
Quadrupolmassenselektors — was den haufigsten Fall darstellt — nicht in der Lage, mehrere
Elemente in einem NP zu quantifizieren.[95] Giinther et al. haben jedoch ein Messverfahren
entwickelt, bei dem mit Hilfe eines Flugzeit-Massenspektrometers anstelle eines Quadrupol-
Massenspektrometers mehrere Elemente gleichzeitig detektiert werden kénnen. Dadurch
konnen neben der Grofle und Konzentration der NP auch Informationen tiber die
Elementzusammensetzung der Partikel und damit tiber mogliche NP-Beschichtungen

erhalten werden.[96]

Einige quantitative Verfahren in der Nanopartikelanalytik werden auch mit Mafinahmen zum
Abtrennen nanopartikulidrer Analyten kombiniert. Die in dieser Arbeit eingesetzte mizellare
Extraktion ist nur ein Beispiel dafiir. Auch mittels mechanischer Trennverfahren wie der
Ultra- und Nanofiltration ist es moglich, NP der Grofde von 100 bis 10 nm bzw. 10 bis 1 nm im
Filtrat  zurtickzuhalten.  Filtrationstechniken sind jedoch  hauptsachlich als
Aufreinigungsschritt nach Synthesen von Nanopartikeln zu finden, da der Einsatz von
Membranen zur Abtrennung von NP aus spurenanalytischen Proben zu hohen Analyt-
Verlusten fithren wiirde. Aufgrund der hohen intrinsischen Oberfliche der NP adsorbieren
diese ndmlich stark an die Oberfliche der Membranen und werden so im Filter

zurtickgehalten. Ein Analytriickhalt im Filter ist insbesondere beim Einsatz von Membranen
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zur Abtrennung von NP aus Umweltproben zu beobachten, da NP vorwiegend an in der
wéssrigen Probe vorhandenen Schwebstoffen adsorbiert vorliegen und so noch leichter im
Filter verbleiben. Ein Einsatz von Filtrationstechniken zur Abtrennung von NP aus

Realproben ist also nicht méglich.[97]

Um Messverfahren, die per se nicht zwischen NP-Grofien unterscheiden kénnen, zur
grofenaufgelosten Nanopartikelanalytik einsetzen zu konnen, stehen verschiedene
Techniken zur Groflenfraktionierung zur Verfiigung, die den Messverfahren vorangestellt

werden konnen.

Die Elektrophorese ist eine solche Gréflenfraktionierungstechnik und basiert auf einer
Wanderung gdeladener Teilchen in einem elektrischen Feld. Die sogenannte
elektrophoretische Mobilitat hangt dabei von der Grofde der Partikel und deren Ladung ab,
sodass eine Auftrennung nach Partikelgrof3en moglich ist.[98] Dieses Verfahren stammt zwar
aus der Biochemie, kann aber auch fiir metallische NP verwendet werden.[99] Da nur Partikel
getrennt werden konnen, die eine Ladung tragen, kénnen ungeladene oder nur schwach
geladene Partikel durch Modifikation mit geeigneten Liganden so modifiziert werden, dass sie
eine  elektrophoretische  Mobilitit aufweisen.[100] In Umweltproben  storen
Oberflichenmodifikationen der NP, die durch natiirlich vorkommende Liganden
hervorgerufen werden, die elektrophoretische Mobilitidt, weshalb ein Einsatz im Bereich der
vorliegenden Arbeit nicht moglich ist. Mozhayeva et al. setzen Kapillarelektrophorese
gekoppelt mit Einzelpartikel-Massenspektrometrie ein, um Ag-b-NP in Modellsystemen in

Abhidngigkeit von deren Grofie sowie Oberflachenbeschichtung aufzutrennen.[101]

Auch die Gelpermeationschromatographie (GPC) ermdglicht die Grofdenfraktionierung von
NP. Zum Einsatz kommt dabei eine Sidule, die mit einer mobilen Phase laminar durchstromt
wird. Partikel mit kleinem hydrodynamischem Radius passieren diese Sdule langsamer als
diejenigen mit groflem Radius, da kleine Partikel leichter in die Hohlrdume des
Sdulenmaterials diffundieren kénnen und damit einen lingeren Weg zurticklegen als gréfiere
Partikel. Damit werden grofie Partikel vor den kleineren Partikeln eluiert.[102] Auch diese
Methode ist fiir den Einsatz in der Umweltanalytik von NP nur schlecht geeignet, da die
natlirlich vorkommenden Schwebstoffe die Lebensdauer der Sdulen und die Trennleistung

stark beeintriachtigen wiirden. Der unvermeidbare Analytverlust in den hochporésen GPC
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S&dulen ist dartiber hinaus nicht mit den geringen Konzentrationen von NP in Umweltproben

vereinbar.

Ein weiteres Beispiel flir eine Technik zur Groéflenfraktionierung ist die Feld-Fluss-
Fraktionierung (FFF). Die Methode basiert auf einer Flusszelle, die laminar durchstromt wird,
wobei innerhalb der Zelle ein parabolisches Stromungsprofil ausgebildet wird. Bei der
Asymmetrischen Fluss-FFF (AF4) wird ein zur Stromungsrichtung der Zelle senkrecht
stehender zweiter Fluss eingesetzt (Cross Flow). Wie in untenstehender Abbildung dargestellt,
bestimmt sich die Position von in der Flusszelle befindlichen NP durch ein Gleichgewicht
zwischen der Diffusion in die Mitte der Zelle und der durch den cross-flow
entgegengerichteten Kraft zum Rand der Zelle. Kleine Partikel befinden sich aufgrund des
héheren Diffusionskoeffizienten weiter in der Mitte der Zelle und passieren diese aufgrund
des parabolischen Stromungsprofils des Elutionsflusses schneller als grof3e Partikel. Das AF4-
System ist zur Detektion mit einem ICP-MS, einem UV/Vis- oder einem Lichtstreudetektor
gekoppelt.[103-105] Vorteil eines AF4 Systems ist, dass Partikel durch Fokussierung in der
Zelle vor der Fraktionierung angereichert werden konnen. Nachteile sind jedoch die hohen
Anschaffungskosten, die geringen Wiederfindungen und der hohe Zeitaufwand einer
Messung.[106-108] Ferner schrianken natirlich vorkommende Schwebstoffe in
Umweltmatrices die Lebenszeit der verwendeten Flusszellen deutlich ein. AF4-Systeme
konnen neben metallischen NP auch Mikro- und Nanoplastik auftrennen. Schwaferts et al.
beispielsweise verwenden die AF4 gekoppelt mit Ramanmikroskopie zur Separation und

chemischen Charakterisierung von Nanoplastik in Wasserproben.[109]
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Abbildung 1: Schematische Darstellung der Groéfienfraktionierung bei der AF4. Durch ein Wechselspiel aus
Diffusion und durch den Cross Flow entgegengerichteter Kraft verlassen kleinere Partikel die Flusszelle schneller

als grofiere.[105]
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Liet al. verwenden eine Festphasenextraktion zur Extraktion und Anreicherung von NP auf
einer Saule, die mit alkylfunktionalisiertem Kieselgel gefiillt ist.[110] Zudem existieren
Arbeiten iliber den Einsatz von Ionenaustauscherharzen, die Kationen oder Anionen
zurlickhalten. NP, die aufgrund ihrer Oberflichenfunktionalisierung Ladungen aufweisen,

konnen so aus verschiedenen Umweltproben extrahiert werden.[111]

Aufgrund der Plasmonenresonanz metallischer NP, konnen diese auch mit Strahlung
wechselwirken. Deshalb ist eine Konzentrationsbestimmung mittels UV/Vis-Spektrometrie
moglich. Bei diesem spektrophotometrischen Verfahren wird die Extinktion bei einer
spezifischen Wellenldnge bestimmt und damit tber das Lambert-Beersche Gesetz die
Konzentration der unbekannten Probe berechnet. Da die plasmonenbasierte Lichtabsorption
von der Partikelgr6fie abhingt, kann durch Bestimmung der Lage der Absorptionsbande auch
auf die Partikelgrofie riickgeschlossen werden.[112] Da die Selektivitit dieses Verfahrens aber
sehr gering ist und andere photoaktive Stoffe in der Probe die Messung des Nanomaterials

storen konnen, ist eine Verwendung in der Umweltanalytik nur schwer moglich.

Mittels Lichtstreuung an den Partikeln kann der hydrodynamische Radius der NP in
Suspension bestimmt werden. Der hydrodynamische Radius wird definiert als der Radius
einer hypothetischen festen Kugel, die in einem spezifischen Losungsmittel die gleichen
Diffusionseigenschaften aufweist wie der durch den hydrodynamischen Radius beschriebene
Nanopartikel. Es ist dabei zu beachten, dass der hydrodynamische Radius stark vom
eigentlichen Radius der Partikel abweichen kann. Eine Bestimmung des hydrodynamischen
Radius erfolgt mittels Dynamischer Lichtstreuung (DLS), einer Standardtechnik fiir
Kolloidsysteme. Dabei wird Laserlicht auf die in einer wéssrigen Matrix suspendierten
Nanopartikel geleitet, wobei die auftreffende Strahlung an den NP als Streuzentren gestreut
wird und das an verschiedenen Streuzentren entstehende Streulicht miteinander interferiert.
Da sich die Streuzentren aufgrund der Brownschen Molekularbewegung stindig relativ
zueinander bewegen, fluktuiert die Stidrke der Interferenz und damit die Intensitidt des
Streulichts. Aus diesen Fluktuationen lasst sich die Bewegungsgeschwindigkeit und damit der
Diffusionskoeffizient der NP ableiten. Geméafd der Stokes-Einstein-Beziehung ist der
hydrodynamische Radius direkt proportional zum Diffusionskoeffizient der NP und lasst sich
letztlich daraus berechnen. Im Gegensatz zu elektronenmikroskopischen Verfahren sind DLS-

Messungen sehr gut automatisierbar und beruhen auf einer Analyse einer Vielzahl an



Verwendete analytische Methoden 20

streuenden NP. Ein Nachteil dieses Verfahrens ist die bereits angesprochene Abweichung
zwischen hydrodynamischem und realem Radius der NP. Auflerdem koénnen bimodale
Groflenverteilungen sehr schlecht gemessen werden, da grofde Partikel die Streuintensitiaten
der kleinen Partikel so stark tiberdecken, dass diese nicht mehr sichtbar sind. Eine verlassliche
DLS Messung setzt neben hohen Konzentrationen die Abwesenheit weiterer streuender
partikuldarer Substanzen voraus. Da dies fiir Umweltproben nicht gegeben ist, scheidet DLS als

Analyseverfahren fiir Umweltproben aus.[113]

Abschlielend sei noch ein entscheidendes Werkzeug zur Aufreinigung von NP erwihnt.
Insbesondere bei langer Lagerung von Nanopartikeldispersionen konnen NP trotz
Stabilisierung (z.B. Citrat oder Polyvinylpyrrolidon bei Ag-NP) geringe Mengen an Ionen
freisetzen. Diese Tonen kénnen mittels Dialyse von den NP abgetrennt werden. Neben der
Lagerung kommt die Dialyse auch nach der NP-Synthese zum Einsatz. Im Fall der Bottom-Up-
Synthese beispielsweise werden nicht umgesetzte Reaktanden von den gebildeten NP mittels
Dialyse abgetrennt. Im Allgemeinen wird die zu reinigende Suspension in eine
schlauchférmige Dialysemembran, die eine bestimmte Porengrofle aufweist und Molekiile
und Partikel bis zu einer bestimmten Grofle sowie Ionen passieren lasst, gefiillt und darin
verschlossen. Der befiillte Dialyseschlauch wird fiir mehrere Stunden (meist fiir mindestens
einen Tag) in einem Behélter mit Reinstwasser gegeben. Der Transport der unerwiinschten
Stoffe in das den Dialyseschlauch umgebende Wasser erfolgt diffusionsgetrieben durch die
Dialysemembran, wobei die Partikel zuriickgehalten werden. Die Trennleistung wird

verbessert, wenn das Reinstwasser nach einiger Zeit ausgetauscht wird.[114]

4 Verwendete analytische Methoden

4.1 Cloud-Point-Extraktion (CPE)

411  Grundprinzip sowie Anwendung in der Analytischen Chemie

Um Ag-NP in komplexen Umweltmatrices bei extrem niedrigen Konzentrationen im
einstelligen ng L Bereich grofienaufgeldst mittels sp-ICP-MS zu quantifizieren und dabei
einen minimalen SDL-Wert zu gewéhrleisten, ist es essentiell, die Analyt-NP von geldsten
Analytbestandteilen und moéglichst dem Grofiteil der Matrix zu separieren und gleichzeitig
anzureichern. Dazu wird in der vorliegenden Arbeit die Cloud-Point-Extraktion (CPE)

(vgl. engl. Cloud Point = Triibungspunkt) eingesetzt, die es erlaubt, Ag-b-NP von der
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Probenmatrix abzutrennen. Da das Volumen des Extrakts sehrviel kleiner istals das der Probe,

wird aufierdem ein hoher Anreicherungsfaktor erreicht.

Die CPE ist eine urspriinglich aus der Biochemie stammende Methode zur
Proteinaufreinigung und basiert auf einer Phasenseparierung von nicht-ionischen Tensiden,
die in einer wissrigen Losung dispergiert vorliegen. Tenside sind grenzfldchenaktive Stoffe,
die aufgrund ihres amphiphilen Aufbaus hydrophile und hydrophobe Teile aufweisen. Bei der
Phasenseparierung entstehen hydrophobe Kompartimente in der wissrigen Losung
(sogenannte Mizellen), die die zu extrahierende Substanz, wie beispielsweise Proteine,

enthalten und abgetrennt werden kénnen.[115, 116]

Eine wdassrige Dispersion, die das Tensid oberhalb der  kritischen
Mizellbildungskonzentration (engl critical micelle concentration, cmc) enthilt, wird nach
Uberschreiten der Cloud Point Temperatur (engl Triibungstemperatur, Tcp) in ein
Zweiphasensystem tiberfiihrt. Da sich neben der wissrigen Phase eine tensidreiche Phase, die
die Mizellen umfasst, bildet, triibt sich die Dispersion bei einer Temperatur tiber der Tcp. Die
Mizellen sind hochdynamische, reversible Systeme kugel-, diskus- oder zylinderférmiger
Assoziate aus 40 bis 400 Tensidmolekiilen. Wie in Abbildung 2 gezeigt ist, schafft die
Orientierung der hydrophoben Tensid-Anteile in das Innere der Mizellen innerhalb der
wassrigen Phase einen lipophilen Raum, in den wihrend des Extraktionsvorgangs lipophile

Ziel-Substanzen eingeschlossen werden kénnen.[117]
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Abbildung 2: Dynamisches Gleichgewicht zwischen Mizellen und freien Tensiden im Losungsmittel Wasser. Die
Wasseroberflache ist von Tensidmolekiilen besetzt. Wasser (hellblau), Luft (weif3), hydrophile Gruppe

(dunkelblau), hydrophober Rest (orange).

Durch das stindige Aufbrechen und Neubilden der Mizellen, wird die zu extrahierende
Substanz in der Tensidphase angereichert. Die Mizellbildung ist dabei entropiegetrieben:
Wassermolekiile, die zuvor an freie Tenside koordiniert waren, werden frei.[117] Durch diese
Entsolvatisierung der Tensidmolekiile wird Entropie frei. Durch Zentrifugation der Proben
wird die Phasentrennung verbessert und nach Entfernen der wéssrigen Phase verbleibt eine
Tensidphase mit der zu extrahierenden Substanz. Durch Verwendung einer sehr geringen

Menge Tensid wird zuséatzlich eine Anreicherung erzielt.[24]

Bei Anwendung der CPE in der Analytischen Chemie ist die zu extrahierende Substanz der
Analyt. So kénnen geringste Mengen Analyt messbar gemacht werden, selbst wenn diese
Spurenbestandteile einer komplexen Matrix sind. Im Fall von ionischen (und damit
hydrophilen) Analyten (z.B. Metallionen) miissen diese zunéchst in eine hydrophobere Form
uUberflihrt werden, um ein Einschlieflen in den hydrophoben Mizellen zu erméglichen. Fiir
eine Vielzahl von Metallen existieren dafiir unterschiedliche hydrophobe Komplexbildner, die
der CPE-Mischung zugesetzt werden. Die dann gebildeten hydrophoben Metallkomplexe
konnen schliefllich mizellar extrahiert und angereichert werden. Bei Quantifizierung des
angereicherten Analyts mittels spektrometrischer Techniken werden dann sehr niedrige

Nachweisgrenzen erreicht.[118]
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41.2 CPEin der Nanopartikelanalytik

Sind Nanopartikel in Umweltmatrices Gegenstand der analytischen Untersuchung, hindern
oftmals die die NP umgebende Matrix mit ihren Bestandteilen sowie die geringe Menge an
Analytpartikeln in der Probe eine valide Analytik. CPE kann auch erfolgreich zur Abtrennung
von NP von Umweltmatrices sowie zur Anreicherung der NP eingesetzt werden. Im Gegensatz
zu ionischen Analyten weisen NP in den meisten Fillen eine sehr geringe Oberflachenladung
auf und sind damit ausreichend hydrophob, um ohne den Einsatz hydrophobisierender

Liganden in den Mizellen eingeschlossen zu werden.[23-25,119]

41.21  Exkurs: Zeta-Potential von Nanopartikeln [32,113]

Die Oberfldachenladung von NP wird durch deren Zeta-Potential charakterisiert und beruht
unter anderem auf einer unvollstindigen Koordination der Oberflichenatome, auf
Protonierung und Deprotonierung von funktionellen Gruppen (z.B. Silanol-Gruppen bei
Silica-Partikeln) und insbesondere auf Adsorption von Anionen und Kationen an der
Partikeloberflache. Letztere fithrt zur Ausbildung einer elektrochemischen Doppelschicht um

einen Partikel in wissriger Phase (siehe Abbildung 3).

Aufgrund von  Van-der-Waals-Anziehungskriaften adsorbieren unabhidngig vom
Nernst-Potential W, der Oberflachenladung des reinen Partikels, stets zundchst Anionen an
die Partikeloberfldche, was zur Ausbildung der inneren He/mholtz-Schicht mit dem Potential
Y, fihrt. Innerhalb der &ufleren HelmholtzSchicht adsorbieren im Fall eines negativen ¥,
solvatisierte Kationen. Das an dieser Stelle auftretende Potential wird als Stern-Potential W,
bezeichnet. Die beiden He/mholtz-Schichten bilden zusammen die Stern-Schicht, an die eine
diffuse Schicht aus solvatisierten Kationen und Anionen anschlieft. Aufgrund der
Ladungskompensation durch Anionen und Kationen nimmt das Potential ab diesem Punkt
mitzunehmendem Abstand zum Partikel ab. In der diffusen Schicht des Partikels befindet sich
eine Grenze, innerhalb derer sich bei Bewegung des Partikels alle lonen mit dem Partikel in
die gleiche Richtung bewegen und aufierhalb derer keine Bewegung der Ionen stattfindet. Das
Potential, das an dieser Scherebene dg auftritt, ist das Zeta-Potential. Als elektrochemische
Doppelschicht werden beide Schichten, die Stern-Schicht und die diffuse Schicht, bis zu der

angesprochenen Scherebene bezeichnet.
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Abbildung 3: Elektrochemische Doppelschicht (dunkelgrau, hellgrau) an einem Partikel (dunkelblau) mit

negativem Nernst-Potential in wissrigem System (hellblau). Der Verlauf des Potentials mit zunehmendem
Abstand d zum Partikel ist in rot dargestellt, wobei das Zeta-Potential einschliefilich der Scherebene dsgelb

markiert ist.

Die Oberflachenladung eines Partikels W, selbstist nicht direkt messbar, sondern nur indirekt
uber die Messung des Zeta-Potentials. Dieses Potential gibt Aufschluss tiber die Stabilitéat des
kolloidalen Systems. Partikel mit einem Potential, das grofler als 30 mV und kleiner als -30 mV
ist, gelten als stabil. Die elektrostatische Abstoflung einzelner Partikel verhindert dabei eine

Agglomeration.

Zur Bestimmung des Zeta-Potentials werden elektrokinetische Effekte ausgenutzt. Wenn in
einer Fliissigkeit suspendierte Partikel einem elektrischen Feld ausgesetzt werden, bewegen
sich diese relativ zur flissigen Phase entlang des elektrischen Feldes. Die

Bewegungsgeschwindigkeit ist dabei proportional zum Zeta-Potential der Partikel.

Das Zeta-Potential kann deshalb durch Untersuchung der Bewegung von suspendierten NP in

einem elektrischen Feld, der sogenannten elektrophoretischen Mobilitit, bestimmt werden.
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Dies erfolgt in einer Laser-Doppler-Geschwindigkeitsmessung. Die NP haltige Probe wird
dabei in eine Probenzelle gegeben, die mit zwei Elektroden ausgestattet ist. Nach Anlegen
eines elektrischen Feldes setzen sich die NP in Richtung der Elektrode in Bewegung, die eine

den NP entgegengesetzte Ladung aufweist (siehe Abbildung 4).
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Abbildung 4: Probenzelle in der Laser-Doppler-Geschwindigkeitsmessung zur Bestimmung der

elektrophoretischen Mobilitat von suspendierten Partikeln.[113]

Wihrend der Messung wird Laserlicht auf die Kapillare fokussiert und die Streulichtintensitét
bei einem bestimmten Beobachtungswinkel (z.B. 17°) aufgezeichnet (siehe Abbildung 5).
Aufgrund der elektrophoretischen Bewegung der Partikel wird am Strahlungsdetektor eine
mit der Zeit fluktuierende Streulichtintensitit aufgezeichnet. Die Rate der Fluktuation ist
dabei direkt proportional zur Bewegungsgeschwindigkeit der Partikel. Daraus ldsst sich die
Elektrophoretische Mobilitit und schlussendlich das Zeta-Potential ableiten. Der apparative

Aufbau zur Messung des Zeta-Potentials &hnelt dem der DLS-Messung.

Abschlieflend sei angemerkt, dass der pH-Wert der NP-Suspension einen grofen Einfluss auf
das Zeta-Potential austibt. Insbesondere Oberflaichenfunktionalitidten und adsorbierte lonen
werden durch den pH-Wert stark beeinflusst. In Abbildung 5 ist der typische Verlauf des Zeta-
Potentials eines negativ geladenen Partikels in Abhingigkeit vom pH-Wert dargestellt. Mit
abnehmendem pH-Wert steigt das Zeta-Potential von einem urspriinglich negativen Wert auf

einen positiven. Dabei wird der Isoelektrische Punkt durchlaufen, an dem das Zeta-Potential
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0 ist. Die Stabilitdat einer Partikelsuspension beim pH-Wert des Isoelektrischen Punktes

erreicht dabei ihr Minimum.
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Abbildung 5: Laser-Doppler-Geschwindigkeitsmessung mit gestreutem Licht. Die Partikel bewegen sich in der

Zelle zu den Elektroden entgegengesetzter Ladung. Durch die Bewegung der Partikel wird eine mit der Zeit

fluktuierende Streulichtintensitit aufgezeichnet.[113]
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Abbildung 6: Abhingigkeit des Zeta-Potentials vom pH-Wert der fliissigen Phase. Am isoelektrischen Punkt wird

ein Zeta-Potential von 0 erreicht.[113]
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41.2.2 Cloud-Point-Extraktion von Nanopartikeln

Liu et al. haben 2009 zum ersten Mal ein Verfahren zur mizellar unterstiitzen NP-Extraktion
beschrieben. Durch Kopplung der Extraktionsmethode mit einem Massenspektrometer
konnte eine Nachweisgrenze (NWG) von 6 ng L' erzielt werden.[119] Die in dieser Arbeit
verwendete Methode zur Extraktion und Anreicherung von Nanosilber durch die CPE geht auf
Hartmann et al. zurlick und erreichte bisher bei der Messung mittels ET-AAS eine NWG unter

1ng L'1[24]

Die CPE fiir Ag-b-NP basiert auf dem nicht-ionischen Tensid Triton-X 114 (TX-114) aus der
Klasse der Octylphenolethoxylate (siehe Abbildung 7). TX-114 besitzt eine Tcp von 23 °C und
eine cmc von 0,23 mM. Die Mizellen sind durchschnittlich aus etwa 80 Molekiilen

aufgebaut.[120]

H

Abbildung 7: Strukturformel von TX-114, wobein =7, 8.

Der pH Wert ist fiir die Oberflichenladung der Ag-b-NP und damit deren Extraktionseffizienz
entscheidend, weshalb dieser mittels Essigsdure-Acetat-Puffer auf einen Wert = 5 eingestellt

wird.[24]

Grundsatzlich verbleiben gel6ste Ag-Spezies aufgrund ihrer Ladung zum grofiten Teil in der
wassrigen Phase. Koextrahierte geloste Ag-Spezies sind unerwiinscht, weshalb die
Speziesselektivitiat weiter verbessert werden soll. Dazu werden stark hydrophile Liganden
eingesetzt, die geloste Ag-Spezies binden, deren Hydrophilie stark erh6hen und somit das
Verteilungsgleichgewicht des gelosten Silbers zwischen wéassriger und tensidreicher Phase
stark in Richtung wéssrige Phase verschieben. Die bereits fiir Ag-b-NP entwickelte CPE sieht
den Einsatz nur eines Chelators, des hexdentaten Liganden Ethylendiamintetraacetat (EDTA,
sieche Abbildung 8) in Form eines Dinatriumsalzes, vor.[24] Zur Optimierung der

Speziesselektivitit im Rahmen dieser Arbeit kommt ein zuséatzlicher Ligand, p-Penicillamin
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(p-PA, siehe Abbildung 8), zum Einsatz. Die Entwicklung der optimalen Zusammensetzung
der CPE-Mischung ist nachfolgend in Publikation 3 gezeigt. Diese Publikation enthilt auch

Informationen tiber die Strukturen der Ag(I)-EDTA und Ag(I)-p-PA Komplexe.

O
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Abbildung 8: Strukturformeln der in dieser Arbeit eingesetzten Liganden EDTA und D-PA.

Penicillamin ist eine nicht-proteinogene a-Aminosdure und insbesondere in der Medizin als
starker Chelatbildner bekannt. So wird es unter anderem bei der als Morbus Wilson
bekannten Kupferspeicherkrankheit eingesetzt. Morbus Wilson ist eine krankhafte Storung
des Kupferstoffwechsels, der zu unerwiinschten Einlagerungen von Kupfer in beispielsweise
der Leber, den Augen und dem zentralen Nervensystem fiihrt. Daher rithrt auch das fiir diese
Krankheit typische Symptom, der Kayser-Fleischer-Kornealring, ein kupferfarbiger Ring auf
der Hornhautum die Iris des Auges. D-PA bindet aufgrund der hohen Thiophilie das krankhaft
uberschiissige Kupfer, das so liber den Urin den Korper verldsst.[121, 122] D-PA findet
aufgrund der starken Komplexbildung mit anderen Metallen auch bei
Schwermetallvergiftungen Verwendung.[123] Diese hohe Tendenz zur Bildung von
(Schwer)Metallkomplexen mit p-PA wird auch in der CPE der vorliegenden Arbeit zur

Bindung und Hydrophilisierung von gelésten Ag-Spezies ausgenutzt.

Die Extraktion von Ag-b-NP aus Umweltproben umfasst dabei mehrere Schritte (siehe
Abbildung 9): Zunédchst werden 40 mL der NP-haltigen wissrigen Probe mit dem Puffer aus

Natriumacetat und Essigsdure, den Liganden EDTA und Dp-PA sowie dem Tensid TX-114
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versetzt und vermischt. Die genaue Zusammensetzung des bereits etablierten sowie des in
dieser Arbeit optimierten CPE-Ansatzes mit verbesserter Speziesselektivitit ist in
nachfolgender Tabelle zusammengestellt und in Publikation 3 im Detail beschrieben. Die
CPE-Mischung wird dann fiir etwa 30 min bei 40 °C temperiert. Die Mischung triibt sich dabei
unter Ausbildung der Mizellen. Durch anschlieflende Zentrifugation der Proben wird die
Phasentrennung verbessert und nach Entfernen der an Ag-b-NP abgereicherten wassrigen
Phase verbleibt eine Ag-b-NP enthaltende Tensidphase. Durch Verwendung einer sehr

geringen Menge Tensidlésung wird zusétzlich eine hohe Anreicherung erzielt.

@ () ©
L L

W
% ET-AAS

ICP-MS

Abbildung 9: Schematischer Ablauf der Cloud-Point-Extraktion: Das Gemisch (a) aus Probe mit Ag-Ionen und
Ag-NP (grau) wird nach Zugabe der CPE-Reagenzien tiber Tcp erwdrmt. Die Mischung (b) triibt sich und die NP
werden in den gebildeten Mizellen (orange) eingeschlossen. Nach Zentrifugation (c) wird die wéssrige Phase

verworfen und die Tensidphase (orange) weiter untersucht, z.B. mit ET-AAS oder (sp)-ICP-MS.

Tabelle 1: Zusammensetzung der verwendeten CPE-Mischungen. UPW bezeichnet Reinstwasser (engl. Ultra Pure

Water). Die verbesserte CPE wird nachfolgend auch als iCPE (improved CPE, eng/. verbesserte CPE) bezeichnet.

Reagenz etablierte CPE[24] verbesserte CPE
TX-114 (Losung in UPW, 10 % (w/w)) 1mL 1mL
Essigsdure (1.25 M in UPW) 1mL 1mL
Natriumacetat (1 M in UPW) 400 puL 400 pL

EDTA (gesittige Losung von Na;EDTA
1mL 3mL
in UPW)

D-PA (ges. Losung in UPW) --- 1mL
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Ein grofier Vorteil der CPE ist die Tatsache, dass nur wenig Extraktionsmittel (Tensid)
eingesetzt werden muss und deshalb sehr hohe Anreicherungsfaktoren erzielt werden
konnen. Dies ist der niedrigen cmc von TX-114 geschuldet und der Tatsache, dass
Durchmischungseffekte klassischer Fliissig-Fliissig-Extraktionen nicht auftreten. Nach
Zugabe der Reagenzien zur Probe liegt zunédchst ein homogenes System vor, wobei die
Phasentrennung erst nach Uberschreiten der Tcp einsetzt. Die niedrige Tcp schont zudem den
Analyten vor thermischer Belastung. Ein Einfluss der CPE-Bedingungen auf die zu
extrahierenden Ag-b-NP (z. B. Groflendnderungen) konnte nicht festgestellt werden.[24]
Zusatzlich anzumerken ist die kurze Analysezeit (ca. 1 h), die aufgrund der schnellen
Equilibrierung des Systems und der durch die Zentrifugation beschleunigten
Phasentrennung erreicht werden kann. Ferner ist das eingesetzte Tensid nicht toxisch und
kaum umweltschiadlich und fiihrt im Gegensatz zu manchen organischen Lésungsmitteln

nicht zur Denaturierung empfindlicher Analyten wie Proteine oder Nanopartikel.

Problematisch ist die weitere Untersuchung der Tensidphase: Diese stellt eine anspruchsvolle
Matrix dar und kann nur mit dazu kompatiblen Analyseverfahren weiterbearbeitet werden.
Aufgrund des Siedepunkts > 200 °C kann das Extraktionsmittel nicht durch einfaches
Verdampfen entfernt werden. Die Tenside sind auflerdem nicht selektiv auf Silber
ausgerichtet, sondern koextrahieren auch andere hydrophobe Substanzen, weshalb eine
selektive, nachgeschaltete Analysentechnik von gréfdter Bedeutung ist. Bei einer
Untersuchung des Tensidextrakts mittels Atomabsorptionsspektroskopie oder

Massenspektrometrie ist dies gegeben — wie in Publikation 3 ausfiihrlich dargestellt.[124]

4.2 Elektrothermale Atomabsorptionsspektrometrie [125-128]

Die Elektrothermale Atomabsorptionsspektrometrie (ET-AAS) ist ein etabliertes Verfahren
zur Quantifizierung meist geloster Analyten und basiert auf der Absorption
elektromagnetischer Strahlung durch den Analyten. Grundséatzlich wird die Probe in einem
ersten Schritt in einem Graphitrohr so stark erhitzt, dass die Matrix verdampft bzw. eliminiert
wird und eine Atomisierung des Analyten zu einer Atomwolke eintritt. Wird nun Licht durch
die Atomwolke im Graphitrohr geleitet, folgt eine Absorption von Strahlung bei einer
spezifischen Wellenlange A,, der sogenannten Resonanzlinie. Diese Absorption ist

elementspezifisch, hingt also vom zu messenden Analyten ab, und entspricht der
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Energiedifferenz eines Ubergangs vom elektronischen Grundzustand in einen angeregten
Zustand. Die Verringerung der Strahlungsintensitit (Extinktion) des eingestrahlten Lichts bei
dieser elementcharakteristischen Wellenldnge A, wird mittels eines Detektors gemessen und
hingt von der Konzentration des Analyten in der Probe. Die gemessene Extinktion kann

deshalb zur Bestimmung der Analytkonzentration verwendet werden.

Die durch die Strahlungsabsorption angeregten Atome in der Atomwolke emittieren die
absorbierte Strahlungsenergie wieder bei der gleichen Wellenlinge A, (Fluoreszenz). Dass
dennoch eine Absorption detektiert werden kann, liegt daran, dass die Fluoreszenzemission
als Kugelwelle emittiert wird und nur ein marginaler Anteil der Fluoreszenzstrahlung durch

den Austrittsspalt den Detektor erreicht.

Das Lambert-Beer'sche-Gesetz beschreibt den Zusammenhang zwischen Verringerung der

Lichtintensitit und Anzahl der absorbierenden Teilchen wie folgt:

E= -IgT =lg (%o) =€, ¢c-1 4.1)

mit E Extinktion

T Transmission

I Intensitdt des transmittierten Lichts

I Intensitdt des eingestrahlten Lichts

€20 molarer, dekadischer Extinktionskoeffizient bei Wellenldnge Ay [L. mol* cm™]

c Konzentration des Analyten [mol L]

l Wegliange des Lichts durch die Probe [cm]

Bei €;, handelt es sich folglich um das Maf, wieviel elektromagnetische Strahlung der

Wellenldnge A, eine 1 M Losung des Analyten bei einer Wegldnge von 1 cm durch den Analyten

absorbiert.

Die Absorptionsprozesse im Fall einer Atomwolke der ET-AAS kénnen aber nur unzureichend

mit Gleichung (4.1) beschrieben werden. Da eine genaue Definition der Weglédnge des Lichts
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(Strahlengang durch die absorbierende Atomwolke im Graphitrohr) in der ET-AAS nicht
moglich ist, wird diese zusammen mit dem Extinktionskoeffizienten in einer

geratespezifischen Konstante A zusammengefasst.

E=A-¢ 4.2)

A enthélt neben der Geometrie des Strahlengangs unter anderem die Atomisierungsrate des
zu bestimmenden Elements in Abhdngigkeit von den Messbedingungen. Da fiir die Atomwolke
der ET-AAS auch keine klassische Konzentrationsangabe in mol L sinnvoll ist, stellt ¢" hier
auf den Anteil des Analyten in der Atomwolke im Graphitrohr ab. ¢’ ist aber weiterhin

proportional zu c.

Aufgrund des linearen Zusammengangs zwischen Extinktion und Konzentration ¢’ bzw. c,
kann A durch Kalibrierung bei Messung von Proben bekannter Konzentration bestimmt
werden. Im néchsten Schritt kann dann aus der gemessenen Extinktion von Proben

unbekannter Konzentration deren Konzentration berechnet werden.

Voraussetzung fiir einen linearen Zusammenhang obigen Gesetzes sind eine niedrige
Analytkonzentration, eine vollstindige Atomisierung der Probe und eine homogene
Verteilung der absorbierenden Analytatome in der Atomwolke im Strahlengang. Durch ein auf
die Probe angepasstes Temperaturprogramm des Graphitrohrs und speziell aufgebaute
Graphitrohre wird eine vollstindige Atomisierung und Homogenitit im Strahlengang

sichergestellt.

Der grundlegende Aufbau eines ET-AAS — auch Graphitrohrofen-AAS genannt — ist in

folgender Abbildung dargestellt.

Eine Hohlkathodenlampe (HKL) dient dabei als Strahlungsquelle und emittiert
elementspezifisches Licht verschiedener Wellenldngen (Emissionsspektrum). Das Licht
passiert nach Umlenkung tiber die Spiegel M1 und M2 die beheizbare Atomisierungseinheit
(Graphitofen),in dem der Absorptionsprozess stattfindet. M3-M5 sind weitere Spiegel, die den

Strahlengang leiten. Ein Gitter-Monochromator isoliert die fiir die Messung relevante
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Resonanzlinie 4y aus dem Emissionsspektrum der HKL. Die isolierte und durch Absorption
durch den Analyten geschwéichte Strahlung der Wellenldnge A, trifft anschliefend auf einen
Detektor zur Bestimmung der Lichtintensitidt, wobei beispielsweise Photomultiplier oder
Photodioden eingesetzt werden. Moderne ET-AAS-Geréate enthalten ferner eine Einheit zur

Untergrundkorrektur (nicht gezeigt).

Photomultiplier

al

Strahlungsquelle

Abbildung 10: Schematischer Aufbau eines Graphitrohrofen-Atomabsorptionsspektrometers.[129]

Fir die Bestimmung eines jeden Elements muss eine spezifische HKL verwendet werden.
Grundsatzlich absorbiert ein nicht angeregtes Atom eines bestimmten Elements den von
einem angeregten Atom desselben Elements emittierten Lichtquant. Die HKL (siehe
Abbildung 11) umfasst deshalb eine zylinderformige Kathode, die entweder aus dem zu
bestimmenden Element besteht oder mit diesem beschichtet ist. Die dazugehorige Anode ist
ein Wolfram- oder Nickel-Draht. Zwischen Kathode und Anode wird in einem mit Argon
gefiillten Glaszylinder eine Spannung von mehreren hundert Volt angelegt. Die so induzierte
Glimmentladung fiihrt zu positiv geladenen Argon-Ionen, die auf die Katode beschleunigt
werden und beim Auftreffen angeregte Atome des zu bestimmenden Elements
herausschlagen. Diese kehren unter Emission der elementspezifischen Strahlung wieder in

den Grundzustand zuriick. Wie oben ausgefiihrt, umfasst das Emissionsspektrum unter
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anderem Lichtquanten der Resonanzlinie Ay, welche von den nicht angeregten Analytatomen

in der Atomisierungseinheit absorbiert werden (Resonanzabsorption).

1 - Kathode 2 - Anode

3 - Glimmerplatten 4 - Stromzufuhr

5 - Stecksockel 6 - Glaskdrper

7 - UV-Glasfenster 8 - Quarzglasfenster

Abbildung 11: Schematischer Aufbau einer Hohlkathodenlampe.[130]

Namensgebend fiir die ET-AAS ist die elektrothermale Atomisierung mittels Graphitofen
(oder auch Graphitrohr genannt), einem Hohlzylinder aus Graphit (siehe Abbildung 12).
Graphitist anisotrop leitend und ermdéglicht ein Temperieren des Ofens nach dem Prinzip der
Widerstandsheizung auf unterschiedliche Temperaturen bis etwa 3000 K. Uber zwei gekiihlte
Graphitkontakte werden hohe Stromstirken (bis zu 500 A) bei geringen Spannungen (ca. 10
V) angelegt. Die Stromstirke ist dabei maflgeblich fiir den Temperaturanstieg des
Graphitrohrs. Um die Oxidation des Rohrs bei derart hohen Temperaturen zu verhindern,
wird das Rohr mit Schutzgas (meist Argon) umspiilt. Die in Losungsmittel geloste oder
dispergierte Probe wird iiber eine kleine Offnung mit Hilfe von Prizisionspipetten in den

Graphitofen eingebracht.

Probeneingabe-
offnung Strahlengang

3

L ‘vov-Plattform

Anlegen der Heizspannung I

Abbildung 12: Aufbau eines Graphitrohrofens.[130]
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Die Probe durchliuft wihrend der Analyse ein individuell einstellbares
Temperaturprogramm, bestehend aus der Trocknungsphase zur langsamen Verdampfung des
Losungsmittels, gefolgt von der Pyrolyse, bei der bei erhéhten Temperaturen
Matrixbestandteile verascht und tiber den Gasstrom entfernt werden. In der darauffolgenden
Atomisierungs- und Messphase wird der Analyt, der als Ton oder als Bestandteil einer
chemischen Verbindung vorliegen kann, bei hohen Temperaturen atomisiert. Die Aufheizzeit
zur Atomisierungstemperatur sollte nur etwa 0.1 s umfassen, da so die maximale
Atomwolkendichte im Graphitrohr erreicht wird. Damit die so entstehende Atomwolke fiir die
Messung ausreichend lange im Graphitofen verbleibt, wird der Argon-Gasstrom durch den
Graphitofen wihrend der Messung abgeschaltet. Zur Messung wird die durch
Resonanzabsorption reduzierte Lichtintensitit der HKL-emittierten Strahlung detektiert.
Nach Messung sorgt der wieder eingeschaltete Argon-Gasstrom fiir ein Entfernen der
Atomwolke aus dem Strahlengang. Das Programm wird mit einem Reinigungsschritt
komplettiert, bei dem der Ofen bei maximaler Temperatur kurz ausgeheizt wird. Auf diese
Weise werden Riickstinde der Probe entfernt, sodass die nichste Messung mit einem

rliickstandsfreien Ofen gestartet werden kann.

Graphitofen existieren in verschiedenen Ausfiihrungsformen: Einfache System verwenden
Ofen in Form eines Hohlzylinders, der longitudinal, also durch Anlegen einer Spannung an
beiden Enden temperiert wird. Der so entstehende Temperaturgradient iiber die Linge des
Rohres bedingt jedoch eine ungleichmiflige Atomisierung des in den Ofen eingebrachten
Analyten. Moderne ET-AAS-Systeme verwenden deshalb ein wie in Abbildung 12 gezeigtes,
transversal beheiztes Graphitrohr, bei dem die Spannung senkrecht zum Strahlengang durch
den Ofen angelegt wird. Da kein Temperaturgradient in Lingsrichtung ausgebildet wird, ist
eine homogenere Atomisierung garantiert. Es wird so auferdem verhindert, dass der Analyt
an bestimmten Stellen im Rohr wieder kondensiert. Um die Lebensdauer der Graphitofen zu
steigern, sind die Ofen mit pyrolytischem Graphit beschichtet, einer besonders harten und
gasundurchlissigen Graphitform. Insbesondere wird damit auch ein destabilisierend
wirkendes Einlagern von Analytatomen und -molekiilen in den Graphit verhindert. Um die
Atomisierung noch gleichmifliger zu gestalten, sind moderne Graphitofen zusatzlich mit
einer Lvor-Plattform als Probentriager ausgestattet. Da diese Plattform minimalen Kontakt
zum Graphitofen hat, wird sie hauptsachlich durch Warmestrahlung der heiflen Rohrwand

erwiarmt. Die Atomisierungstemperatur wird verzogert erreicht, ndmlich erst nach Einstellung
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eines thermischen Gleichgewichts zwischen der Plattform und der Gastemperatur im Ofen.

Dadurch wird die Reproduzierbarkeit der Messergebnisse verbessert.

Wie oben bereits erwdhnt, handelt es sich bei HKLs um Linienstrahler, die kein
kontinuierliches Spektrum sondern mehrere elementspezifische Spektrallinien des
Kathodenelements emittieren. Damitim Anschluss an die Atomisierungseinheit die Detektion
einer spezifischen Resonanzlinie 4, méglich ist, ist vor dem Detektor ein Monochromator
zwischengeschaltet. Dieser isoliert als Wellenldngenselektor die Resonanzlinie. Moderne
Geridte arbeiten mit kompakten Gittermonochromatoren in Czerny-Turner-Anordnung,
deren Wellenldngenselektion auf wellenldngenabhingigen Beugungswinkeln an optischen

Gittern und beweglichen Ein- und Austrittspalten beruht.

Um die Resonanzabsorption analysieren zu kénnen, werden Detektoren verwendet, die die
geschwichte Strahlung nach der Atomisierungs- und Messeinheit registrieren und in ein
elektrisches Signal umwandeln. In den meisten Fallen wird eine Photomultiplier-Réhre als
Detektor eingesetzt, siche Abbildung 13. Dabei treffen die Photonen nach Verlassen des
Graphitofens und Passieren des Monochromators auf eine Photokathode, wodurch
Photoelektronen aus der Kathode in die Detektorréhre freigesetzt werden. In der Rohre
befinden sich Dynoden, an denen eine Beschleunigungsspannung angelegt ist und die beim
Eintreffen eines Elektrons eine konstante Zahl an Sekundéirelektronen freisetzen. Eine
spezielle Anordnung der Dynoden fiihrt dazu, dass das anfidngliche Photoelektron
kaskadenartig vervielfiltig wird und ein messbarer Sekundérelektronenstrom generiert wird.
Da die Stromstarke des Sekundérelektronenstroms proportional zur Anzahl der einfallenden
Photonen und damit auch zur Anzahl absorbierender Analytatome im Graphitrohr ist, ergibt
sich ein direkter Zusammenhang zwischen Stromsignal und Analytkonzentration. Durch
Kalibrierung mit Proben bekannter Analytkonzentration kann so die Analytkonzentration

unbekannter Proben anhand des gemessenen Sekundéarelektronenstroms berechnet werden.

Alternativ.  werden CCD-Detektoren eingesetzt, die Halbleiterdioden (sogenannte
Photodioden) umfassen. Trifft Licht auf diese Dioden, werden aufgrund des inneren
photoelektrischen Effekts des Halbleitermaterials Elektronen-Loch-Paare induziert. Das

dabei messbare elektrische Signal ist abhédngig von der Intensitiat des eintreffenden Lichts.
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Abbildung 13: Schematischer Aufbau eines Photomultipliers.[131]

Neben der gewtlinschten Absorption durch den atomisierten Analyten treten in der ET-AAS
auch unerwlinschte Prozesse der Strahlungsmodulation auf. Diese sogenannten
Interferenzen konnen die Strahlungsintensitit der Resonanzlinie verstirken oder verringern
und fiihren zu einem Uber- oder Minderbefund des Analyten, sofern sie nicht kompensiert

werden. Man unterscheidet hierbei spektrale und nicht spektrale Interferenzen.

Zu den spektralen Interferenzen zidhlen vor allem Schwarzkorperstrahlung des glithenden
Graphitrohrs, Absorption durch Matrixbestandteile auf der Resonanzlinie oder

Lichtstreuung.

Spektrale Interferenzen, insbesondere die unspezifische Absorption durch die Probenmatrix,
koénnen jedoch technisch mittels des Zeeman-Effekts korrigiert werden. Peter Zeeman zeigte
1897, dass der Einfluss eines starken Magnetfelds zur Aufhebung der Entartung der
elektronischen Zustinde in den Atomen fiihrt. Damit gehen unterschiedliche
Anregungswellenldngen einher und die Resonanzlinie wird in drei Linien aufgespalten (siehe
Abbildung 14). Die T-Komponente ist die Linie des urspriinglichen elektronischen Ubergangs
der Resonanz (Vo). Daneben existieren die g-Komponenten der Linie, die jeweils um einen
gleichen Betrag zu hoheren und niedrigeren Wellenlangen verschoben (v:,v2) und senkrecht
zur 1T-Komponente polarisiert sind. Die Grofle der Aufspaltung ist dabei proportional zur

angelegten magnetischen Feldstarke.
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Abbildung 14: Aufspaltung der elektronischen Zustdnde eines Atoms beim Zeeman-Effekt nach Anlegen eines
Magnetfeldes (b).[127]

Dieser Aufspaltungseffekt kann zur Untergrundkorrektur ausgenutzt werden: Wird das
Magnetfeld so installiert, dass dessen Feld parallel zum Lichtweg durch den Ofen orientiertist,
so setzt nach Einschalten des Magnetfelds zunichst die Aufspaltung der Resonanzlinie und
die Polarisierung ein. Die m-Komponente weist die falsche elektromagnetische Polarisation
auf, um das Licht, dass sich parallel zum Magnetfeld bewegt, zu absorbieren. Nutzt man nun
ein starkes, pulsierendes Magnetfeld wihrend der Messung, wird bei ausgeschaltetem Feld die
Absorption von Probe und Untergrund und bei eingeschaltetem Feld nur der Untergrund
gemessen, indem in diesem Fall die Probenabsorption gewissermafien ausgeblendet wird. Die

Differenz der beiden Signale liefert schliefRlich nur die von der Probe ausgehende Absorption.

Nicht spektrale Interferenzen sind chemische Interferenzen, die beim Atomisierungsvorgang

entstehen. Elemente wie Wolfram oder Bor bilden beispielsweise mit dem Ofenmaterial
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stabile Carbide, die nicht mehr atomisiert werden koénnen. Ferner kénnen bestimmte
Matrixbestandteile (z.B. Sulfate) mit einzelnen Analytelementen schwer verdampfbare
Verbindungen bilden. Alkalimetalle sind mittels Graphitrohr zwar grundsétzlich messbar,
reduzieren aber die Haltbarkeit der Rohre, da diese Elemente bei den hohen Temperaturen

des Atomisierungsvorgang in den Graphit interkalieren konnen.

Grundsatzlich ist die ET-AAS eine Methode der Einzelelementanalyse, da fiir jedes zu
bestimmende Element eine bestimmte HKL verwendet und eine spezielle Resonanzlinie
beobachtet werden muss. Es existieren jedoch Ansidtze zur simultanen Mehrelementanalyse.
Beispielsweise kann Licht mehrerer HKLs durch die Atomisierungs- und Messeinheit geleitet
und danach wieder aufgetrennt werden. Ahnlich funktionieren High-Resolution-Continuum-
Source Gerédte, bei denen einen Xenon-Lampe ein kontinuierliches Spektrum, das
Resonanzlinien einer Vielzahl von Elementen umfasst, emittiert. Da aber trotzdem nur eine
Atomisierungseinheit vorhanden ist, kénnen dabei nur diejenigen Elemente analysiert
werden, die in einem dhnlichen Temperaturbereich atomisieren. Eine Analyse von Elementen
mit stark abweichenden Atomisierungstemperaturen ist deshalb nur in einer sequentiellen
Multielementanalyse moglich, bei der die Probe mehrmals hintereinander bei

unterschiedlichen Temperaturen atomisiert wird.[132]

4.3 Massenspektrometrie mit induktiv gekoppeltem Plasma

Die Massenspektrometrie ist eine analytische Methode, die auf der Detektion von Massen
ionisierter Analyten beruht. Die zu untersuchende Probe wird in einer lonenquelle ionisiert,
dann wird der ionisierte Analyt in einem elektrischen Feld beschleunigt und nach seinem
spezifischen Masse-zu-Ladungs-Verhéltnis (m/z-Verhiltnis) von den restlichen ionisierten
Probenbestandteilen in einem Massenselektor getrennt. Da die Analytionen in den meisten
Fallen einfach geladen sind, entspricht das m/z-Verhiltnis der Masse des Analytelements —
was dazu geflihrt hat, dass sich der - wenn auch streng genommen falsche - Begriff der ,Masse*
im Zusammenhang mit der Detektion etabliert hat. Nach Auftreffen des ionisierten Analyten
auf einem Detektor kann unter Zuhilfenahme einer Kalibrierung die Konzentration des
Analytenin der Probe bestimmt werden. Generell passieren die lonen im Massenspektrometer
ein Vakuum, um Stofdprozesse zu vermeiden, die die Natur der freien Ionen und Elektronen

ansonsten beeintriachtigen wiirden.
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Die Massenspektrometrie mit induktiv gekoppeltem Plasma hat sich in den letzten
Jahrzehnten zu einer Standardmethode der Elementanalytik entwickelt und zeichnet sich
durch extrem niedrige Nachweisgrenzen fiir viele Elemente (unterer ng L Bereich), hohe
Linearitat, eindeutig und leicht interpretierbare Spektren (im Vergleich zu optischen
Emissionsspektren) sowie die Moglichkeit der Bestimmung von Isotopenverhéltnissen aus.
Nachteilig sind jedoch die hohen Anschaffungskosten fiir ein Massenspektrometer, ein hoher
Geratedrift (bis zu 10 % pro Stunde) und die Beeintrachtigung durch Stérungen (siehe Kapitel

4.3.3).[133]

4.31 konventionelle Massenspektrometrie [133-140]

Ein konventionelles Massenspektrometer ist grundsétzlich aus einer Probenzufuhr mit

Ionenquelle, einem Massenselektor sowie einem Detektor aufgebaut.

Die Molekiil-Massenspektrometrie kommt insbesondere bei der Strukturaufklarung zum
Einsatz (qualitative Analyse). Essentiell ist dabei die Verwendung schwacher
Ionisationsmethoden, die zur Bildung geladener, aber intakter Molekiile oder
Molekiilfragmente fiihren. Die Analyse des Fragmentierungsmusters erlaubt es, auf die
Struktur des Analyt-Molekiils riickzuschliefen. Ublicherweise werden hierbei die

Elektronenstof3- oder die Elektronenspray-Ilonisation eingesetzt.

Bei der Elektronenstofd-Ionisation wird die Probe verdampft und in eine Vakuumkammer
uUberfiihrt, in der die Analyt-Molekiile neben weiteren Probenbestandteilen mit einem Strahl
aus beschleunigten Elektronen wechselwirken. Dadurch werden aus den Molekiilen
Elektronen herausgeschlagen. Die so entstehenden positiv geladenen Radikalionen kénnen
weiter zerfallen und ionisierte Molekiilfragmente bilden. Ein elektrisches Feld beschleunigt
die ionisierten Molekiile und Molekiilfragmente anschlieflend und leitet diese an den
Massenselektor weiter. Wegen der hohen Fragmentierungsrate zidhlt die Elektronenstof-

Ionisation zu den harten Ionisationstechniken.

Bei der Elektronenspray-Ionisation wird die Probe durch eine Metallkapillare geleitet, an der
eine Spannung angelegt ist. Beim Austritt der Probe aus der Spitze der Kapillare werden die
Analyt-Molekiile und die weiteren Probenbestandteile in eine Vakuumkammer verspriiht und

ionisiert. Diese Art der Ionisierung zidhlt zu den weichen Ionisationstechniken und ist
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wesentlich sanfter als die Elektronenstof$-Ionisation. Aufgrund der geringeren
Fragmentierungsrate eignet sich die Elektronenspray-Ionisation besonders fiir empfindliche

Analyten, wie z.B. komplexe Biopolymere (Proteine).

Die vorliegende Arbeit beschriankt sich auf die quantitative Massenspektrometrie in der
Elementanalytik. In diesem Bereich kommt meist die Massenspektrometrie mit induktiv
gekoppeltem Plasma (engl. inductively coupled plasma mass spectrometry, ICP-MS) zum

Einsatz. In Abbildung 15 ist der grundlegende Aufbau eines ICP-MS gezeigt.
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Abbildung 15: Schematischer Aufbau eines Massenspektrometers mit induktiv gekoppeltem Plasma.[130]

Der Analyt wird tiber das induktiv gekoppelte Plasma ionisiert. Ein Plasma ist ein
hochenergetischer Zustand von Materie, die als Mischung von Elektronen, positiv und negativ
geladenen Ionen, neutralen Atomen, positiv und negativ geladenen sowie neutralen
Molekiilen bestehen kann und deshalb freie Ladungstriger enthilt. Ein Plasma ist
ublicherweise quasineutral, also in einem Gleichgewichtszustand positiv und negativ
geladener Teilchen. Durch Reibung der Ladungstriger koénnen mitunter extrem hohe
Temperaturen von mehreren 10.000 °C erreicht werden. In der Ionenquelle des

Massenspektrometers wird das Plasma durch Ionisierung von Plasmagas, meist Argon, nach
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Durchstromen einer Plasmafackel erzeugt. Die Plasmafackel ist von einer Induktionsspule
umgeben, die das Plasma durch Anlegen eines starken Hochfrequenzfeldes kontinuierlich mit
Energie versorgt und damit aufrechterhilt. Da neutrales Plasmagas jedoch nicht mit dem
Hochfrequenzfeld wechselwirkt, wird durch eine Entladung an einer Teslaspule zunachsteine
Tonisationsspur im Plasmagas erzeugt. Erst dann ist eine Energieeinstrahlung durch das
Hochfrequenzfeld moglich. Das Plasmagas passiert die Plasmafackel tiber drei konzentrisch
angeordnete Hohlzylinder aus Quarz. Plasmagas, das tiber den dufleren Zylinder zugefiihrt
wird, dient zur Kiihlung der Fackelwand, wahrend Plasmagas, das liber den zweiten Zylinder
zugefliihrt wird, das Plasma positioniert und stabilisiert. Plasmagas, das den innersten
Zylinder durchstromt, wird zum Plasma ionisiert und dient als Zufuhrmedium der Probe. Die
Probe wird in einer, der Plasmafackel vorgeschalteten, peltier-gekiihlten Zerstauberkammer
fein zerstaubt, dem Zufuhrmedium beigefiigt und in das Plasma ans Ende der Plasmafackel
transportiert. Dort wird das Analyt-Aeorosol getrocknet, verdampft und bei ca. 5.000 bis
10.000 °C ionisiert. Ein Grofsteil der Probenmatrix wird dabei eliminiert und der Analyt in
einfach positiv geladene Ionen umgewandelt. Nur die so erzeugten positiv geladenen Analyt-
Ionen werden im ICP-MS detektiert und machen damit die Quantifizierung von Elementen
moglich. Es sei hier bereits angemerkt, dass bei so hohen Plasmatemperaturen auch mehrfach
geladene Ionen entstehen konnen, die als meist unerwiinschte Interferenz die Messung storen

(siehe Kapitel 4.3.2).

Um das Plasma aufrechterhalten zu kénnen, ist ein hoher Volumenstrom an Plasmagas durch
die Plasmafackel notwendig. Nach dem Plasma miissen die Analyt-lonen jedoch in ein
Hochvakuum tiberfithrt werden, um die Massenselektion nach einem bestimmten m/z-
Verhiltnisses durchlaufen zu kénnen. Dieser Ubergang von Atmosphirendruck in das
Hochvakuum wird durch das MS-Interface realisiert. Mit Hilfe von mehreren (meist zwei)
hintereinander geschalteten, wassergekiihlten Nickel- oder Platin-Konen mit immer kleiner
werdenden, konzentrisch angeordneten Lochern wird stufenweise ein Hochvakuum angelegt
(104 — 1076 Pa). Durch die Locher werden die Analyt-Ionen vom Plasma in das Hochvakuum

der Tonenoptik transportiert.

Im Hochvakuum angekommen werden die positiv geladenen Analyt-Ionen in einem negativen
elektrischen Feld beschleunigt, sodass alle Analyt-Ionen die gleiche kinetische Energie

aufweisen. Ebenfalls ins Vakuum eintretende Elektronen konnen das elektrische
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Beschleunigungsfeld nicht passieren und werden dadurch bereits beim Eintritt ins Vakuum

abgetrennt.

Die im Anschluss in die Ionenoptik eintretende diffuse Wolke aus positiv geladenen Analyt-
Ionen wird beim Passieren positiv geladener Ringelektroden (sogenannte elektronische
Linsen) durch elektrostatische Abstoflung gebilindelt. Durch versetzte Anordnung der
elektronischen Linsen (off-axis-Anordnung) beschreiben die Analyt-Ionen eine S-Kurve beim
Passieren des MS-Interface. Ebenfalls in die Ionenoptik eintretende Photonen und
Neutralteilchen aus dem Plasma treffen ohne Ablenkung auf die Innenwidnde des MS-
Interface und kénnen somit nicht den Massenselektor und Detektor erreichen. So kann das

Untergrundrauschen verringert werden.

Der Massenselektor ist das Herzstlick eines jeden Massenspektrometers. Nur Analyt-Ionen
eines spezifischen m/z-Verhéiltnisses konnen den Massenselektor passieren und im Anschluss
detektiert werden. Zusitzliche lonen, die beispielsweise aus der Probenmatrix stammen,
werden abgetrennt - vorausgesetzt, sie weisen ein zum Analyt unterschiedliches m/z-

Verhaltnis auf.

Das in dieser Arbeit verwendete ICP-MS ist mit einem Quadrupolmassenselektor ausgestattet
(siehe Abbildung 15). Ein solcher Massenselektor ist der mit Abstand am h&dufigsten
eingesetzte Massenselektor in der Elementanalytik. Dieser Massenselektortyp ist sehr
kompakt und robust und erreicht hohe Scan-Geschwindigkeiten, sodass ein vollstindiges
Massenspektrum in weniger als 100 ms gemessen werden kann.[141] Der Quadrupol besteht
aus vier parallel und symmetrisch ausgerichteten Stiben aus Metall oder metallbeschichteter
Keramik, die als Elektroden dienen. An jedem Stab wird eine Gleichspannung angelegt,
wodurch vier, sich in der Mitte des Quadrupols tiberschneidende konzentrische Magnetfelder
um die einzelnen Stibe ausgebildet werden. Ionen, die dem Quadrupol zugefiihrt werden,
werden so innerhalb des Quadrupols fokussiert. Die Massenselektion eines Ions eines
bestimmten m/z-Verhaltnisses wird dadurch erreicht, dass nur dieses bestimmte Ion
aufgrund eines Zusammenspiels der an den Stiben angelegten Gleich- und
Wechselspannungen eine stabile lonentrajektorie beim Passieren des Quadrupols beschreibt.

Ionen anderer m/z-Verhiltnisse werden abgelenkt, schlagen in die Stibe und/oder das
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Gehiuse des Quadrupols ein oder werden von der Vakuumpumpe abgesaugt und erreichen

damit nicht das Ende des Quadrupols und den anschliefienden Detektor.
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Abbildung 16: Schematischer Aufbau eines Quadrupolmassenselektors. Nur die Ionen eines bestimmten m/z-
Verhéltnisses konnen eine stabile Flugbahn durch den Massenselektor beschreiben, wiahrend Ionen anderer

m/z-Verhiltnisse abgelenkt werden. [133]

Die Ionentrajektorie wird beeinflusst, indem an den zwei gegentiberliegenden Stédben, die sich
in der xz-Ebene befinden, eine positive Gleichspannung angelegt ist, die von einem
Wechselstromsignal tiberlagertist (siehe Abbildung 16). Die positiv geladenen Ionen bewegen
sich deshalb in z-Richtung, werden jedoch durch den Einfluss der Wechselspannung
abgelenkt. Nach den Gesetzen der Newton schen Mechanik sind Impulse von Ionen gleicher
kinetischer Energie direkt proportional zur Wurzel ihrer Masse. In anderen Worten reagieren
leichtere Ionen leichter auf die Wechselspannung als schwerere Ionen. Das Stibe-Paar der xz-
Ebene bildet deshalb einen Hochpass-Massenfilter, den nur Ionen passieren kénnen, die
schwer genug sind — leichtere Ionen werden in Folge der Wechselspannung abgelenkt und
damit entfernt. Das Stdbe-Paar der zy-Ebene hingegeben bildet einen gegenséatzlichen
Massenfilter. Hier wird eine negative Gleichspannung von einem Wechselfeld tiberlagert. Die
Gleichspannung wiirde dazu fiihren, dass alle Ionen in Richtung der Stibe gezogen wiirden.

Diese Ionenbewegung wird jedoch durch eine durch die Wechselspannung begriindete
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Auslenkung kompensiert. Leichtere Ionen kénnen einfacher ausgelenkt werden als schwere
Ionen, denn letztere bleiben von der Wechselspannung nahezu unberiihrt und kollidieren mit
den Stiben. Somit wird in der zy-Ebene ein Tiefpass-Massenfilter geschaffen, den nur Ionen
passieren konnen, die leicht genug sind. Folglich muss ein Ion, das den Quadrupol insgesamt
ohne Ablenkung passieren soll, schwer genug sein, um den Hochpass-Massenfilter in der xz-
Ebene passieren zu konnen, jedoch gleichzeitig leicht genug sein, um den Tiefpass-
Massenfilter in der zy-Ebene passieren zu konnen. Nur Ionen, die einen sehr engen Bereich
des m/z-Verhiltnisses erfiillen, beschreiben also eine stabile Tonentrajektorie durch den
Quadrupolmassenselektor. Durch Variation der Gleich- und Wechselspannungen kann die
Lage des m/z-Verhéiltnisses mit stabiler ITonentrajektorie angepasst werden. Moderne Gerite
ermoglichen eine problemlose Separation von Ionen, die sich nur mehr um eine
Masseneinheit unterscheiden. Um eine hohere Massenauflosung zu erreichen, kénnen
anstelle des Quadrupols doppelfokussierende Analysatoren eingesetzt werden, die einen

elektrostatischen Analysator und einen magnetischen Sektorfeldanalysator umfassen.[142]

In diesem Zusammenhang sei angemerkt, dass bestimmte Gerdte eine Zelle aus acht
stabférmigen Elektroden (sogenannter Oktapol) vor dem Quadrupolmassenselektor
verwenden (siehe Abbildung 15). Dieser Oktapol dient als Kollisions- bzw. Reaktionszelle zur
Verringerung von Interferenzen. Details zu Interferenzen in der ICP-MS sowie Vorgidnge in der

Kollisions- bzw. Reaktionszelle sind im nachfolgenden Kapitel aufgefiihrt.

Ein alternativer Massenselektor, wenn auch nicht so verbreitet, ist der Flugzeit-
Massenselektor (engl time of flight, TOF). Die Ionen werden dabei nach ihrer auf dem m/z-
Verhiltnis basierenden Flugzeit aufgetrennt. Die lonen werden zunéachst tiber ein elektrisches
Feld beschleunigt und erfahren dabei unabhédngig von ihrer Masse dieselbe kinetische
Energie. Sobald die beschleunigten Ionen anschliefend in einen feldfreien Raum eintreten,
bewegen sich Ionen mit einem héheren m/z-Verhaltnis langsamer als diejenigen mit einem
niedrigeren m/z-Verhiltnis. Die Flugzeit bis zum Detektor ist also vom m/z-Verhiltnis
abhingig, weshalb eine Detektion von Ionen eines oder mehrerer gewiinschter m/z-
Verhiltnisse moglich ist. Im Gegensatz zum Quadrupol ist bei einem TOF-
Massenspektrometer also eine simultane Messung mehrerer Isotope moglich.[143]
Quadrupol-Gerdte sind jedoch sehr viel kompakter aufgebaut und auflerdem

kostengtinstiger.
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Die abgetrennten Analyt-Tonen werden schlussendlich mit Hilfe eines Detektors registriert.
Ublicherweise handelt es sich dabei um einen Diskreten Dynoden Detektor, der in analoger
Weise zum Photomultiplier in der ET-AAS funktioniert. Im Gegensatz zu Photonen treffen bei
der ICP-MS Analyt-Tonen auf eine erste Dynode, wodurch Elektronen aus der Dynode
herausgeschlagen werden. Die weitere kaskadenartige Erzeugung von Sekundérelektronen
erfolgt analog zu der im Photomultiplier der ET-AAS. Sekundérelektronenvervielfacher, die
20 Dynoden umfassen, erreichen tiblicherweise einen Verstarkungsfaktor von 107. Der am
Ende der Dynodenkaskade gemessene Stromfluss korreliert mit der Anzahl der anfangs
eingetroffenen Analyt-Tonen. Moderne Gerdte erreichen dabei Ansprechzeiten im
Nanosekundenbereich. Durch Kalibrierung mit Lésungen bekannten Analyt-Gehalts ist eine
Konvertierung des Stromflusses in die urspriingliche Analyt-Konzentration der Probe

moglich.

4.3.2 Limitierungen der Massenspektrometrie [133, 144-146]

Auch wenn die ICP-MS mittlerweile eine Standardmethode in der Elementspurenanalytik fiir
eine Vielzahl von verschiedenen Elementen darstellt, ist auch diese analytische Methode von
Limitierungen durch spektrometrische und nicht spektrometrische Interferenzen betroffen.
Diese Interferenzen fiihren zu unerwiinschten Signalintensititen der beobachteten

Analytmasse.

Nicht spektrometrische Interferenzen beruhen in den meisten Fillen auf simplen
Matrixablagerungen an Bauteilen des Massenspektrometers, wie der Probenzufiihrung, dem
Zerstauber oder den Konen. Diese Ablagerungen konnen einen Signaldrift verursachen oder
die Zerstdubung und Ionisierung stark beeintrachtigen. Sobald sich diese Ablagerung lésen
und damit analytenthaltende Verunreinigungen in das Plasma eingetragen werden, steigt das
Analytsignal kurzfristig signifikant an — eine Uberbestimmung ist die Folge (Memoryeffekt).
Bestimmte Elemente, die neben dem Analytelement in der Probe koexistieren, konnen weitere
Interferenzen hervorrufen. Hiefije et al. haben den sogenannten Raum-Ladung-Effekt
beobachtet und gezeigt, dass Ionen leichter Massen und damit geringeren Durchmessers von
Ionen schwererer Massen aus dem Ionenstrahl verdrangt werden konnen.[147] Olivaresund
Houk weisen darauf hin, dass leicht ionisierbare Elemente (z.B. Alkalimetalle) das
Ionisationsgleichgewicht stéren, indem sie die zur Verfligung stehende Ionisierungsenergie

zuerst verbrauchen, ehe Elemente mit hoheren Ionisationspotential ionisiert werden.
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Alkalimetalle, die in starkem Uberschuss vorliegen, bewirken also eine Signalsupression eines
etwaigen Analytelements mit hoherem Ionisationspotential.[148] Nicht spektrometrische
Matrixeffekte konnen meist durch Kalibrierung kompensiert werden, indem die
Zusammensetzung der Kalibrierlosungen an die der Probenlésung angepasst wird. Wenn dies
bei besonders komplexen Matrices nicht moglich ist, schafft das Standardadditionsverfahren

Abhilfe.

Spektrometrische Interferenzen stellen im Vergleich zu den nicht spektrometrischen
Interferenzen eine bedeutendere Limitierung der ICP-MS dar. Sie treten dann auf, wenn ein
im Plasma erzeugtes Ion dasselbe m/z-Verhéltnis wie ein Analyt-Ton aufweist. Ersteres Ion
wird dann als vermeintliches Analytion im Detektor registriert. Die Folge ist eine
Uberbestimmung des Analyten. Bei den spektralen Interferenzen unterscheidet man zwischen
isobaren Interferenzen, Interferenz durch doppelte geladene Ionen und polyatomare

Storungen.

4.3.21 Isobare Storungen

Isobare Stérungen treten auf, wenn Atome mit ndherungsweise gleicher Massenzahl aber
unterschiedlicher Ordnungszahl im Plasma ionisiert werden. Problematisch sind
Massenunterschiede um weniger als eine Masseneinheit. Hochauflosende Spektrometer
(beispielsweise Sektorfeldgerdte) konnen dagegen geringere Massendifferenzen noch

auflosen.[142]

Beispielsweise liberlagert 4°Ar, das als Plasmagas bei der ICP-MS ubiquitidr vorhanden ist,
Signale des hdufigsten Calciumisotops 4°Ca (97 % Isotopenhéaufigkeit). Deshalb kann nur 44Ca
(2,1 % Isotopenhéufigkeit) zur Messung herangezogen werden. Der Wechsel von 4°Ca auf 44Ca
geht aufgrund der geringeren Isotopenhdufigkeit jedoch mit einem Verlust von

Nachweisstirke einher. Ein weiteres Beispiel ist 294Hg, das die Messung von 2%4Pb stort.

Diese Stoérungen konnen iiberwunden werden, wenn ein anderes Analytisotop zur Messung
ausgewahlt wird, dessen Masse nicht mit der eines Isotops eines anderen Elements tiberlappt
oder die Koexistenz dieses stérenden Elements ausgeschlossen werden kann. Wenn ein
anderes Isotop des Analytelements aber nur eine sehr geringe Haufigkeit aufweist oder das

Analytelement sogar ein Reinelement ist, ist ein Wechsel auf ein storungsfreies Analytisotop
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nicht moglich. In diesem Fall kann eine isobare Storung auch mathematisch korrigiert
werden. Voraussetzung dafiir ist, dass ein Isotop des isobar stérenden Elements vorhanden ist,
welches wiederum selbst storungsfrei gemessen werden kann. Das Ausmafi der isobaren
Storung ergibt sich dann aus dem Verhéltnis der Isotopenhdufigkeiten des isobar stérenden
Elements. Nachfolgendes Beispiel illustriert eine mathematische Korrektur der Stérung von
204Pb durch 294Hg.[149] Da 2°0Hg storungsfrei messbar ist, ist eine mathematische Korrektur
der 204Hg-Storung moglich, wie in den Gleichungen 4.3-4.5 dargestellt ist. I stellt dabei die

Signalintensitit dar.

Igesamt = 1(204Pb) + 1(2041_19) (4.3)

Isotopenhaufigkeit ?°*Hg (4.4)
Isotopenhaufigkeit °°Hg

1(***Hg) = 1(**Hg) -

Isotopenhiaufigkeit 2°*H .
1(204Pb) — Igesamt _ I(ZOOHg) . p f g g (4 5)

Isotopenhaufigkeit 2°°Hg

Die Storung von 204Hg*-Ilonen kann alternativ durch das Einleiten von NHz in eine

Reaktionszelle verringert werden (siehe Kapitel 4.3.2.5).

4.3.2.2 Storung durch doppelt geladene Ionen

Neben einfach geladenen Ionen konnen auch doppelt geladene Ionen im Plasma generiert
werden. Solche Ionen {iberlagern Signale der einfach geladenen Ionen mit halber
Elementmasse. Eine doppelte Ionisierung tritt vermehrt bei Elementen mit einer geringen
zweiten Ionisierungsenergie auf, welche insbesondere geringer als die zweite
Ionisierungsenergie des Argons (15 eV) ist. Beispiele sind schwerere Erdalkali- und
Seltenerdelemente. Enthélt eine Probe beispielsweise hohe Sr Gehalte bei gleichzeitiger
Messung von Ca, so kann 88Sr2* zu einer Stérung der 44Ca* Messung fiihren und eine

Uberbestimmung durch Signaliiberlagerung verursachen.

4.3.2.3 Polyatomare Storungen

Die komplexeste Storungsklasse in der ICP-MS stellen jedoch polyatomare Stoérungen

dar.[150] Insbesondere an den gekiihlten Konen oder spater im MS-Interface konnen sich
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einfach positiv geladene Molekiilionen bilden, die ein m/z-Verhiltnis aufweisen, das dem des
Analytelements ndherungsweise entspricht.[151] Besonders storend sind Molekiilionen, die
sich aus den Hauptbestandteilen des Plasmas (Ar) und der Matrix (H-O, HNOj3 etc.) bilden. Von
polyatomaren Stérungen sind insbesondere Analyten mit einem m/z-Verhiltnis < 82
betroffen.[133] Beispielsweise kann sich aus dem Plasmagas Argon zusammen mit Spuren
Sauerstoff, ein 4°Ar’60* Molekiilion bilden, das mit dem m/z-Verhiltnis von 56Fe* tiberlappt
und zu einer Uberbestimmung des Eisens fiihren wiirde. Neben Oxiden sind auch
Interferenzen durch Bildung von Hydriden besonders relevant. Um polyatomare
Interferenzen zu vermeiden, kann das zu messende Isotop des Analytelements variiert werden.
Dies ist jedoch nur dann praktikabel, wenn ein weiteres Isotop, welches nicht von
polyatomaren (oder isobaren) Storungen betroffen ist, auch eine ausreichend hohe Haufigkeit
aufweist, um gute Nachweisgrenzen zu gewihrleisten. Ist ein Wechsel des zu messenden
Isotops nicht moglich, schafft eine Kollisions- oder Reaktionszelle Abhilfe, die sich zwischen
den Konen des Massenspektrometers und dem Quadrupolmassenselektor (siehe Abbildung
15) befindet. Polyatome werden dabei in einem Multipol durch Kollision oder Reaktion mit
eingeleiteten Gasen reduziert. Ein Multipol ist eine Zelle aus mehreren stabférmigen
Elektroden, wobei meistens ein Oktapol aus acht Stabelektroden verwendet wird. Der Vorteil

eines Oktapols gegeniiber einem Quadrupol ist beispielsweise die kleinere Abmessung.

4.3.2.4 Kollisionszelle

Bei Verwendung des Multipols als Kollisionszelle werden der ionisierten Probe geringste
Mengen eines inerten Gases (beispielweise Helium) zugesetzt. Da die stérenden Molekiilionen
grofder sind als das ionisierte Analytelement, besteht fiir die Molekiilionen eine héhere
Wahrscheinlichkeit, mit den zugesetzten Helium-Atomen zu kollidieren. Die Kollision fiihrt
zu einem deutlichen Verlust an kinetischer Energie. Aufgrund einer spezifischen
Zellspannung am Multipol kénnen diesen nur Ionen mit ausreichender kinetischer Energie
passieren (kinetische Energiediskriminierung). Kollidierte Ionen weisen nicht mehr genug
kinetische Energie auf und werden vor Erreichen des Quadrupolmassenselektors abgetrennt.
Im Mittel wird die kinetische Energie eines deutlich h6heren Anteils von Molekiilionen als von
ionisierten Analytatomen aufgrund der unterschiedlichen Kollisionswahrscheinlichkeit
reduziert. Von den storenden Molekiilionen erreicht nur ein geringer Anteil den
Quadrupolmassenselektor, wahrend die Menge der ionisierten Analytatome, die die

Kollisionzelle in Richtung des Quadrupols passiert, kaum verringert wird. Somit werden die
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polyatomaren Interferenzen auf ein Minimum reduziert. Bei Einsatz der kinetischen
Energiediskriminierung ist jedoch zu beachten, dass auch die Signalintensitit des

Analytelements geringfiigig sinkt und deshalb die Nachweisgrenze steigen kann.

Die bereits erwdhnte Stérung von 36Fe* durch das Polyatom 4°Ar'60O* kann mit Hilfe einer
Kollisionszelle und Helium als Kollisionsgas eliminiert werden.[152, 153]. Alternativ ist eine
Unterscheidung von 56Fe* mit einer Masse von 55,935 atomaren Einheiten und 4°Ar'60* mit
einer Masse von 55,957 atomaren Einheiten mit hochauflosenden Sektorfeldgerdten [142]

moglich, ohne dass eine Kollisions- oder Reaktionszelle notwendig ist.

4.3.2.5 Reaktionszelle

Bei Verwendung des Multipols als Reaktionszelle wird reaktives Gas anstelle von Kollisionsgas
zugefiihrt. Rowan und Houk zeigten bereits 1989, dass durch gezielte Auswahl des
Reaktionsgases polyatomare Storungen reduziert werden kénnen.[154] Die Reaktion der
storenden Molekiilionen mit dem Reaktionsgas hat entweder die Dissoziierung der
Molekiilionen zur Folge oder fiihrt zur Addition weiterer Atome an die Molekiilionen. In
beiden Fillen wird das m/z-Verhaltnis der stérenden Molekiilionen verschoben und die

polyatomare Storung beseitigt.

Beispielsweise kann die 38Ar'H* Storung bei der Messung von 39K* mittels Reaktionszelle und
H: als Reaktionsgas behoben werden. Nur 38Ar'H* reagiert mit *H», unter der Bildung von Hz*

und 38Ar, wiahrend 39K* nicht reagiert.[155]

Zudem besteht auch die Moglichkeit, den Analyten selbst zur Reaktion zu bringen und damit
dessen m/z-Verhiltnis auf ein nicht von Stérungen betroffenes Verhiltnis zu erhohen.
Beispielsweise ist das Schwefel-Hautpisotop 32S* stark durch 60.* gestort. Aufgrund geringer
Isotopenhdufigkeiten ist ein Ausweichen auf ein Schwefel-Nebenisotop nicht zielfiihrend.
Mittels O.-Reaktionszelle wird 32S* in 32560+ umgewandelt, dessen m/z-Verhaltnis von 48
ohne storende Interferenz messbarist.[156] Neben Sauerstoff kommen auch reaktive Gase wie

Ammoniak zum Einsatz.

Reaktionszellen finden auch bei Storungen durch isobare oder doppelt geladene Ionen

Verwendung: Das isobar storende Isotop 2°4Hg fiir die Messung von 2%4Pb kann mittels
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Reaktionszelle entfernt werden. 204Hg* reagiert mit NHjz als Reaktionsgas in einer
Ladungstransfer-Reaktion zu 2°4Hg und NH3*. 204Pb* reagiert dabei nicht. Das Isotop 204Hg
wird durch die Neutralisierung nicht mehr detektiert. Die Stérung auf 2%4Pb ist somit

aufgehoben.[149]

Die Quantifizierung von Titan erfolgt anhand des hdufigsten Isotops 45Ti*, welches jedoch
durch 48Ca* oder 967Zr%+ gestort wird. 48Ti* bildet in einer NHz-Reaktionszelle Addukte wie

48Ti14NTH*, die storungsfrei messbar sind.[157]

4.3.2.6 Triple-Quad-Gerite

Es existieren auch Gerite, die vor der Kollisions- oder Reaktionszelle einen zusitzlichen
Quadrupol verwenden, um bereits vor Kollision bzw. Reaktion eine Massenselektion
durchzufiihren (sogenannte Triple-Quad-Geradte). Damit werden Ionenstrahlen mit enger
m/z-Verteilung in die Reaktionszelle geleitet, wodurch die Effizienz der Storungsbeseitigung
durch kontrollierte Reaktionen sowie die Massenauflosung erh6ht wird. Beispielsweise kann

verhindert werden, dass das Reaktionsgas bei breitem m/z-Bereich neue Interferenzen schafft.

4.3.2.7 Storungen in Bezug auf Silber

Die vorliegende Arbeit beschrankt sich auf die Quantifizierung von Ag mittels ICP-MS. Von Ag
existieren die beiden Isotope 1°7Ag und °9Ag mit einer vergleichbaren Isotopenhaufigkeit von
51,5 % bzw. 48,2 %. Beide Isotope sind frei von isobaren Storungen. Potentiell stérende
Polyatome beruhen auf Zr, ndmlich 91Zr'60* fiir 197Ag und 92Zr'6Q'H* fiir 199Ag.[150] Fiir die
beschriebenen Messungen sind diese polyatomaren Stérungen jedoch irrelevant, da die
untersuchten Proben keine relevanten Mengen an Zr enthalten und die Isotope 9Zr und 92Zr
im Gegensatz zum Hauptisotop 9°Zr (Isotopenhédufigkeit 51,45 %) nur geringe Haufigkeiten
von 11,22 % bzw. 17,15 % aufweisen. Als reine Vorsichtsmafinahme werden in den vorliegenden
Messungen jedoch stets beide Ag Isotope fiir die Messung herangezogen und diese zudem mit
und ohne Helium-Kollisionszelle gemessen. Es sei bereits angemerkt, dass zwischen den
Messungen mit und ohne Kollisionszelle sowie der beiden Isotope nie relevante
Abweichungen festgestellt werden konnten. Eine storungsfreie Messung von Ag mittels ICP-

MS in den hier betrachteten Proben ist also sichergestellt.
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4.3.3 Einzelpartikel-Massenspektrometrie und ihre Limitierungen [95, 158-162]

Die oben beschriebene, konventionelle Plasma-Massenspektrometrie erlaubt die
Quantifizierung von Elementspuren bis in den niedrigen ng L' Bereich, jedoch ohne
Informationen tiber einen potentiellen partikuldren Zustand des Analyten. Die Einzelpartikel-
Massenspektrometrie (engl. single particle inductively coupled mass spectrometry, sp-ICP-
MS) isteine Variante der ICP-MS, die eine gréf3enselektive Quantifizierung von Nanopartikeln
in Losung ausschliefilich durch besondere Datenverarbeitung ermoglicht. Entscheidend fiir
die Entwicklung der sp-ICP-MS war es, sehr kurze Messzeiten am Detektor, die sogenannten
dwell times, im Bereich von wenigen ms oder ps zu realisieren. Dabei wird ausgenutzt, dass bei
Atomisierung eines Nanopartikels im Plasma eine grofie Anzahl an Tonen entsteht, die als
.Jonenwolke® nahezu gleichzeitig auf den Detektor auftreffen (siehe Abbildung 17). Geloster
Analyt hingegen erzeugt konstant Ionen, die den Detektor gleichméaflig erreichen. Dadurch
erzeugen die geldsten Analyten ein gleichméafliges Hintergrundsignal (siehe ,ionischer
Hintergrund® in Abbildung 17), wdhrend das Auftreffen der nanopartikelbedingten
Ionenwolken auf den Detektor zu einer kurzzeitigen signifikanten Erhohung des Signals
flihren und in Form von Intensitdtsspitzen (siehe transiente ,Partikelsignale® in Abbildung 17)
sichtbar werden. Durch die extrem kurzen Messzeiten in der sp-ICP-MS koénnen diese
transienten Partikelsignale aufgezeichnet werden. Die Messzeiten, die in der konventionellen
Plasma-Massenspektrometrie liblich sind, sind sehr viel linger als die durchschnittliche

Lebensdauer einer Ionenwolke [95] und deshalb nicht im Stande, Partikelsignale aufzuldsen.

Die Anzahl der Partikelsignale korreliert mit der Anzahl der Nanopartikel in der Probe sowie
die Flache unter den Partikelsignalen mit der Masse und damit Gréf3e der Nanopartikel. Es
koénnen nur diejenigen Partikel identifiziert werden, die so groff sind, dass deren Signal das
des Hintergrunds tibersteigt. Man spricht hier vom sogenannten Size Detection Limit (engl

Groflenbestimmungsgrenze, SDL).



Verwendete analytische Methoden

induktiv Interface Quadrupol zur
& lonenoptik lekti Detektor
Zerstauber gekoppeltes P Massenselektion
Plasma : -
: : Y :
Ag() Ag(l) “l (+] . :
YE 5 o+ I
" — e s
Vakuum

- zeitaufgelostes Massenspektrum

ionischer Hintergrund  +

»

lD?Ag

'W\/\/\/\/\/\/\/\N\/\/\/\/‘

Zeit [s]

Abbildung 17: Schema der Signalerzeugung und -verarbeitung der Einzelpartikelmassenspektrometrie. Griin:

nanopartikuldres Silber; Rot: gelostes Silber.

Neben der Messzeit wird jedes sp-ICP-MS-System zusétzlich durch eine Stabilisierungszeit

charakterisiert, jener Zeit, in der zwischen den Messintervallen keine Ioneneinschlige vom

Detektor registriert werden kénnen. Abbildung 18 zeigt, dass eine optimale Abstimmung von

Mess- und Stabilisierungszeit fiir eine erfolgreiche sp-ICP-MS-Messung entscheidend ist. Die

Messzeit darf nicht zu lang sein (a), denn dann werden mehrere Ionenwolken gleichzeitig

registriertund falschlicherweise als ein grofier Partikel ausgewertet. Ist die Stabilisierungszeit

zu lang (c — d) verschieben sich die Messzeiten, sodass Partikel teilweise (b, ¢) oder gar nicht

(d) detektiert werden kénnen. Im optimalen Fall (b) liegt eine Partikelwolke innerhalb einer

Messzeit.
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Abbildung 18: Zusammengang von Messzeit und Stabilisierungszeit auf die Detektion der Partikel im sp-ICP-MS-

Modus; nach [158].

Moderne Geréte lassen sp-ICP-MS Messungen bei extrem kurzen Messzeiten ohne signifikante
Stabilisierungszeiten zu, sodass eine lonenwolke innerhalb mehrerer Messzeiten durchgingig
aufgezeichnet werden kann (siehe Abbildung 19). Nachdem Anfang und Ende des transienten
Signals softwarebasiert bestimmt ist, kann die Gesamtintensitit eines transienten
Partikelsignals durch Integration tiber mehrere Messzeiten berechnet werden. Eine Messzeit
von 100 ps bis 10 ms gilt als optimal, wobei die Verdiinnung der Probe so stark sein sollte, dass
in maximal 10 % aller Messzeiten ein Partikel detektiert wird. Es ist deshalb vorteilhaft, Proben

mit einer Konzentration des nanopartikuldren Analyten im ng L-* Bereich zu messen.
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Abbildung 19: Erfassung eines Partikelsignals innerhalb mehrerer Messzeiten ohne signifikante
Stabilisierungszeit. Links: Signalverteilung einer sp-ICP-MS-Messung. Rechts: Vergroflerung eines

Partikelsignals. nach [158]

Obwohl die ICP-MS grundséatzlich eine Multielementmethode ist, ist bei der sp-ICP-MS
wéhrend einer Messung die Bestimmung von nur einer Analytmasse moéglich. Aufgrund der
hohen Zeitauflésung der Messung ist es nicht moglich, wahrend der Messung auf eine andere
Masse umzuschalten. Bei einem Isotopenwechsel wiirde eine relativ hohe Stabilisierungszeit
notwendig sein, innerhalb derer keine Detektion méglich ist. Auflerdem kann eine lonenwolke
nach Massenwechsel teilweise in die Messzeit eines anderen Isotops reichen und nicht
vollstandig  detektiert = werden. Es  existieren aber  Dbereits Ansidtze zur
Multielementbestimmung in der Einzelpartikelmassenspektrometrie mittels sp-ICP-TOF-MS,

womit Partikelzusammensetzungen und Beschichtungen messbar werden.[96]

Die Umwandlung von Rohdaten der sp-ICP-MS-Messungen in Partikelgréfienverteilungen

setzt folgende Annahmen voraus:

a) Die Form der Partikel wird als sphérisch und nicht hohl definiert.

b) Die Elementzusammensetzung der Partikel muss bekannt sein oder angenommen
werden, damit eine definierte Dichte zur Berechnung herangezogen werden kann. Die
Dichte des Materials der NP entspricht der des entsprechenden Bulk-Materials.

¢) Matrixeffekte miissen ausgeschlossen werden und beziiglich des zu untersuchenden
Elements treten keine Interferenzen auf oder mégliche Interferenzen konnen beseitigt

werden.

Zur Auswertung der Rohdaten wird herangezogen, dass zum einen die Anzahl der Signale

proportional zur Anzahl der Partikel in der Probe und damit deren Konzentration ist. Die
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Transporteffizienz 1 gibt an, welcher Anteil der Partikel von der Probe tiber den Zerstduber
das Plasma erreicht. Zum anderen ist die Intensitit des Signals ein Mal$ fiir die Masse des
Partikels und damit nach Kenntnis der Dichte und der Annahme einer sphérischen
Partikelgeometrie ein Maf} fiir den Partikeldurchmesser. Im Folgenden soll der Gang der
Berechnung der Partikelgroflenverteilung und Konzentration anhand der verwendeten
Formeln und Zusammenhidnge zusammen mit der durchgefiihrten Kalibrierung erldutert
werden.[163] Diese Berechnung setzt zudem voraus, dass die Messzeit ausreichend lang
gewdhlt ist und dass eine Partikelwolke vollstindig innerhalb einer Messzeit detektiert wird.
Wie bereits erwdahnt setzen moderne Geridte und Auswertungssoftware das Partikelsignal aus

den Signalen mehrere Messzeiten zusammen.

Zur Bestimmung der Transporteffizienz wird eine Kalibrierung mit einer Au-NP-Suspension
durchgefiihrt. Au-NP werden insbesondere deshalb eingesetzt, weil sie mit sehr hoher
Reproduzierbarkeit der Partikelgrofie synthetisiert und sehr gut stabilisiert werden kénnen.
Die Transporteffizienz ist in erster Ndherung geratespezifisch und kann direkt auf andere NP
(hier Ag-NP) tibertragen werden. Die Partikelkonzentration der Au-NP in der Probe Cz‘,qu [mL1]
hingt wie folgt von der gegebenen Massenkonzentration der Suspension cA%* [¢ mL1] und der

Partikelmasse eines Au-NP mﬁu [¢] ab:

chu

Au

Cp - mAu (46)
14

60 nm grofie Au-NP beispielsweise besitzen bei der Annahme einer sphérischen Partikelform
und der Dichte von Gold py, von 19.32 ¢ cm™ eine Partikelmasse mﬁu von 2.210'5 g. Der
Partikelfluss dp [s1] in das Plasma ergibt sich aus dem Quotienten der Anzahl der Signale N

in der gesamten Messzeit t,, [s] durch die Messzeit nach:

4.7

3=

dp
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Zusammen mit der Partikelkonzentration lasst sich daraus die Transporteffizienz 1 [%]

berechnen, wobei der geratespezifische Probenfluss v [mL min-] bekannt sein muss. Der

Faktor 60 in Gleichung 4.8 ergibt sich aus der Umrechnung auf gleiche Einheiten.

60 - q,
n=%4u_v-100% (4.8)

Die Transporteffizienz macht schlussendlich eine Berechnung der Partikelkonzentration

Cp [L'] der gemessenen Probe moglich. In nachfolgender Gleichung beschreibt N, [min™] die

Anzahl der bei der Messung der Probe detektierten Partikel pro Messzeit.

_ N, 1000

=y (4.9)

c

Fiir die weiteren Berechnungen ist eine zweite Kalibrierung notwendig. Eine ionische Losung

des zu bestimmenden Elements (hier Ag*-Losung) bekannter Konzentration ¢4 4+ [pg L] wird

im selben sp-Modus gemessen, wie die Proben, die Ag-NP enthalten. Die Elementsensitivitat
ESion [cps L pg] ergibt sich dabei aus dem Mittelwert aller je Messintervall gemessenen

Signalintensititen I,,,,¢s [cps] nach folgender Gleichung:

ESion = (4.10)

Die Masse jedes einzelnen Partikels m,, [ng] hdngt wie folgt von der Signalintensitét dieses
Partikels I, [cps], der Messzeit t; [ms], der Elementsensitivitdt ES;,,, der Transporteffizienz
71, dem Probenfluss v und den Molaren Massen des Nanopartikels Mp [g¢ mol'] und des in der

Messung beobachteten Elements M, [¢g mol-] ab:

I n M,
_ byl P 411
» = s, V60 M, 1)

m

t, - v entspricht dabei dem Probenvolumen, in dem ein Partikel detektiert werden kann. Sind

die Einzelmassen aller Partikel myp. [ng] berechnet, ist die Berechnung der
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Massenkonzentration des Analyten f [ng L] nach Gleichung 4.12 bei Kenntnis der

Gesamtmessdauer (Summe aller Messintervalle) tg,; [min] méglich:

_ (4.12)
n-v-1000 -ty

B

Die berechnete Massenkonzentration muss im Anschluss nach Korrektur um alle
Verdiinnungsschritte und dem Anreicherungsfaktor der CPE in die Konzentration der Probe
umgerechnet werden. Unter Bertlicksichtigung der Dichte p, [g¢ mL?'] der NP ist eine
Berechnung des Partikeldurchmessers dp [nm] eines jeden detektierten Partikels aus der
Masse liber das Partikelvolumen méglich, sofern angenommen wird, dass die Partikel in der

Probe von sphérischer Gestalt sind.

6 .
dy =" |——2.10* (4.13)
" pp

Zusatzlich ist es essentiell, die Signalintensitidtsgrenze festzulegen, ab der Signale Partikeln
zugeordnet werden und nicht mehr von Ionen stammen (SDL). Dazu existieren verschiedene
Methoden. Eine in der Literatur vielfach verwendete Methode ist nachfolgend in
Zusammenhang mit Publikation 3 aufgefiihrt. Die in dieser Arbeit verwendete
Probenvorbereitung mittels CPE vor den sp-ICP-MS Messungen ist jedoch in der Lage das
Hintergrundsignal und damit den SDL-Wert auf ein Minimum zu reduzieren (siehe

Publikation 3).

4.4 Total-Organic-Carbon-Messungen [164]

Der Begriff ,gesamter organischer Kohlenstoff” (engl/. Total Organic Carbon, TOC) umfasst die
Menge des Kohlenstoffs, der in geldsten oder suspendierten Substanzen im Wasser gebunden
ist, sowie Cyanate, Isocanate und Thiocyanate. Letztgenannte Verbindungen gehoéren
eigentlich dem anorganischen Kohlenstoff an, sind bei Messungen des TOC aber nicht

abgrenzbar.
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Der ,gesamte Kohlenstoff* (engl Total Carbon, TC) schlief3t den anorganisch und organisch

gebundenen Kohlenstoff sowie elementaren Kohlenstoff ein.

Der ,gesamte anorganisch gebundene Kohlenstoff* (engl Total Inorganic Carbon, TIC)
umfasst Kohlenstoff anorganischer Verbindungen, partikuldren und suspendierten
elementaren Kohlenstoff, gelostes Kohlenstoffdioxid, Cyanide, Cyanate, Isocyanate und

Thiocyanate.

Unter ,gel6stem organisch gebundenem Kohlenstoff* (eng/. Dissolved Organic Carbon, DOC)
wird der Anteil des TOC verstanden, der erfasst wird, wenn die Proben vor der Messung einen
Membranfilter mit einer Porenweite von 0.45 um passieren. Auflerdem sind Cyanide, Cyanate,

Isocyanate und Thiocyanate enthalten.

Grundsitzlich werden zur Bestimmung des TOC-Gehalts wissriger Proben kohlenstoffhaltige
Verbindungen vollstindig oxidiert und das so entstandene CO. anschliefend quantifiziert.

Dabei unterscheidet man eine Direkt- und eine Differenzmethode:

Bei der Direktmethode wird der anorganisch gebundene Kohlenstoff (TIC) nach Ansauern mit
Hilfe eines Gasstroms (z.B. Stickstoff, synthetische Luft) ausgetrieben. Der tlibrig gebliebene
Kohlenstoff wird oxidiert und quantifiziert. Der TOC-Gehalt wird jedoch in geringem Mafle
Uberbestimmt, da durch Ansduern nur ein Teil des TIC (insbesondere Carbonate, gelGstes

CO>) entfernt wird.

Bei der Differenzmethode wird vor dem Ansduern der Probe zunéachst der TC-Gehalt durch
vollstandige Oxidation aller in der Probe erhaltenen Kohlenstoffverbindungen und des
elementaren Kohlenstoffs mit anschliefender Quantifizierung des dabei entstandenen
Kohlenstoffdioxids bestimmt. Der TIC ergibt sich aus der Wiederholung der erwidhnten
Schritte nach dem Ansduern. Der TOC ist dann die Differenz von TC und TIC. Da hier wahrend
der TIC-Bestimmung wieder nur Carbonate und geldstes CO; erfasst werden, resultiert die

Messung insgesamt wieder in einem Uberbefund an TOC.

Die Oxidation selbst erfolgt entweder nasschemisch mittels Natriumperoxodisulfat, mit Hilfe

von UV-Licht oder im Hochtemperaturofen unter Sauerstoffzufuhr und Zuhilfenahme von



Verwendete analytische Methoden 60

Katalysatoren wie Platin, Kupferoxid oder Kobaltoxid. CO; wird mit speziellen Detektoren
infrarotspektrometrisch, coulometrisch oder konduktometrisch bestimmt oder nach
Reduktion zu Methan anhand der Warmeleitfahigkeit oder in Flammenionisationsdetektoren
quantifiziert. Moderne Geridte erméglichen eine Messung des TOC im Bereich von 0.1 mg L

bis 1000 mg L.
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5 Zusammenfassung der Publikationen

Nachfolgend sind die im Rahmen dieser Arbeit entstandenen Publikationen
zusammengefasst. Es sei darauf hingewiesen, dass die Reihenfolge der Publikationen dabei
nicht dem Erscheinungszeitpunkt entspricht. Sie folgen vielmehr dem Entwicklungsprozess
im Rahmen dieser Studie. Publikation 1 umfasst die ersten Messungen von Ag-b-NP in
Flusswasser. Publikation 2 ist ein Feature-Paper, das einen Uberblick iiber das Potential der
Cloud-Point-Extraktion im Umweltmonitoring von Nanomaterialien geben soll. Die
Publikationen 3 und 4 sind analytisch-methodischer Natur und beschreiben die Entwicklung
der Kombination der Cloud-Point-Exktraktion mit der Einzelpartikelmassenspektrometrie
(Publikation 3) sowie der Elektronenmikroskopie (Publikation 4). Publikationen 5 bis 9 sind
auf Anwendungsbeispiele des entwickelten Analytischen Verfahrens gerichtet, ndmlich die
Messung von Ag-b-NP in Flusswasser (Publikationen 5 und 6), in Leitungswasser (Publikation
7) und in Meerwasser (Publikation 8). Publikation 9 zeigt schlief3lich, dass Ag-b-NP nicht nur

anthropogener Natur sind, sondern auch natiirlich gebildet werden kénnen.
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5.1 PUBLIKATION 1: To What Extent Can Full-Scale Wastewater Treatment
Plant Effluent Influence the Occurrence of Silver-Based Nanoparticles in

Surface Waters?

in Environmental Science and Technology

Diese Studie stellt sich die Frage, in welchem Ausmaf Klarwerksabfliisse den Ag-b-NP Gehalt
in Oberflachengewissern beeinflussen. Experimentelle Details sowie die Abhangigkeit der
Riickhalteeffizienz der Ag-b-NP von verschiedenen Prozessschritten im Klirwerk und den
Jahreszeiten sind der Publikation zu entnehmen. Die Konzentrationsbestimmung von
Ag-b-NP erfolgte mittels CPE-ET-AAS. Groflenverteilungen von Ag-b-NPs in Klarwerk-
Abflussproben wurden mittels CPE-sp-ICP-MS bestimmt. Die CPE basierte zum Zeitpunkt

dieser Publikation noch auf dem Verfahren nach Hartmann et al..[24]

Es konnte gezeigt werden, dass Klarwerke mehr als 96,4 % der Ag-b-NP zurtlickhalten, auch
wenn der Klarwerkszulauf mehrere Hundert ng 1.1 Ag-b-NP enthalten hat. Dies resultierte in
Ablaufkonzentrationen von 0,7 bis 11,1 ng L' an nanopartikulirem Silber. Die
durchschnittlichen Partikelgroflen der Ag-b-NP in KW-Abfluss lagen zwischen 15 und 20 nm.
Allein auf Klarwerksabfliisse bezogen werden hochgerechnet auf Deutschland pro Jahr ca.

33 kg Ag-b-NP in die Umwelt freigesetzt.

Im Rahmen dieser Studie wurde aufierdem der reale Beitrag von KW zum Ag-b-NP Gehalt in
der Isar untersucht. Die Isar ist ein mehr als 290 km langer Fluss in Stiddeutschland, der in
Osterreich im Karwendelgebirge entspringt und zunichst ldndliche Gebiete des
Alpenvorlands passiert, ehe Stidte wie Lenggries und Bad To6lz und schliefllich die
Metropolregion Miinchens erreicht werden. Die Isar flieft weiterhin durch Freising,
Moosburg, Landshut, Dingolfing, Landau an der Isar und Plattling, bevor sie siidlich von
Deggendorf in die Donau miindet. Die Isar wurde stromaufwirts vielfach beprobt und die
Konzentration an Ag-b-NP wurde mittels CPE-ET-AAS gemessen. Die Isar enthielt 0,9 bis
2,3 ng L't nanopartikulidres Silber, wobei die Konzentration mit steigender Anzahl passierter
Stiadte und nahegelegener Klarwerke zunahm. Nahe den Kliarwerken wurden
Belastungsspitzen von 2,0 bis 8,6 ng L'* Ag-b-NP gemessen, was den anthropogenen Eintrag

der Ag-b-NP in die Isar zweifelsfrei abbildet. Neben der Isar wurde eine Vielzahl bayerischer
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Seen auf Ag-b-NP untersucht. Dabei enthielten sowohl Seen, die liber deren Zufliisse
Klarwerkseintrdge erhalten, als auch Seen ohne Kliarwerkseintrag Ag-b-NP in
Konzentrationsbereichen unter 1 ng L*. Ob ein gewisser geogener Untergrund an Nanosilber
vorliegt oder sich Partikel natiirlich bilden, wurde im Rahmen der unten angefiihrten

Publikation 9 weiter beleuchtet.

Eigener Beitrag:
®  Durchfiihrung und Auswertung von CPE-sp-ICP-MS Messungen von Klirwerk-
Abflussproben

®  Beprobung der Isar

®  Durchfiihrung und Auswertung von CPE-sp-ICP-MS Messungen von Wasserproben
der Isar

®  Anmerkung: Vorarbeiten zur Messung von Ag-b-NP in der Isar waren Teil meiner
Masterarbeit. Die Messungen wurden zum Teil noch im Rahmen der Masterarbeit
durchgefiihrt. Eine detaillierte Auswertung und Interpretation der Ergebnisse im
Rahmen dieser Publikation erfolgte zum Zeitpunkt meiner Dissertation.

Wesentliche Beitrdge Dritter:
= [ Li und M. Stoiber: Detaillierte Untersuchungen der Ag-b-NP-Gehalte in
Kldarwerksproben
= [ Li: Verfassen der Publikation
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5.2 PUBLIKATION 2: Can cloud point-based enrichment, preservation, and

detection methods help to bridge gaps in aquatic nanometrology?

in Analytical and Bioanalytical Chemistry

Diese Publikation ist ein im Rahmen eines Forschungsverbunds entstandenes Feature-Paper,
das das Potential der CPE fiir das Umweltmonitoring von Nanomaterialien zusammenfassen

und bewerten soll.

Die Publikation stellt sich insbesondere die Frage, ob die CPE zukiinftig ein Routinewerkzeug
zur Extraktion von Nanomaterialien aus Umweltproben darstellen und gleichzeitig dazu
dienen kann, die Nanomaterialien in dem Zustand, in dem sie in den Umweltproben vorliegen,

zu konservieren.

Es wird eine Ubersicht tiber CPE-Ansitze fiir unterschiedliche metallische Nanopartikel sowie
Kopplungsmdéglichkeiten der CPE mit verschiedenen analytischen Techniken gegeben. Die
Darstellung der Praparationsschritte wihrend der CPE wird zudem mit einer Modellierung

der Vorgange wihrend der CPE kombiniert.

FEligener Beitrag:
®» Verfassen des Kapitels ,Applications and uncertainties in enrichment and sample
preservation”
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5.3 PUBLIKATION 3: Separating Dissolved Silver from Nanoparticulate Silver
is the Key: Improved Cloud-Point-Extraction Hyphenated to Single
Particle ICP-MS for Comprehensive Analysis of Silver-Based
Nanoparticles in Real Environmental Samples Down to Single-Digit nm
Particle Sizes

in Analytica Chimica Acta

Da die Umwelttoxizitit sowie Persistenz der Ag-b-NP deutlich von der Partikelgréfle
abhangen, ist es essenziell, neben der Konzentration von Ag-b-NP in Umweltproben auch

deren Partikelgrofie zu bestimmen.

Grundsatzlich existiert eine Vielzahl an Techniken zur Bestimmung der Partikelgréfie, wie
Elektronenmikroskopie oder Dynamische Lichtstreuung. Eine Analyse von Ag-b-NP in
Umweltproben mit diesen Techniken ist jedoch aufgrund der geringen Analytkonzentration

sowie der herausfordernden Matrix nicht méglich.

Die sp-ICP-MS, ein neuartiger Teilbereich der Plasma-Massenspektrometrie, ist im Gegensatz
zu oben genannten Techniken in der Lage, neben der Konzentration die Groflenverteilung
partikularer Analyten selbst bei geringen Konzentrationen im ng L Bereich zu bestimmen.
Werden nanopartikuldre Analyten, wie z.B. Ag-b-NP, im Plasma ionisiert, entsteht eine
Ionenwolke, deren ionische Bestandteile den Detektor des Massenspektrometers nahezu
zeitgleich erreichen. Bei zeitaufgelGster Detektion der loneneinschlige in den Detektor wird
im Falle von nanopartikuldren Analyten ein transientes Signal detektiert. Die Anzahl dieser
Signale lasst Riickschliisse auf die Partikelkonzentration zu, wihrend die Hohe respektive
Flache dieser Signale von der Partikelmasse und damit inhidrent dem Durchmesser abhangen.
Sind in der Probe jedoch zuséitzlich signifikante Anteile ionischer Analyten vorhanden, wird
neben den transienten Signalen ein konstantes Untergrundsignal detektiert, das bei
entsprechender Menge ionischer Analyten die transienten Signale, insbesondere der kleinen
Analyt-Partikel, iberdeckt und eine Analyse letzterer unmoéglich macht. Der SDL-Wert steigt

entsprechend an.
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Gemafd dem aktuellen Stand der Technik wird der SDL-Wert von Ag-b-NP bei sp-ICP-MS-
Analysen auf etwa 20 nm geschitzt.[165] Dieser Wert ist aufgrund der Tatsache, dass Ag-b-NP
in Umweltproben selten tiber 20 nm messen,[84] unzureichend. Ziel der vorliegenden Studie
war es deshalb, den SDL-Wert auf wenige nm zu senken, um eine Analyse von Ag-b-NP in

Umweltmatrices méglich zu machen.

Um Ag-b-NP aus Umweltproben anzureichern und von stérenden Matrixbestandteilen und
insbesondere ionischen Ag-Spezies zu separieren, wurde zur Probenvorbereitung deshalb die
CPE eingesetzt. Da der bisherige Extraktionsansatz [24] eine zu hohe Koextraktion ionischer
Ag-Spezies in den organischen Extrakt zuldsst, wurde die CPE unter Verwendung einer neuen
Ligandenzusammensetzung aus EDTA und D-Penicillamin verbessert (iCPE, improved CPE,
engl. verbesserte CPE). Die iCPE wurde zunidchst anhand von Ag-b-NP enthaltenden
Modelllésungen entwickelt und anschlieflfend auf Realproben {iibertragen. Es hat sich
herausgestellt, dass die iCPE der CPE bzgl. der Speziesselektivitit um Groéfdenordnungen
uberlegen ist. Die iCPE war namlich in der Lage, die Koextraktion ionischer Ag-Spezies so stark
zu senken, dass bei einer anschlieffenden sp-ICP-MS-Analyse der SDL-Wert auf 4.5 nm

reduziert werden konnte.

In der Studie wurde auflerdem die Kopplung von iCPE und sp-ICP-MS intensiv untersucht
und dabei insbesondere auf die Herausforderungen einer Zufuhr von viskosen, organischen
iCPE-Extrakten in ein zerstiuberbasiertes Messsystem des Massenspektrometers abgestellt. In
diesem Zusammenhang wurden die Zerstaubereffizienz sowie der Einfluss der dwell time auf
die Richtigkeit der Partikelgroflenverteilung eingehend analysiert. Es hat sich als vorteilhaft
herausgestellt, nicht die niedrigste dwell time zu wahlen, die mdoglich ist, sondern eine dwell
time im Bereich von 100 bis 500 us zu wihlen, um Verzerrungen der

Partikelgrofienverteilungen vorzubeugen.

Abschlieflend wurde die neu entwickelte iCPE-sp-ICP-MS-Kopplung mit dem etablierten
CPE-ET-AAS-System verglichen und der Einfluss unterschiedlicher Kalibriertechniken auf
das Messergebnis untersucht. Die mittels iCPE-sp-ICP-MS gemessenen Konzentrationswerte
stimmten mitdenen der CPE-ET-AAS hervorragend liberein. Dartiber hinaus lasst sich mitder

iCPE-sp-ICP-MS auch die Partikelgrofienverteilung ermitteln.
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Der Ansatz der Kopplung von iCPE mit sp-ICP-MS stellt also eine vielversprechende Technik

fiir die Bestimmung von Ag-b-NP in Umweltproben im Routinemafistab dar.

Eigener Beitrag:

Entwicklung des Versuchskonzepts

Entwicklung, Optimierung und Validierung der iCPE

Entwicklung und Durchfiihrung von Studien zur Kopplung von iCPE mit sp-ICP-MS
Analyse und Bestimmung des SDL-Werts

Auswertung, Visualisierung und Interpretation der Messergebnisse

Schreiben der Publikation (ausgenommen Beitrdge von A. Urstoeger, s. u.)

Wesentliche Beitrdge Dritter:

A. Urstoeger: Durchfiihrung der Studien zur Kopplung von iCPE mit sp-ICP-MS sowie
Analyse und Auswertung der entsprechenden Daten
A. Urstoeger: Schreiben der Publikation (Kapitel 2.2.4 sowie Kapitel 3.8)
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5.4 PUBLIKATION 4: Looking at Silver-Based Nanoparticles in Environmental
Water Samples: Repetitive Cloud Point Extraction Bridges Gaps in
Electron Microscopy for Naturally Occurring Nanoparticles

in Environmental Science and Technology

Diese Publikation basiert auf einer Kollaboration des Arbeitskreises Analytische Chemie der
TUM mit Dr. Ralf Kaegi der Eawag (Forschungsanstalt der ETH in Zirich). Diese
Zusammenarbeit verfolgte das Ziel, Ag-b-NP in natiirlichen Wasserproben so stark
anzureichern, dass diese im TEM sichtbar gemacht werden kénnen und mittels EDX die

chemische Zusammensetzung der Partikel bestimmt werden kann.

Da die Umwelttoxizitdt von Ag-b-NP deutlich von deren Grofde, Morphologie und chemischen
Zusammensetzung abhangt, stellt eine TEM-EDX-Analyse von nattirlichen Ag-b-NP das letzte

und entscheidende Puzzleteil in der Analyse von Ag-b-NP in Realproben dar.

Bislang waren solche Proben der Elektronenmikroskopie aufgrund der extrem niedrigen
Analytkonzentration sowie dem Uberschuss an stérenden Matrixbestandteile nicht
zuganglich. Eine TEM-Analyse von Ag-b-NP bei Konzentrationen von wenigen ng L in
Wasserproben glich deshalb bislang einer ,Suche nach der Nadel im Heuhaufen®, die aufgrund

des extrem hohen Arbeitsaufwands nicht zielfihrend war.

Die iCPE ist in diesem Zusammenhang in zweierlei Hinsicht von grofdem Vorteil: Einerseits
werden Ag-b-NP stark angereichert und andererseits zusitzlich von stérenden
Matrixbestandteilen separiert. Um den Anreicherungsfaktor weiter zu erh6hen, wurde eine
repetitive iCPE (rCPE) durchgefiihrt, also eine mehrmalige Extraktion ein und derselben

Probe mit der gleichen Tensidphase.

Die im rCPE-Extrakt angereicherten und von der Probenmatrix separierten Ag-b-NP wurden
im Anschluss unter Verwendung einer Zentrifugationstechnik nahezu vollstandig auf einem

TEM-Probentriger abgeschieden.
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Tensidriickstinde des Extrakts fiihren beim Trocknen des TEM-Probentrigers zu
Filmbildung, die die Bildgebung deutlich stért und erschwert. Entscheidend fiir die
Probenpraparation war deshalb die Entwicklung einer speziellen Waschprozedur der TEM-
Probentréiger. Ein sechsmaliges Waschen mit Ethanol hatsich als am vielversprechendsten zur

Entfernung letzter Tensidreste von dem praparierten TEM-Grid herausgestellt.

Das Bildgebungsverfahren umfasste also
) Durchfiihrung der rCPE mit Ag-b-NP enthaltenden wéssrigen Proben;
(i) Zentrifugation der im Extrakt angereicherten Ag-b-NP auf den TEM-
Probentréager;
(iii))  sechsmaliges Waschen der TEM-Probentrager mit EtOH; und

@{v) TEM-EDX-Analyse der so priaparierten Proben.

Die Studie betrifft ferner Versuche zur Extraktion und TEM-EDX-Analyse von Ag-NP und
Ag>S-NP in Reinstwasser und Flusswasser. Selbst bei nur 5 ng L' anfanglicher
Analytkonzentration konnten Ag-b-NP mittels des entwickelten Bildgebungsverfahrens

zuverldssig im TEM nachgewiesen und mittels EDX charakterisiert werden.

FEligener Beitrag:

®  Organisation der Kollaboration der TEM mit der Eawag

®  Mitentwicklung des Versuchskonzepts

®  Optimierung der Zentrifugationstechnik und des Waschverfahrens fiir die TEM-
Probentriger

®» Verfassen von Teilen der Publikation (Optimierung der Zentrifugationstechnik und
des Waschverfahrens, theoretische Uberlegungen zur Partikelanzahl auf dem TEM-
Probentriger)

Wesentliche Beitrdge Dritter:
® R Kaegi: Entwicklung der Zentrifugationstechnik und Durchfiihrung und Auswertung
der TEM Messungen
" A, Urstoeger: Entwurf und Ausarbeitung des Versuchskonzeptes; Synthese der
Ag-b-NP: Entwicklung und Optimierung der rCPE; Realwasserprobenahme und
Charakterisierung; Auswertung und Interpretation der Ergebnisse
® A Urstoeger: Verfassen der Publikation (ausgenommen Beitridge von A. Wimmer, s. o0.)
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5.5 PUBLIKATION 5: Sampling and pre-treatment effects on the
quantification of (nano)silver and selected trace elements in surface water
— Application in a Dutch case study

in Science of the Total Environment

Diese Publikation entstammt einer Zusammenarbeit des Arbeitskreises Analytische Chemie
der TUM mit zwei Laboratorien in den Niederlanden, Stichting Waterproef in Edam und TNO
in Utrecht. Dabei war das Ziel, die aus den Untersuchungen von Ag und Ag-b-NP in
Oberflichenwasserproben der Isar gewonnen Erkenntnisse auch auf Proben aus den
Niederlanden zu iibertragen. Messungen von Ag und einer Vielzahl von (Erd)alkali- und
Ubergangsmetallen in den Wasserproben wurden vergleichend in allen partizipierenden
Laboratorien durchgefiihrt. Die Probenahme erfolgte durch Stichting Waterproef, die die

Proben den anderen Laboratorien zur Verfligung gestellt haben.

In der Studie wurde der Kanal Goyersgracht (gracht, niederl Kanal), der sich etwa 40 km
stidostlich von Amsterdam befindet, beprobt. Die erste Probe wurde nahe einer Einleitstelle
eines Klarwerks, die zweite im weiteren Kanalverlauf und die dritte an einer Schleuse vor der
Miindung des Kanals in einen See genommen. Ein moglicher Ag-b-NPs Eintrag tiber das
Klarwerk und dessen Verdiinnung im weiteren Kanalverlauf war dabei von besonderem
Interesse. Noch am Ort der Probenahme wurde eine Teilprobe filtriert, eine weitere filtriert
und angesauert (HNO3) und eine dritte nicht vorbehandelt. Letztgenannte Teilprobe war fiir
die Ag-b-NP-Analyse vorgesehen, da Ag-b-NP in Sdure gel6st und im Filter zuriickgehalten

werden konnen.

Die Messung in den drei Laboratorien erfolgte immer mittels ICP-MS. Anfordernisse an die
weitere Probenvorbereitung vor der Messung wurden den einzelnen Laboratorien nicht
gesetzt. So sollte ein realistisches Szenario abgebildet werden, in dem unterschiedliche
Laboratorien mit gleichen Messverfahren aber unterschiedlich entwickelten Protokollen zur
Probenvorbereitung arbeiten. Die partizipierenden Laboratorien sind unterschiedlichen
etablierten Messprotokollen oder zertifizierten Messmethoden gefolgt, weshalb sich

zusatzliche Unterschiede in der Probenvorbereitung ergaben, z. B. in Form von weiterem
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Sdurezusatz (HNOz oder aqua regia) oder Druckaufschluss der Proben. Die Ag-b-NP

Bestimmung wurde nur an der TUM mittels iCPE-(sp)-ICP-MS durchgefiihrt.

Die gemessenen Konzentrationen von Ag und den weiteren Spurenelementen war tiber die
Laboratoriumsgrenzen hinaus sehr vergleichbar. Erwartungsgemafd fiihrte der
Druckaufschluss der Proben zu den hochsten messbaren Ag-Konzentrationen, da mittels
Aufschluss unter anderem partikuldres, kolloidales oder sedimentidr gebundenes Ag
mobilisiert und in der Probe homogenisiert wird, das sich ohne Aufschluss der Messung
entzogen hat. Durch Filtration der Wasserproben mit Spritzenfiltern aus Polyethersulfon
(Porengrofie 0,45 pm) wurde die messbare Ag-Konzentration hingegen reduziert. Es liegt
nahe, dass Ag, das z. B. an Partikel oder Schwebstoffe in den Wasserproben gebunden ist, im

Spritzenfilter zurtickgehalten wird.

In Ubereinstimmung mit den Ergebnissen der Messung von Ag und Ag-b-NP im Verlauf der
Isar,[166] nahm auch im Verlauf des Goyersgracht die Konzentration von Ag und Ag-b-NP
nach einer Ladungsspitze nahe des Klirwerks bis hin zur Miindung in den See ab. Das
Klarwerk tragt als anthropogene Quelle Ag-b-NP lokal in den Kanal ein, die im weiteren
Verlauf dann verdinnt werden. Die Ag-b-NP wiesen die liblichen Groéfien im Bereich von

8-20 nm auf.

Interessanterweise konnte bei der Messung der weiteren Spurenelemente (nicht an der TUM
durchgefiihrt) festgestellt werden, dass nur ein Teil der untersuchten Elemente, namlich Cr,
Cu, Fe, Pb und Zn, Schwankungen der messbaren Konzentration in Abhingigkeit von der
Probenvorbereitung, wie z. B. der Filtration, zeigten. Dies legt nahe, dass insbesondere diese
Elemente in den Wasserproben partikular oder an Sediment gebunden vorlagen und die
restlichen untersuchten Elemente (vorwiegend (Erd)alkalielemente) viel stirker
homogenisiert/dispergiert waren. Dies bedarf natiirlich weitergehender Untersuchungen, die
im Rahmen der Studie noch nicht durchgefiihrt werden konnten. Ein Screening mittels sp-
ICP-MS auf partikuldre Analyten ist aufgrund des hohen Aufwands der Erstellung eines

verlasslichen Messprogramms fiir jedes einzelne Element nicht schnell realisierbar.
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FEigener Beitrag:

Messung von Ag mittels ICP-MS sowie Ag-b-NP mittels iCPE-sp-ICP-MS in den
Wasserproben inkl. Bestimmung weiterer relevanter Parameter wie dem TOC-Gehalt
Auswertung, grafische Darstellung und Interpretation aller Messergebnisse

®  Verfassen von Teilen der Publikation

Wesentliche Beitrdge Dritter
® R Ritsema: Probenahme

P. Krystek und R. Ritsema: elementanalytische Untersuchungen der Wasserproben;

Auswertung und Interpretation aller Messergebnisse; Verfassen von Teilen der
Publikation
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5.6 PUBLIKATION 6: Silver Nanoparticle Levels in River Water: Real
Environmental Measurements and Modeling Approaches — A comparative

Study

in Environmental Science & Technology Letters

Diese Publikation entstammt einer Zusammenarbeit des Arbeitskreises Analytische Chemie
der TUM mit Deltares, einem Forschungsinstitut aus Delft, den Niederlanden, das sich unter

anderem mit Nanopartikeln in Gewédssern beschéftigt.

Ziel dieser Studie war es, reale Messungen von Ag-b-NP und Gesamt-Ag in Wasserproben der
Isar mit Modellrechnungen zum Eintrag und Verbleib von Ag-b-NP in die Isar zu vergleichen.
Die Isar wurde an denselben Stellen wie in Publikation 1 von der Quelle bis zur Miindung
beprobt, wobei das Augenmerkt wieder besonders auf den Einleitstellen der Klarwerke in die

Isar lag.

Die Messung von Gesamt-Ag erfolgte durch ICP-MS aus den unfiltrierten und lediglich
angesduerten Wasserproben. Da sich zum Zeitpunkt der Probenahme die Entwicklung der
iCPE-sp-ICPnoch in einem frithen Stadium befand, wurde die Ag-b-NP Konzentration aus den

unbehandelten Wasserproben nach Extraktion der Ag-b-NP mittels iCPE-ET-AAS bestimmt.

Analog zu den Erkenntnissen aus Publikationen 1 und 5 konnte auch in dieser Studie
festgestellt werden, dass die Klarwerke zu Ag-b-NP Beladungsspitzen in der Isar fiihren, wobei
diese lokalen Konzentrationen schnell verdiinnt werden. Dennoch war ein langsam
ansteigendes Niveau von Ag-b-NP in der Isar bis hin zur Miindung in die Donau zu

verzeichnen. Die Konzentrationen lagen im Mittel zwischen 1 und 2 ng L-* Ag-b-NP.

Das verwendete Modell ist ein eindimensionales Modell, bei dem die Klidrwerke als
Punktquellen in das Flusssystem angesehen werden. Auf der Basis der Kapazitdtsdaten der
einleitenden Klarwerke, dem durchschnittlichen Wasserverbrauch pro Kopf sowie einer auf
Marktanalyse beruhenden Schédtzung tiber den pro-Kopf-Eintrag von Nanosilber in
Flief3gewasser, die die Verwendung von Ag-b-NP enthaltenen Produkten berticksichtigt,[167]

konnte der Eintrag von Ag-b-NP in die Isar an jedem Klarwerk bestimmt werden. Im weiteren
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Verlauf der Isar unterscheidet das Modell insbesondere - unter Berilicksichtigung der
Flie3geschwindigkeit sowie des Gehalts an Schwebstoffen - zwischen an Sediment adsorbierte

Ag-b-NP und nicht-adsorbierte.

Aufgrund des hohen Gehalts an Schwebstoffen erfolgte die Adsorption gemaf dem Modell
sehr schnell. Eine Sedimentation von Ag-b-NP selbst war aufgrund der hohen

Flie3geschwindigkeit aber sehr unwahrscheinlich und wurde deshalb im Modell ignoriert.

Durch den Vergleich der bei den Klirwerken gemessenen Beladungsspitzen und dem
hochgerechneten Eintrag von Ag-b-NP an diesen Stellen gemifl dem Modell konnte der

Riickhalt von Ag-b-NP im Klidrschlamm zu etwa 97 % bestimmt werden.

Insgesamt zeigte sich eine gute Ubereinstimmung zwischen den gemessenen Gesamt-Ag und
Ag-b-NP Konzentrationen im Verlauf der Isar mit den Modellrechnungen. Der graduelle
Anstieg der Ag-b-NP Konzentration konnteim Modell sehr gut reproduziert werden. Einzig die
lokalen Beladungsspitzen in der Isar nahe den Klarwerks-Einleitungen konnte das Modell

nicht erfassen.

FEligener Beitrag:
»  Entwicklung des Versuchskonzepts
®  Planung und Durchfiihrung der Probenahme
®»  Durchfiihrung und Auswertung aller analytischen Messungen der Wasserproben
»  Zusammenstellung der hydrogeologischen Parameter der Isar
®»  Auswertung, grafische Darstellung und Interpretation aller Messergebnisse und
Ergebnisse der Modellrechnung
®  Verfassen der Publikation (ausgenommen den Betrdgen von A. Markus, s.u1.)

Wesentliche Beitrdge Dritter:
® A Markus: Berechnungen und Auswertungen im Rahmen des Modells
® A Markus: Verfassen von Teilen Publikation (,Modeling Method", ,Waste Loads from
WWTPs*, Beschreibung der Ergebnisse des Modells in ,Concentration of Ag-b-NPs and
Total Ag along River Isar: Measurement and Model", , Transverse mixing downstream
of the WWTPs*(SI), ,Detailed Information on the modeling approach®(SI))
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5.7 PUBLIKATION 7: Copper Drinking Water Pipes as a Previously

Undocumented Source of Silver-Based Nanoparticles

in Environmental Science & Technology

Diese Publikation betrifft eine Studie zur Freisetzung von Ag-b-NP aus Ag-Spuren im

Rohrmaterial von Kupferwasserleitungen.

Trinkwasserleitungen mehrerer Gebdude unterschiedlichen Baujahrs, die jedoch alle
Trinkwasserleitungen aus Kupfer verbaut haben, wurden beprobt. Dazu wurde der
entsprechende Wasserhahn zunéchst fiir einige Tage geschlossen gehalten. Die Probenahme
des Trinkwassers erfolgte je Wasserhahn in mehreren aufeinanderfolgenden Proben geringen

Volumens.

In den Trinkwasserproben wurde Gesamt-Ag mittels ICP-MS sowie die Konzentration an
Ag-b-NP mit Hilfe von iCPE-ET-AAS und iCPE-sp-ICP-MS bestimmt. Die Ag-Messungen
wurden durch ICP-MS-Bestimmung der Konzentration einer Vielzahl von Ubergangsmetallen

im Trinkwasser erginzt.

In einem Teil der untersuchten Bauwerke konnten im Trinkwasser geringe Ag-Spuren
detektiert werden, wobei 30 % des gesamten Silbers in Form von Ag-b-NP vorlagen. Im
Durchschnitt waren 83 ng Gesamt-Ag und 25 ng Ag-b-NP pro Liter Trinkwasser nachweisbar.
Die Partikel wiesen eine Partikelgr6fie von etwa 10 bis 36 nm auf. Ag-b-NP waren
ausschlief3lich in den ersten Probenvolumina je Wasserhahn zu finden, was nahelegt, dass sich
Ag-b-NP im Trinkwasser anreichern, wenn dieses mehrere Tage in der Wasserleitung steht.
Sobald das vormals stehende Wasser abgelaufen war, war kein Ag mehr nachweisbar. Erst
nachdem der Wasserhahn fiir mehrere Tage nicht mehr getffnet wurde, waren wieder

Ag-b-NP im Trinkwasser vorhanden.

Die Studie wollte zudem kldren, woher Ag-b-NP im Trinkwasser stammen. Um etwaige
Ag-Spuren im Rohrleitungsmaterial nachzuweisen, wurde ein Stiick des Trinkwasserrohrs in
HNO3 aufgeschlossen. Nach ET-AAS Messung der so erhaltenen Losung, die vorwiegend aus

Cu bestand, konnten Ag-Spuren im Rohrleitungsmaterial zu 0,0027 Gew.-% Ag bezogen auf
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die Masse des Trinkwasserrohrs quantifiziert werden. Es ist sehr wahrscheinlich, dass diese

Ag-Spuren fiir einen Eintrag von Ag-b-NP in das Trinkwasser verantwortlich sind.

Dies gilt insbesondere, da die gemessene Cu-Konzentration im Trinkwasserlauf nahezu
perfekt mit der Konzentration von Ag-b-NP und Gesamt-Ag korrelierte. Eine Korrelation mit
Elementen, die typischerweise aus den Sanitdrarmaturen stammen, wie z.B. Zn, Ni und Fe, war

im Gegensatz dazu nicht zu beobachten.

Somit liegt die Vermutung nahe, dass Ag zusammen mit Cu aus dem Rohrleitungsmaterial in
nanopartikuldrer Form freigesetzt wird und nicht aus verbauten Armaturen oder

Rohrverbindungsstiicken, die nicht aus Kupfer bestehen, stammt.

Die vorliegende Studie konnte eine bisher unbeachtete Quelle von Ag-b-NP im Trinkwasser,
das zum Grof$teil die Klarwerke und damit Flief3gewdsser erreicht, identifizieren und dessen

Wirkung abschétzen.

Basierend auf den Messergebnissen der Studie konnte abschliefiend eine grobe Schitzung
uUber den Eintrag von Ag-b-NP in die Natur liber das Trinkwasser gemacht werden. Basierend
auf der Einwohnerzahl Deutschlands, dem Anteil von Cu in Trinkwassersystemen und dem
durchschnittlichen Wasserverbrauch pro Kopfergab sich eine Freisetzung von 3 kg Ag, die pro
Jahr tber Trinkwasser in Deutschland in die Umwelt freigesetzt werden. Unter
Bertiicksichtigung des gemessenen Anteils von Ag-b-NP am Gesamt-Ag im Trinkwasser ergibt

sich somit eine jahrliche Pro-Kopf-Freisetzung von 37 ug Ag-b-NP.

FEligener Beitrag:
»  Entwicklung des Versuchskonzepts
®  Planung und Durchfiihrung der Probenahme und aller analytischen Messungen
®»  Auswertung, grafische Darstellung und Interpretation aller Messergebnisse
»  Verfassen der Publikation
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5.8 PUBLIKATION 8: What happens to silver-based nanoparticles if they meet
seawater?

in Water Research

Bisher wurde der Weg der Ag-b-NP aus dem Abwasser liber die Klarwerke in natiirliche
FlieRgewasser und Seen untersucht. Konsequenterweise stellt sich nun die Frage, welches
Schicksal Ag-b-NP erleiden, wenn sie in Flief§gewadssern bis hin zum Meer transportiert

werden.

Es ist bisher bekannt, dass Ag-b-NP im Meerwasser zwei gegenldufigen Prozessen unterliegen:
Aggregation und Auflésen. Aufgrund der hohen Ionenstirke im Meerwasser aggregieren Ag-b-
NP dort verstirkt und werden kaum weitertransportiert.[168, 169] Demgegentiiber steht eine
Beobachtung von Liu et al., dass sich Ag-b-NP in einem kooperativen Oxidationsprozess in
Gegenwart von gelostem Sauerstoff unter Bildung 16slicher Ag(I)-Spezies auflésen.[170] In
Gegenwart hoher Konzentrationen an Chlorid im Meerwasser liegt es ferner nahe, dass sich

wasserlosliche Silber-Chloro-Komplexe AgCl'™* (x > 1) aus den Ag(Il)-Spezies bilden.

Die in der Literatur verflighbaren Studien betreffen jedoch lediglich hohe Mengen an Ag-b-NP
im pg bis mg L' Bereich [171-173] und sind damit Groflenordnungen von realititsnahen
Betrachtungen von ng L? Spuren von Ag-b-NP [174] entfernt. Der Mangel an solchen
realititsnahen Studien riihrt daher, dass eine Analytik von Ag-b-NP im ng L-* Bereich bisher
aufgrund dieser niedrigen Konzentration in Verbindung mit einem extremen
Chloridiiberschuss in der Matrix nicht moglich war. Da die Proben verdiinnt werden miissen,
um die Chloridkonzentration auf ein fiir die instrumentellen analytischen Methoden

praktikables Niveau zu senken, sinkt die Nachweisgrenze fiir Nanosilber weiter rapide.

Die iCPE bietet hier einen einzigartigen Losungsansatz: Ag-b-NP kénnen von gelGsten
Silberanteilen und von der Chloridmatrix abgetrennt und gleichzeitig angereichert werden
und damit problemlos mittels (sp)-ICP-MS groflenaufgelost quantifiziert werden. Die
Versuche wurden auferdem durch elektronenmikroskopische Untersuchungen ergianzt, um

auch aufzukliren, ob sich die Zusammensetzung der Partikel im Meerwasser dndert.
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In der vorliegenden Studie wurden 50 ng L-* Ag-b-NP unterschiedlicher Beschichtung (Citrat,
Sulfat, Chlorid) und Grofle in kiinstlichen Meerwasser-Matrices steigender Salinitit sowie in
realem Meerwasser bei unterschiedlichen Temperaturen und bis zu drei Tage inkubiert. Alle
eingesetzten Ag-b-NP Varianten haben sich nahezu unabhingig von der Beschichtung
aufgelost. Die Loslichkeit stieg dabei mit steigender Salinitdt und abnehmender Partikelgrofle.
Nach drei Tagen Inkubation waren alle Ag-b-NP Varianten nahezu vollstindig aufgelst. Die
hochsten Auflésungsraten konnten bei Ag-b-NP in echtem Meerwasser beobachtet werden.
sp-ICP-MS Messungen konnten die Abnahme der durchschnittlichen Partikelgrofie der Ag-b-
NP wihrend des Auflosens im Meerwasser verfolgen. TEM/EDX-Messungen haben auflerdem
gezeigt, dass sich insbesondere bei Ag,S-NP eine schwefelreiche Schicht um die sich
auflosenden Partikel bildet. Silber wird also gewissermaflen aus dem Ag.S-Verbund

herausgelo6st.

Das oben beschriebene Auflésen von Ag-b-NP in hochsalinen Matrices konnte auch bei real
existierenden Ag-b-NP in Kliarwerksabfluss festgestellt werden. Zur Imitierung eines
Freisetzungsszenarios von Kliarwerksabfluss in Meerwasser wurde dabei eine Probe des
Klarwerksabflusses mit der Menge an Natriumchlorid versetzt, die der von Meerwasser

entspricht.

Insgesamt scheinen Ag-b-NP in Meerwasser bei Langzeitbetrachtung somit nicht existent zu
sein. Dies ist fiir eine zukiinftige Risikobewertung von Ag-b-NP in natilirlichen Gewissern

unbedingt zu berticksichtigen.

FEligener Beitrag:
»  Entwicklung des Versuchskonzepts
®  Durchfiihrung aller Inkubationsmessungen
®»  Auswertung, grafische Darstellung und Interpretation aller Messergebnisse
»  Verfassen der Publikation (ausgenommen Beitrdge von A. Urstoeger, s. u.)

Wesentliche Beitrdger Dritter:
® A Urstoeger: Synthese und Charakterisierung der eingesetzten Ag-b-NP sowie
Auswertung der elektronenmikroskopischen Aufhahmen
® A Urstoeger: Vertassen von Teilen der Publikation (Einleitung Absdtze 1-3, 6-9;
Kapitel 2.2. Absatz 3, Kapitel 3.1., Kapitel 3.2. letzter Absatz)
® M. Doeblinger: Durchfiihrung der elektronenmikroskopischen Untersuchungen
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5.9 PUBLIKATION 9: New Insights into the formation of silver-based
nanoparticles under natural and semi-natural conditions

in Water Research

Erste Messung von Seewasser verschiedener Oberbayerischer Voralpenseen, die nur teilweise
von Klarwerken tliber ihre Zufliisse belastet waren, haben gezeigt, dass Spuren von Ag-b-NP
(ca. 0.5 ng L) in allen Seen zu finden waren, unabhingig von einer etwaigen

Klarwerksbelastung [175].

Daher lag die Vermutung nahe, dass ein geogener Untergrund an Ag-b-NP in natiirlichen
Gewdssern existieren konnte. Dazu wurde zum einen der Kénigssee beprobt, ein Beispiel eines
oligotrophen Sees (1.5 mg L' TOC) ohne Kliarwerkseinfliisse, und zum anderen der Waginger
See, der trotz Ringkanalisation und keinen Zufliissen, die Kliarwerksabldufe empfangen,
vergleichsweise eutroph ist (5 mg L* TOC). Die Wasserproben wurden je Probenahmestelle
tiefengestaffelt genommen. Der Waginger See wurde bis zum Grund bei etwa 23 m Wassertiefe
beprobt. Da die Maximaltiefe des Konigssee von etwa 190 m [176] mit den verfiigharen
Probenahmegeraten bei weitem nicht erreicht werden konnte, erfolgte hier die Probenahme

bis 10 m Tiefe.

Gesamtsilber im Seewasser wurde mittels ICP-MS bestimmt. Die Ag-b-NP Analyse erfolgte

mittels iCPE-ET-AAS und iCPE-(sp)-ICP-MS.

In beiden Seen konnte eine vergleichbare Menge Gesamtsilber gemessen werden
(ca.1 - 5ng L"), wobei im Oberflachenwasser beider Seen die héchsten Konzentrationen
gemessen wurden, gefolgt von einer Abnahme mitzunehmender Tiefe. Ag-b-NP waren nurim
Waginger See detektierbar. Das Silber im Oberflaichenwasser des Waginger See bestand zu
40 % aus partikuldrem Silber. Insgesamt scheinen lichtempfindliche Mikroorganismen
geldste Silberspuren zu akkumulieren und an die Oberfldche zu transportieren, wihrend die

Ag-b-NP von diesem Transportmechanismus nicht beeinflusst werden.

Interessanterweise stieg die Ag-Konzentration im Waginger See nahe des Grundes wieder.

Dies kann daher riihren, dass Ag-Spuren aus dem Sediment freigesetzt werden kénnen. Da
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Sedimente im Rahmen dieser Studie noch nicht untersucht werden konnten, wurden

erginzende Untersuchungen durchgefiihrt (siehe nachfolgende Messungen),

Da der Waginger See den TOC-Gehalt des Kénigssees um den Faktor 5 liberstieg, lag die
Vermutung nahe, dass sich Ag-b-NP aus geldstem Ag liber eine NOM-induzierte Reduktion

bilden konnten.

Dass ein Zusammenhang zwischen der Bildung von Ag-b-NP aus gelosten Silberspezies und
dem Gehalt an TOC (als quantitatives Mafl fiir NOM) besteht, konnte in Laborexperimenten
nachgewiesen werden. Dazu wurden 50 ng L' gelostes Silber mit naturnahen NOM
Konzentrationen bis zu 5 mg L' TOC versetzt und die Bildung von Ag-b-NP unter
verschiedenen Reaktionsbedingungen mittels iCPE-sp-ICP-MS studiert. Diese Versuche
haben gezeigt, dass — entgegen der vorherrschenden Literaturmeinung — Ag-b-NP sogar
bevorzugt im Dunkeln gebildet werden. Mit zunehmender Reaktionszeit steigt die
Partikelgrofle der neugebildeten Ag-b-NP, was deutlich macht, dass selbst bei so geringen
Konzentrationen noch eine Ostwaldreifung stattfinden kann. Im Beisein umweltrelevanter
Mengen an Sulfid bildeten sich mehr Ag-b-NP, die zuséatzlich eine engere

Partikelgroflenverteilung aufwiesen.

Insgesamt konnte also gezeigt werden, dass Ag-b-NP in der Umwelt nicht nur anthropogener
Natur sind, sondern auch natiirlich aus dem Zusammenspiel geogener Silberspuren und NOM
gebildet werden kénnen. Diese Tatsache ist bei zuklinftiger Risikobewertung von Ag-b-NP in

Umweltproben zu berticksichtigen.

FEligener Beitrag:
»  Entwicklung des Versuchskonzepts (zusammen mit A. Kalinnik in Bezug auf die
Ag-b-NP-Bildung unter Laborbedingungen)
®  Planung und Durchfiihrung der Probenahme
®»  Durchfiihrung aller analytischen Messungen der Wasserproben
®  Durchfiihrung aller Versuche zur Bildung von Ag-b-NP unter Laborbedingungen
» [nterpretation und grafische Darstellung der Messergebnisse
»  Verfassen der Publikation
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Ergianzende Untersuchungen zu Publikation 9:

Diese Studie wurde um Untersuchungen zu Ag-b-NP in Seesedimenten ergdnzt. Die
Untersuchungen selbst sind nicht in der Publikation veréffentlicht und deshalb nachfolgend

zusammengelasst:

Wie oben dargestellt haben Messungen des Waginger Sees gezeigt, dass die Konzentration an
Silber an der Oberfliche am hoéchsten war und mit zunehmender Wassertiefe absank bis
wieder ein sprunghafter Anstieg kurz vor Erreichen des Seegrundes zu verzeichnen war. Silber
scheint sich demnach in den Sedimenten anzureichern, weshalb in einer weiteren
Messkampagne zwei Stellen des Waginger Sees (A: 47°56'26.0"N 12°46'34.6"E, maximale Tiefe
24 m; B: 47°56'31.4"N 12°45'51.7"E, maximale Tiefe 26 m, siehe Abbildung 20) weiter untersucht

wurden.

@ B1/B2
O A1/A2

Abbildung 20: Probenahmestellen zur Sedimentbeprobung am Waginger See. Maximale Tiefe 24 m (A) bzw. 26 m
(B). 1/2 entspricht dabei den einzelnen Teilproben je Sedimentkern. (Bildquelle: Google Maps, Waginger See,

aufgerufen am 20.08.2020)
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An diesen Stellen wurde je ein Sedimentkern entnommen, wobei an Stelle A eine Beprobung
bis 24 cm Sedimenttiefe und an Stelle B bis 20 cm Sedimenttiefe moglich war. Der
Sedimentkern wurde in je zwei Segmente (Al1: 0-20 cm Sedimenttiefe, A2: 20- 24 cm
Sedimenttiefe, B1: 0-16 cm Sedimenttiefe, B2:16-20 cm Sedimenttiefe) aufgeteilt. Die einzelnen
Teilproben wurden daraufhin homogenisiert. Uber eine Trocknungswaage konnte der
Trockenanteil in jeder Sedimentprobe bestimmt werden (Tabelle 2). Der Trockenanteil betrug
dabei 28 % bis 59 %. Die Elution der Ag-b-NP aus dem Sediment kann nur aus nicht
getrocknetem Sediment erfolgen, da ansonsten die Gefahr besteht, dass sich die Partikel beim
Trocknungsprozess verandern. Deshalb ist es notwendig, die Ergebnisse erst im Anschluss an

die Messung auf die Trockenmasse zu beziehen.

Da fiir die Bestimmung des Gesamtsilbergehalts der Sedimente ein Aufschluss in Salz- und
Salpetersidure mit anschlieffender ICP-MS aufgrund zu hoher Nachweisgrenzen nicht
zielfiihrend war, wurde das trockene Sediment ohne Aufschluss mit einer definierten Menge
Reinstwasser aufgeschlammt und mit einer Standardadditionsmethode zur Matrixkorrektur
mittels ET-AAS gemessen. Die ET-AAS war die Methode der Wahl, da nur sie eine so komplexe

Matrix (Sedimentdispersion) toleriert.

Die Ergebnisse sind Tabelle 2 zu enthehmen. Beide Sedimentkerne enthielten Spuren an
Silber, wobei im Fall A die Menge von 81,0 auf 214,6 pg Silber pro kg trockenem Sediment mit
der Sedimenttiefe zunahm. Im Fall B fiel die Menge von 124,6 auf 108,1 pug Silber pro kg

trockenem Sediment ab.

Fiir die Elution des partikuldren Silbers aus dem Sediment wurden ca. 5 g feuchtes Sediment
mit 50 mL Reinstwasser unter Schiitteln eluiert, wobei jeweils 10 g Quarzsand zugesetzt
wurden, um die Elution mechanisch zu unterstiitzen. Zur Messung des gesamten, eluierbaren
Silbers wurde je Probe ein Teileluat mit Saure stabilisiert und mittels ICP-MS gemessen.
Daneben wurde die Konzentration und die Partikelgréfienverteilung der eluierbaren Ag-b-NP

mit Hilfe von iCPE-(sp)-ICP-MS untersucht.

Silber war aus allen Sedimentproben eluierbar, ndimlich 181,9 (A1), 44,3 (A2), 89,0 (B1) und 37,9
(B2) ng Gesamtsilber pro kg trockenem Sediment (Tabelle 2). Die Menge an eluierbarem Silber

lag damit eine Groflenordnung unter dem Gesamtsilber im Sediment und nahm mit
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zunehmender Sedimenttiefe ab. Da der Gesamtgehalt an Silber aber teilweise mit
zunehmender Tiefe sogar zunahm, scheint Silber in den oberen Sedimentschichten leichter
mobilisierbar zu sein — unabhédngig vom Gesamtgehalt. Die eluierbaren Ag-b-NP, also der
Anteil partikuldren Silbers am gesamten eluierten Silber, folgen diesem Trend. Damit waren
30 bis 92 % des eluierbaren Silbers partikular (siehe Tabelle 2). Fiir A2 waren mehr Ag-b-NP
im Eluatals Gesamtsilber zu messen (196 %), was nur auf Messungenauigkeiten beruhen kann.
Trotzdem zeigen die Versuche deutlich, dass Silber in den Sedimenten angereichert wird und

daraus an umgebendes Wasser, teilweise sogar in partikuldrer Form, abgegeben werden kann.

Tabelle 2: Zusammenstellung der Ergebnisse der Untersuchungen der Sedimentproben des Waginger Sees. Die

gemessenen Mengen an Gesamtsilber und Ag-b-NP beziehen sich immer auf ein kg trockenes Sediment.

eluierbares eluierbare

Sedimentprobe Trock((e)nantell Gesamtsilber Silber insgesamt ~ Ag-b-NP Anteil zgg—b—
[%] [ng/kg] [ng/ke] [ng/ke] NP [%]
Al 28 81,0 £ 15,0 181,9 + 46,6 167,1 + 17,8 92
A2 59 214,6 +17,9 44,3+ 6,1 86,7+7.9 196
B1 46 124,6 + 27,6 89,0 + 32,7 38,3 14,3 43
B2 37 108,1 + 16,6 37.9+18 11,3 £ 10,0 30

Die sp-ICP-MS Messungen fiihrten aufierdem zu vergleichbaren Partikelgréflenverteilungen
flir Ag-b-NP in allen Teilproben des Sediments bzw. den Eluaten. Die Partikelgréfden waren im
Bereich von 8 bis 20 nm allesamt sehr eng verteilt (siehe Abbildung 21). Dies stimmt gut
lUberein mit den Partikelgrofden der Ag-b-NP, die im Seewasser, den Fliissen und den
Klarwerksstromen  gefunden wurden. Abbildung 21 zeigt beispielhaft die

Partikelgroflenverteilung der Ag-b-NP des Eluats von A1.
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Abbildung 21: Partikelgréflenverteilung der Ag-b-NP in Eluat von Sedimentteilprobe A1.
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6 Schlussfolgerungen und Ausblick

Um den Eintrag und das Schicksal von Ag-b-NP in der aquatischen Umwelt umfassend
aufklaren zu konnen, sind nachweisstarke Analyseverfahren unabdingbar. Nachdem
Umweltpersistenz und -toxizitdt mafigeblich von der Partikelgrifie der Ag-b-NP beeinflusst
werden, sollten solche Analyseverfahren auflerdem in der Lage sein, neben Konzentrationen

im ng L'* Bereich auch die Grofienverteilungen der Ag-b-NP zu bestimmen.

Ein vielversprechender Ansatz hierfiir ist die Einzelpartikel-Massenspektrometrie, die die
Quantifizierung von ng L * Spuren nanopartikuldrer Analyten bei gleichzeitiger Bestimmung
der Partikelgroflenverteilungen erlaubt. Allerdings ist die minimal bestimmbare
Partikelgrofie durch koexistierende geloste Analytspezies limitiert, die wihrend der Messung
ein storendes Signalrauschen erzeugen. Es ist deshalb essentiell, vor der eigentlichen Messung

die nanopartikuldren von den gel6sten Analytspezies zu separieren.

Die Limitierungen der Einzelpartikel-Massenspektrometrie konnten durch die im Rahmen
dieser Arbeit entwickelte Extraktionsmethode iCPE tiberwunden werden. Dieses Verfahren
erlaubt eine selektive Extraktion und Anreicherung von Ag-b-NP aus verschiedenen
Umweltproben (z. B. Fluss-, See-, Meerwasser, Klarwerksstrome sowie Seesedimente), wobei
geloste Silberspezies effizient abgetrennt werden konnten. Durch den den sp-ICP-MS
Messungen vorgeschalteten Einsatz der iCPE konnte das durch geloste Analytspezies
hervorgerufene Signalrauschen auf ein Minimum reduziert werden. Hierdurch konnten
geringe Spuren von Ag-b-NP mit Durchmessern bis in den einstelligen Nanometerbereich
sicher quantifiziert werden. Ferner konnten Ag-b-NP mit Hilfe der Elektronenmikroskopie in
den iCPE-Extrakten sichtbar gemacht werden und mittels Rontgenfluoreszenz auf ihre
chemische Zusammensetzung untersucht werden, was Riickschliisse auf die

Zusammensetzung und Beschichtung der NP moéglich macht.

Die iCPE hat aufierdem die Vorteile, dass sie leicht erlernbar ist und sehr reproduzierbare
Ergebnisse liefert. Diese Extraktion ist deshalb in Kombination mit der ET-AAS, (sp-)ICP-MS
oder der Elektronenmikroskopie fiir den Routineeinsatz zur Gewasseriiberwachung sehr gut

geeignet.
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Mit Hilfe des entwickelten Analyseverfahrens konnten mehrere Eintragsrouten von Ag-b-NPs

in die Umwelt identifiziert werden.

So wurden Ag-b-NP Spuren im einstelligen ng L* Bereich in mehreren Fliissen detektiert,
wobei die Herkunft der Partikel eindeutig auf Klarwerkseinleitungen in die Fliisse
zurilickzufiihren war. Modellrechnungen zur Verteilung von Ag-b-NP in der Isar sowie reale

Messungen fiihrten dabei zu vergleichbaren Ergebnissen.

Es wurde ferner festgestellt, dass Trinkwasserleitungen aus Kupfer, die geringe Mengen Silber
enthalten, eine nicht unwesentliche Eintragsquelle von Ag-b-NP in Trinkwasser und damit in

die Umwelt darstellen konnen.

Ag-b-NP in der aquatischen Umwelt sind jedoch nicht ausschlief}lich anthropogener Natur:
Mit Hilfe des entwickelten Analyseverfahrens konnte nachgewiesen werden, dass sich
Ag-b-NP aus gelosten Ag-Spezies in Gegenwart organischer Verbindungen bilden kénnen.
Entgegen der vorherrschenden Literaturmeinung findet die Bildung der Ag-b-NP sogar
bevorzugt im Dunkeln statt. Dieser natiirliche Bildungsmechanismus erklirt die gemessenen,
signifikanten Konzentrationen an Ag-b-NP in Seen, die kaum anthropogen belastet sind, also
beispielweise keine Zufliisse mit Klarwerkseinleitungen aufweisen. Da die hochsten
Konzentrationen an Ag-b-NP im Oberflaichengewésser der Seen zu finden waren und die
Konzentrationen mit zunehmender Tiefe abgenommen haben, liegt es nahe, dass
Mikroorganismen wie Phytoplankton an der Verteilung der Ag-b-NP innerhalb der Seen

maifdgeblich beteiligt sind.

Ag-b-NP, die in die Umwelt eingetragen werden, enden in den meisten Fillen entweder im
Sedimentvon Fliissen und Seen oder werden tiber die Fliisse ins Meer transportiert. Der Anteil
von Ag-b-NP, der dann das Meer erreicht, wird dort innerhalb von wenigen Tagen nahezu
vollstandig aufgelost. Eine Umwelttoxizitit von Nanosilber in Meeren sollte deshalb kaum

gegeben sein.

Insgesamt kann unter Berilicksichtigung der tatsiachlich gemessenen Konzentrationen von Ag-
b-NP in natiirlichen Gewéssern von wenigen ng L' im Moment nicht davon ausgegangen

werden, dass Ag-b-NP eine Gefahr fiir Mensch und Umwelt darstellen.[62]
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Insbesondere die Tatsache, dass Silberspuren in Trinkwasserleitungen aus Kupfer zum
Auftreten von Ag-b-NP in Trinkwasser fithren konnen, lasst Berechnungen und
Bilanzierungen der Eintragswege von Ag-b-NP in unsere Abwassersysteme jedoch in einem
neuen Licht erscheinen und sollte unbedingt bei der zukiinftigen Risikobewertung
berticksichtigt werden. Insgesamt sollte der steigenden Verwendung von Ag-b-NP in
verschiedenen Produkten des tiglichen Lebens Rechnung getragen werden, indem die

Konzentration von Ag-b-NP in der Umwelt in der Zukunft regelmaflig tiberwacht wird.

Die (Umwelt-)Toxizitat von Ag-b-NP hingt ganz entscheidend davon ab, wie leicht diese NP
reaktive, ionische Ag-Spezies freisetzen konnen. Oberflichenmodifikationen, wie die in der
Natur hdufig auftretende Sulfidierung zu Ag.S, verringern das Ausmafl der ITonenfreisetzung
und damit die Toxizitdt. Zukiinfte Studien zu Ag-b-NP in der Umwelt sollten deshalb neben
Konzentration und Partikelgr6fle auch die chemische Zusammensetzung der Partikel

adressieren.

Dazu hat die vorliegende Arbeit eine analytische Grundlage geschaffen.
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ABSTRACT: Silver-based nanoparticles (Ag-b-NPs) emitted by
wastewater treatment plants (WWTPs) are considered to be
widely present in the natural environment. However, there is
much that is unknown about the effect of WWTP effluent on the
occurrence of Ag-b-NPs in surface waters. On the basis of field
analysis of representative WWTPs in Germany, we demonstrate
that more than 96.4% of Ag-b-NPs from wastewater influent are
removed through WWTPs, even though influent contains Ag-b-
NP concentrations of tens to hundreds ng LY resulting in effluent
Ag-b-NP concentrations of 0.7—11.1 ng L™" over the seasons. The
estimated flux of Ag-b-NPs associated with WWTPs effluent
discharge is ~33 kg y ' in Germany. WWTPs effluent increases
Ag-b-NP levels of the River Isar to 2.0—8.6 ng LY while
remarkable decreases are observed at sites ~1.5 km downstream of each discharge point, and Ag-b-NP levels then keep stable
(0.9-2.3 ng L") until the next discharge point, showing subtle differences in Ag-b-NP levels between the river and reference
lakes without industrial sources and WWTPs effluent discharge. Our results demonstrate that WWTPs effluent can exert a clear
influence on the occurrence of Ag-b-NPs in surface waters.

B INTRODUCTION A number of laboratory studies investigated the trans-
formations'®™'® and fate'” ™! of spiked (~mg L") AgNPs in
pilot-simulated wetlands or bioreactors. These showed that the
particles are partially removed through the treatment process,
with tens to hundreds pg L™ of silver-based particles remaining
in the effluent. On the basis of these data, it was proclaimed
that effluent of sewage treatment systems may exert a
considerable effect on the occurrence of AgNPs in surface
waters. However, there are fundamental differences between
pilot bioreactors and field-scale WWTPs which usually treat
more complex matrices with seasonal fluctuating temperatures,
higher sewage loadings, and much lower concentrations (ug to
ng L™') of Ag-b-NPs instead of AgNPs.”” For that reason, we
cannot rule out the possibility that the removal efficiency of Ag-
b-NPs in field-scale WWTPs may be completely different
compared to that of pilot sewage treatment systems.
Considering potential exposure of aquatic organisms to Ag-b-
NPs in surface waters receiving WWTP effluent, it is very

Silver nanoparticles (AgNPs) are widely applied in personal
care products,’ functional textiles,”’ house appliances,* and
food storage materials,’ resulting in the inevitable release of
AgNPs during usage and disposal of these commercial
products.®™’ AgNPs involve a confusing diversity of particles
with different sizes, morphologies, and surface coatings.
Uncoated metallic AgNPs do not exist in real environments,
and even in AgNP fabrication, coating reagents are used to
enhance dispersibility and to reduce aggregation of particles.
Dissolved silver species, e.g., Ag" and Ag(I) complex
compounds, are also expected to form AgNPs with different
compositions, depending on the surrounding chemical environ-
ment.'”"" Reducing conditions and the presence of chloride or
sulfide lead to the formation of nanoparticulate AgCl or Ag,S, a
transformation which happens to both dissolved silver species
and AgNPs. In sewer systems, the majority of anthropogenic
silver from different sources is believed to end up as a vast
variety of silver-based nanoparticles (Ag-b-NPs) such as Ag,S,

AgCl, and AgNPs with numerous coatings due to the complex Received: February 9, 2016
matrix containing a variety of compounds which can bind to Revised:  April 11, 2016
AgNPs.'* ™" As it is not possible to specify all these particles, Accepted: May 26, 2016
we designate them as Ag-b-NPs in this study. Published: May 26, 2016
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important to know the real Ag-b-NP levels of field-scale
WWTP eftluent. More importantly, to what extent can field-
scale WWTP eftluent influence the occurrence of Ag-b-NPs in
surface waters? Accordingly, what is the true level of Ag-b-NPs
in surface waters? There are no systematic data available on
these issues, which is definitely hindering comprehensive risk
assessment of Ag-b-NPs to human and environmental health.

Here, we investigate the way of Ag-b-NPs through
representative municipal WWTPs with different treatment
techniques and sewage loadings to surface waters by using a
robust analytical method developed in our group (Materials
and Methods). We further investigate the true level of Ag-b-
NPs along the River Isar (~295 km) receiving WWTP effluent
and in surrounding reference lakes without industrial pollution
and effluent inputs. The results of this work clearly present the
influence of WWTP effluent discharge on the occurrence of Ag-
b-NPs in surface waters, paving a way to a more comprehensive
understanding of the risk Ag-b-NPs may pose to aquatic
organisms in natural environments.

B MATERIALS AND METHODS

Water Samples Collection. In the present study, two
representative full-scale municipal WWTPs, operating at 8 °C
in winter and 18 °C in summer, were chosen for their different
biological treatment techniques, being an activated sludge unit
(pre-anoxic denitrification and aerobic carbon degradation with
sludge age of 8 days) combined with a trickling filter
(nitrification) at WWTP 1 and two-step activated sludge
units at WWTP 2 (anoxic denitrification and aerobic carbon
degradation in one activated sludge unit with sludge age of 2
days and nitrification in a second activated sludge unit with
sludge age of 8—10 days). WWTP 1 is connected to a separated
sewer system, receiving wastewater mainly from households,
and WWTP 2 is connected to a combined sewer system,
receiving wastewater from households and industry. Sampling
sites along the wastewater treatment process are shown in
Figure S1. Four sampling periods were performed at both
WWTPs from July 2013 to May 2014 (Table S1). Each
sampling day, aqueous samples were collected every 2 h over a
day period at each sampling point in the WWTPs, and the 12
samples were pooled into one 24 h composite sample. All
wastewater samples were collected in polyethylene (PE)
containers (1 L).

Surface water samples (basic characteristics are shown in
Table S2) from the River Isar and pre-alpine lakes in Southern
Germany were collected in April 2014 (22, 24, 2S5) and
September 2014 (14—16) under dry weather conditions (after
3 continuous sunny days). Sampling sites are shown in Figure
S2 and Table S3. Flow rates of the River Isar are listed in Table
S4. In addition to sampling of surface water, samples were also
collected at different depths (0, 2, 4, 6, 8, and 10 m) of the
largest lake (Chiemsee, Figure S2), with an area of 80 km? an
average depth of 26 m (max depth 73 m), and a total volume of
2.05 X 10° m®. Three locations (namely, sites 5, 6, and 7 in
Figure 3c; Figure S2) near the estuaries of the inflowing rivers
Tiroler Achen and Prien and the only outlet to the River Alz
chosen in this lake. Samples were taken with a LIMNOS water
sampler (Hydro-Bios, Kiel, Germany). Chiemsee, like most of
the pre-alpine lakes, is a dimictic mesotrophic lake (TP: 10 pg
L™"). From September 1 to September 17, 2014, the average
daily maximum temperature was 19.7 °C, so the lake was most
likely in the summer stratification phase. It should also be noted
that the lakes were chosen because they are located around the
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River Isar, and more importantly, with two exceptions, no
WWTP effluents flow into these lakes. All surface water
samples were collected in polyvinyl chloride (PVC) containers
(0.5 L), and all containers were rinsed three-fold with the
sample before they were filled up to volume.

Water Samples Pretreatment and Ag-b-NPs Concen-
tration Analysis. The extraction of A%-b—NPs was based on
the method of our previous publications.”*** In brief, 40 mL of
aqueous sample without filtration was mixed with 1.0 mL of
saturated ethylenediaminetetraacetic acid disodium salt
(EDTA) solution, 400 uL of 1 mol L™ sodium acetate, 100
uL of 1.25 mol L™ acetic acid, and 1 mL of 10% (w/w) TX-
114 in a 50 mL tapered polypropylene sample tube. The
mixture was incubated at 40 °C for 30 min and then
centrifuged for 12 min at S000 rpm (4472 g) to enhance
phase separation. Afterward, the sample was cooled in an ice
bath for 3 min. The aqueous supernatant was then decanted.
The remaining surfactant-rich phase containing the enriched
Ag-b-NPs was dissolved in 100 uL of ethanol and measured
with electrothermal atomic absorption spectrometry (ET-AAS).
The concentration of Ag-b-NPs was determined using an
Analyst800 GFAAS spectrometer (PerkinElmer, Ueberlingen,
Germany), equipped with a Zeeman background correction, a
transversally heated graphite atomizer, and an AS-800
autosampler. Here, the limit of detection (LOD) of this
method is improved further to 0.2 ng L' (Supporting
Information and Figure S3). Calibration was performed using
AgNP solutions of known concentrations that were subjected
to the complete extraction procedure and measured the same
way as the environmental samples.

Ag-b-NP Removal Efficiency Calculation. To show the
contribution of each treatment unit to the Ag-b-NP removal
through WWTP, the removal efliciency of Ag-b-NPs was
calculated by using the following equation: efficiency (%) =
(Cinput - Coutput)/cinﬂuent X 100%. Here) Cinﬂuent is the Ag_b_NPS
concentration of influent (ng L7'), Cinpue is the Ag-b-NPs
concentration of wastewater obtained before treatment (ng
L™), and Coutput is the Ag-b-NPs concentration of wastewater
obtained after treatment (ng L™").

sp-ICP-MS Analysis. The size distribution of Ag-b-NPs was
determined with an Agilent 7700x ICP-MS instrument
(Waldbronn, Germany) equipped with an autosampler ASX-
520. The autosampler was kept in a laminar flow-box (Mac
Petek, LFB-457 MP610E) to avoid sample contamination.
Dwell time was set to 3.0 ms and acquisition time to 1 min,
resulting in 20,000 data points. The pump rate of the peristaltic
pump was determined as 325 uL min~’, and an m/z ratio 107
u/e for Ag was observed. Transport efficiency (TE), ie. the
number of particles which finally reach the detector, was
determined with a gold nanoparticle (AuNP) dispersion (30
nm, 55 ng L™'). AuNPs instead of AgNPs were used because
they can be prepared with narrower size distribution and higher
chemical stability of the particles. Since TE is virtually identical
for Au and Ag; a calibration with Au is also possible because the
intensity of the signals is mainly correlated to the particle size.
Due to the fact that the signal intensity is element specific, a
further calibration with Ag (Ag" standard 1 pg L7, in nitric
acid) was used to determine element sensitivity. Software based
on the calculations of the National Institute of Food Safety in
The Netherlands (RI-KILT) was used to generate the
information on particle size, size distribution, and analyte
concentration. In general, it is assumed that ~20 nm is the
smallest particle size measurable with single particle inductively
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coupled plasma mass spectrometry (sp-ICP-MS).”*° In this

work, however, by coupling cloud point extraction (CPE) with
sp-ICP-MS, LOD and s/n ratio could be significantly improved,
leading to a LOD of 2 ng L™ (Supporting Information) for
particles with sizes down to 14 nm. This is due to selective
particle enrichment and separation of particles from dissolved
silver species. For coupling of CPE to sp-ICP-MS, we diluted
the surfactant with 500 uL of ethanol and 9 mL of ultrapure
water. The solution was gently shaken and then subjected to
measurement.

B RESULTS

Characterization of Ag-b-NPs in WWTP Waters. The
concentration of Ag-b-NPs was analyzed through both WWTPs
(Figure S1), showing significant decreases in Ag-b-NP
concentrations along the wastewater treatment process (Figure
S4). Ag-b-NPs are mainly (63.5 + 19.8% at WWTP 2; 94.8 +
5.4% at WWTP 1) removed by activated sludge denitrification/
carbon degradation units (Figure 1; Figures S1, S4). It appears
that the activated sludge denitrification/carbon degradation
unit of WWTP 1 is much more efficient compared to WWTP 2,
which is mainly attributed to the lack of primary sedimentation
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Figure 1. Season-independent removal efficiency of Ag-b-NPs in
aqueous matrices through representative full-scale municipal WWTPs:
(a) WWTP 1 with average flow rate of 5300 m*/d and (b) WWTP 2
with average flow rate of 160,000 m3/d.

in WWTP 1. As shown in Figure 1, the primary sedimentation
already removed ~30% of the Ag-b-NPs in WWTP 2. In the
second biological step, a slight (2.3 + 1.4% to 17.4 + 8.4%)
reduction through the (trickling filter or activated sludge)
nitrification unit (Figure 1, Figures S1, S4) occurs, resulting in
total removal efficiencies higher than 96.4% (Figure 1). The
Ag-b-NP concentrations of the wastewater influent span an
order of magnitude over the seasons, with a maximum
concentration of 357 ng L' in winter and a minimum
concentration of 10.1 ng L™ in summer with rainstorms
(Figure S4, Table S1). Despite the notable contribution of
activated sludge to Ag-b-NPs removal, the denitrification/
carbon degradation rather than nitrification unit plays a
remarkable role (Figure 1, Figure S4). Furthermore, compared
with biofilm (trickling filter in WWTP 1), activated sludge as a
second biological step is much more efficient in Ag-b-NPs
removal (Figure 1).

Effluent Ag-b-NP concentrations are lower than 11.1 ng L™
for both WWTPs (Figure 2a), showing subtle fluctuation over
the seasons; the lowest Ag-b-NP concentrations (down to 0.7
ng L™!) were measured in summer (Figure 2a). Furthermore,
our analysis based on CPE coupling with sp-ICP-MS shows for
the first time that a slight variation (p = 0.0006 < 0.001) in size
distribution of Ag-b-NPs through WWTP occurs, with average
sizes of 20.4 + 3.1 and 15.3 + 3.6 nm in influent and effluent,
respectively (Figure 2b, c), while a high efficiency for Ag-b-NP
removal was observed. In addition, the concentration of Ag-b-
NPs in WWTP effluent is correlated with that of TOC (r =
0.61, p < 0.05) (Figure 2d).

Along with a significant reduction of Ag-b-NP levels through
the wastewater treatment process, levels of total organic carbon
(TOC), total nitrogen (TN), ammonia nitrogen (NH,—N),
and total phosphorus (TP) also show remarkable decreases
with removal efficiencies of 85.0% to 95.1%, 51.3% to 78.4%,
94.1% to 99.9%, and 72.1% to 90.1% for TOC, TN, NH,—N,
and TP, respectively.

Effects of WWTP Effluent on the Occurrence of Ag-b-
NPs in Surface Waters. Daily Ag-b-NP fluxes associated with
effluent discharge are estimated in the range from 5.7 to 48.2
mg d™' for WWTP 1 and 110 to 1588 mg d™' for WWTP 2
(Figure SSa), of which the mean fluxes are 22.7 + 11.3 and
397.2 £ 2759 mg d7, accounting for 3.7 & 2.0% and 24 =+
1.0% of Ag-b-NPs in wastewater influent, respectively. Ag-b-NP
fluxes of 7.7 and 123 gy~ ' are further estimated for WWTPs 1
and 2, respectively (Figure SSb). Ag-b-NPs were not detected
in the upstream (sites 1—9 in Figure S2) of the River Isar
(Figure 3a, b), while Ag-b-NPs with a concentration of ~1.9 ng
L™ were determined in water taken at site 10 (Figure 3a, b;
Figure S2), where the above-mentioned WWTPs 1 and 2
discharge their effluents (Figure S2). There are other five
effluent discharge points either in the middle and lower reaches
or in the channel of the River Isar (Figure S2). At each point
where the corresponding WWTP discharges effluent into the
river, Ag-b-NP peaks can be easily observed (Figure 3b), with
2.0-8.6 ng L7\,

However, remarkable decreases in Ag-b-NP levels were
observed at sites 1.5 km downstream of each effluent discharge
point (Figure 3b), and Ag-b-NP levels then keep stable (0.9—
2.3 ng L") until the following discharge point along the river
(Figure 3b). As a result, a gradual progressive increase in the
Ag-b-NP level from the middle reaches of the River Isar to its
confluence with the River Danube was observed with a final Ag-
b-NP concentration of ~1.7 ng L.
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Figure 2. Characterization of Ag-b-NPs in WWTP effluent: (a) Ag-b-NP concentrations in effluent of WWTP 1 and WWTP 2 over the seasons. (b
and c) Size distribution of Ag-b-NPs in wastewater influent (b) and effluent (c) measured by sp-ICP-MS. It should be noted that the data are
obtained from samples in WWTP 2. (d) Correlation between Ag-b-NP and TOC concentrations in WWTP effluent (r = 0.61, p < 0.05).

Most of the lakes also show measurable Ag-b-NP
concentrations, with levels ranging from 0.5 to 1.3 ng Lt
(Figure 3a, b), while some lakes receiving WWTP effluent show
Ag-b-NP concentrations of 0.3—0.7 ng L' (Figure 3b), with
negligible changes of the Ag-b-NP level within a depth of 0 to
10 m (Figure 3c).

B DISCUSSION

The data presented here demonstrate that the removal
efficiency of Ag-b-NPs through full-scale WWTPs is as high
as values reported from laboratory research using pilot
bioreactors.””*"*”** This indicates that field-scale WWTPs
are very eflicient in Ag-b-NP removal. Furthermore, seasonal
variations in total removal efficiency are negligible, indicating
that fluctuations of ambient temperature and influent flow rates
(Table S1) do not significantly influence Ag-b-NP removal
through full-scale WWTPs. The lowest concentrations of Ag-b-
NPs in wastewater influent were observed in summer (Figure
S4), mainly due to the dilution from the high flow rate of
influent (Table S1). Due to the small differences in total
removal efficiency over the seasons and the lowest Ag-b-NP
concentrations of influent in summer, WWTPs effluent also
shows the lowest concentration of Ag-b-NPs during this season
(Figure 2a).

To date only modeling studies based on material flow
analysis of engineered silver nanoparticles (EAgNPs) rather
than real measurements in environmental compartments are
known.””*” Most recent predictions” for EAgNP concen-
trations in WWTP effluent and surface waters (most frequent
value) are 0.17 and 0.66 ng L™ respectively. The corresponding
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lower and upper percentiles (Q0.15 and Q0.85) are 0.06 and 16
ng L' for WWTP effluent and 0.51 and 0.94 ng L™" for surface
waters. In the present work, Ag-b-NPs rather than EAgNPs
were measured which prevents a direct comparison with the
data obtained by the cited material flow analyses. Taking into
account that Ag-b-NP concentrations are most probably higher
than those of EAgNPs, the forecast made by material flow
analysis is close to the values measured in the present work.
The effect of WWTP effluent on the occurrence of Ag-b-NPs
in surface waters depends on the magnitude of Ag-b-NP flux
and the chemical and physical stability of Ag-b-NPs in surface
waters. In Germany, a total of 10 billion m® of wastewater was
treated in WWTPs in 2010, almost exclusively (99.9%) through
biological treatment systems as shown in this study,”’ so the
amount of Ag-b-NPs associated with effluent discharge is
estimated to ~33 kg y ', accounting only for ~0.4% of the
silver consumption in Germany. Given the fact that Ag-b-NPs
were not detected in the River Isar until it receives WWTP
effluent, we believe that Ag-b-NPs determined in the middle
and lower reaches of the River Isar originate from WWTP
effluent. Due to the large differences in the flow rate between
the River Isar (Table S4) and WWTP effluent, Ag-b-NP peaks
are quickly diluted in the direction of flow. According to the
German DIN 38 402 T1S, 2012, substances discharged into
running waters are homogenized within ~1 km.*” Therefore, it
is anticipated that Ag-b-NPs originating from WWTP effluent
are homogenized in the river within ~1.5 km downstream of
discharge points. The gradual increase in Ag-b-NP levels from
the middle reaches of the River Isar to its confluence with the
River Danube over a distance of approximately 150 km and a

DOI: 10.1021/acs.est.6b00694
Environ. Sci. Technol. 2016, 50, 6327—6333


http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b00694/suppl_file/es6b00694_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b00694/suppl_file/es6b00694_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b00694/suppl_file/es6b00694_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b00694/suppl_file/es6b00694_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b00694/suppl_file/es6b00694_si_001.pdf
http://dx.doi.org/10.1021/acs.est.6b00694

Environmental Science & Technology

Altmiih]

5 e

- D,
Regensburg ., s /au

Straubing ©

- au

6218 ng L
1.1-2.0 ng L
2.1-4.0 ngL!

¥ Landshut

= Ismaninger
Speichersee

Chiemsbe /*\_
p ot )
£GP

AgNPs concentration (ng L")

=

Quelle: BR

! (b) [J Reference lakes without effluent input
- Lake with effluent input
[_JRiver Isar upstream
[ River at the point of effluent discharge
[ River within 1.5 km downstream of discharge poir
[ River Isar midstream
|:| River Isar downstream
[ River Amper

- River Isar channel

z

®
I

L

b

N
I

OoD
071
10! 5

N 15 20 25 30
Sampling site |

Sampling site of river Isar

35 40

of lakes !

@
Site5
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final Ag-b-NP level of ~1.7 ng L™" indicates that Ag-b-NPs
from effluent may possess remarkable stability and will be
suspended in natural water for a long time or delivered far
distances. This may be related to the weak basic pH (7.6—8.6)
of the River Isar since previous studies have reported that
AgNPs remain stable in solutions with basic pH (pH > 7).
In general, pH is an important factor influencing the stability of
Ag-b-NPs; dissolution of the particles can be accelerated in
acidic solutions.”**> NOM occurring in the aquatic environ-
ment, usually at concentrations far higher than that of Ag-b-
NPs, is also known to entangle and stabilize NPs.**~** Here,
measurable levels (TOC: 0.9-2.1 mg L") of NOM are
observed along the river after receiving effluent. Evidently,
these findings reveal that WWTP effluent is responsible for the
increase in the Ag-b-NP concentration in the River Isar. In
comparison, negligible differences in Ag-b-NP levels between
the reference lakes and the lakes receiving WWTP effluent are
observed (Figure 3a, b). In the case of the Lake Chiemsee
(Figure S2), ~68% of water input comes from the River Tiroler
Achen with effluent input from WWTPs (145,000 inhabitant
equivalents, approximately 28,000 m* d™'). Water exchange of
the lake takes place within 1.26 y, so we propose that the lake is
a reservoir for Ag-b-NPs submitted by the River Tiroler Achen.
This is likely to be the main explanation for the uniform
distribution of Ag-b-NPs over the lake (Figure 3c) and the
negligible differences in Ag-b-NP levels observed within a depth
of 0 to 10 m (Figure 3c).

The occurrence of Ag-b-NPs in the reference lakes (Figure
3a, b) is most likely attributable to the natural formation of Ag-
b-NPs in the aquatic environment with NOM, even though we
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cannot distinguish and identify whether the Ag-b-NPs are of
natural or anthropogenic origin. This inference is supported by
the good correlation between Ag-b-NPs and NOM levels
measured as total organic carbon (TOC) in the reference lakes.
Ag-b-NPs were not detected in reference lakes with low NOM
concentrations, but 1.3 and 0.7 ng L™ of Ag-b-NPs were
measured in lakes with 3.3 and 5.0 mg L™' NOM, respectively
(Table SS). The most likely explanation for this observation is
that NOM promotes the formation of Ag-b-NPs from soluble
Ag species and also leads to a stabilization and improved
dispersion of Ag-b-NPs in natural waters.””*" Previous studies
have already demonstrated the natural formation of Ag-b-NPs
in surface waters in the presence of NOM under light
conditions.*' ™" Herein, we believe that the occurrence of
Ag-b-NPs in the reference lakes is likely a result of natural
formation.

The techniques for wastewater treatment described in this
work are currently very typical and widely used in the European
Union (EU). The inevitable consequence of high removal
efficiency for Ag-b-NPs through wastewater treatment
processes is a considerable enrichment of the latter in excess
sludge, having the potential to impose risks on terrestrial
organisms because excess sludge is widely applied as an
agricultural fertilizer. Indeed, high silver concentrations up to
856 mg kg™' were observed in excess sludge from WWTPs in
EU and United States.*”** Even on the assumption that
anthropogenic silver is completely transferred to Ag,S-NPs in
excess sludge,'” the impacts on organisms still cannot be
ignored because of the fact that phytotoxicity of Ag,S-NPs has
been reported in a recent study."
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Here, we conclude that WWTP effluent can exert influences
on the occurrence of Ag-b-NPs in surface waters since the trace
level of Ag-b-NPs in the River Isar is clearly attributed to the
effluent discharge from full-scale WWTPs along the river. The
crucial question, do ng L™" levels of Ag-b-NPs in surface waters
impact the health of living organisms in the aquatic
environment, cannot be answered sufficiently at the moment.
It was reported that concentrations of AgNPs as low as a few n
L7 can indeed affect invertebrates, prokaryotes, and fish,”"
even though it was observed that chronic exposure to AgNPs in
the ng L' range did not induce a cytotoxic response.**
Obviously, more research is needed to evaluate the real
influence of trace levels of Ag-b-NPs on aquatic organisms in
surface waters. This also includes Ag-b-NPs which might be
formed naturally. We consider that the Ag-b-NPs determined in
the reference lakes are likely formed naturally because there are
no anthropogenic inputs like industrial pollution and WWTP
effluent discharge. Also, additional research is necessary to
determine the chemical composition of Ag-b-NPs and to
differentiate whether Ag-b-NPs in natural waters are of natural
or anthropogenic origin.
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Chemicals and materials

All reagents were of analytical grade and used as received without further purification. Nitric
acid, hydrochloric acid, acetic acid, sodium acetate, ethylenediaminetetraacetic acid, disodium salt,
dihydrate (EDTA), Triton X-114 (TX-114) and ethanol were purchased from VWR International

(Leuven, Belgium).

Determination of LOD for CPE ET-AAS measurement

In comparison to our former measurements, the LOD in this study could be improved from
0.7 ng L' to about 0.2 ng L™ by using peak height instead of peak area in data processing. A further
increase could be achieved by using less surfactant (10 % (w/w) TX-114, 750 pL) to achieve a
higher enrichment factor for Ag-b-NPs. Additionally, the use of multiple pipetting and pyrolysis
steps before the final ET-AAS atomization step improved the LOD. The latter was calculated from
the calibration function according to German DIN 32 645 LA typical calibration function from 0.2
ng L™ to 3ng L™ is given in Fig S3. For higher Ag-b-NP concentrations, ¢.g. WWTP effluent a

calibration from 3 ng L™ to 20 ng L' was used with a LOD of 1.1 ng L.

Determination of LOD for CPE sp-ICP-MS measurement
In contrast to CPE ET-AAS, measurement LOD of CPE sp-ICP-MS cannot be calculated from
calibration functions. Instead we used an algorithm described by Pefers et al* based on the

3-g-method. A ten-fold measurement of blank values (ultra-pure water containing all chemicals for
CPE sp-ICP-MS except Ag-b-NPs) was used for the calculation of LOD, which could be

determined to 2 ng L.
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Water quality analysis

In WWTP samples pH, TOC, TN, NHs-N and TP were measured, and in samples of the River
Isar and the pre-alpine lakes, pH and TOC were determined. The pH was measured using an Qph 70
pH-meter (VWR, Darmstadt, Germany). TOC was measured with an Elementar High TOC
Analyzer (Elementar, Hanau, Germany). After removal of inorganic carbon with hydrochloric acid,

TN, NHy4-N and TP were measured according to the EPA methods.

Statistical analysis
Statistical analysis and correlations were performed using SPSS for Windows version 16.0

(Chicago, IL, USA). Statistical significance was defined as p < 0.05.
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Fig. S2 Sampling sites along the River Isar and the pre-alpine lakes.
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Table S1. Seasonal and weather influences on the influent flow rate of the investigated municipal WWTPs

Rainfall flow rate of influent

Date Weather 3
(mm/d) (m’/d)
2014-5-5 cloudy 0.0 4,865
2014-5-6 cloudy 0.0 4,820
Spring 2014-5-7 rainy 13.1 5,219
2014-5-8 rainy 0.6 4,930
2014-5-9 rainy 33 4,852
2013-7-16 sunny 0.0 5,487
2013-7-17 sunny 0.0 5,523
Summer
2013-7-18 sunny 0.0 5,640
2013-7-22 sunny 0.0 5,302
WWTP 1 2013-10-16 rainy 59 6,516
2013-10-23 rainy 1.9 5,339
2013-10-24 cloudy 0.01 5,247
Autumn
2013-10-25 sunny 0.0 4,976
2013-10-29 cloudy 0.0 5,315
2013-10-30 cloudy 0.0 5,207
2013-11-5 rainy 1.9 5,250
. 2013-11-6 rainy 6.3 5,433
Winter
2013-11-7 cloudy 0.0 5,247
2013-11-8 cloudy 0.0 5,006
2014-5-2 rainy 1.3 180,300
2014-5-6 cloudy 0.0 129,500
Spring 2014-5-7 rainy 11.8 180,500
2014-5-8 rainy 0.3 129,500
2014-5-9 rainy 3.9 160,500
2013-7-17 sunny 0.0 180,100
2013-7-18 sunny 0.0 168,500
Summer i
2013-7-22 rainstorm 7.3 258,300
2013-7-23 sunny 0.0 179,500
2013-10-21 cloudy 0.6 141,600
WWIP2  Autumn 2013-10-26 cl?udy 0.1 147,000
2013-10-27 rainy 0.7 155,300
2013-10-28 cloudy 0.0 148,000
2013-12-3 cloudy 0.0 136,000
2013-12-4 cloudy 0.0 152,300
2013-12-5 cloudy 0.02 151,400
2013-12-10 cloudy 0.0 126,500
Winter 2013-12-11 cloudy 0.0 144,600
2013-12-12 cloudy 0.0 144,000
2013-12-17 cloudy 0.0 139,200
2013-12-18 cloudy 0.0 131,000
2013-12-19 cloudy 0.0 140,100

S9



Table S2. Basic characteristics of water samples from the River Isar. Total length of the river is 295 km

Sampling  pH TOC EC
site (mg/L) (mS/cm)
1 8.2 n.d. n.d.
2 8.4 n.d. n.d.
3 8.4 n.d. n.d.
Upstream
4 8.2 n.d. n.d.
5 8.2 n.d. n.d.
7 8.4 n.d. n.d.
8 8.4 2.13 0.45
9 8.0 n.d. 0.49
12 8.6 n.d. 0.49
13 8.2 n.d. 0.50
Midstream
16 8.2 0.96 0.58
17 8.3 0.85 0.57
21 8.3 n.d. 0.58
23 8.2 n.d. 0.52
27 8.2 n.d. 0.54
28 7.6 n.d. 0.61
Downstream
29 8.0 n.d. 0.54
32 8.1 n.d. 0.54
33 8.2 n.d. 0.55
34 8.4 n.d. 0.31
35 8.3 n.d. 0.34
36 8.4 n.d. 0.36
39 7.8 n.d. 0.62
Channel
40 8.3 n.d. 0.53
41 7.8 n.d. 0.46
42 8.1 n.d. 0.49
43 7.9 n.d. 0.51

n.d.: not detected
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Table S3. Location of sampling sites

Number Latitude Longitude
1 47.38916 11.264634
2 47.43856 11.268847
3 47.50343 11.286528
4 47.65107 11.571643
5 47.7604 11.557014
6 479120 11.419208
7 48.04057 11.516108
8 48.16791 11.615542
9 48.24129 11.673736
10 48.28426 11.692419
11 48.29526 11.698813
12 48.34322 11.712873
13 48.39745 11.751185
14 48.40357 11.762644
15 48.40234 11.786462
16 48.41788 11.864825

River Isar 17 48.46112 11.946815
18 48.46167 11.866348
19 48.46754 11.911023
20 48.47592 11.920593
21 48.49849 11.953037
22 48.49596 11.993609
23 48.52051 12.110597
24 48.53622 12.148319
25 48.58510 12.228561
26 48.59412 12.252687
27 48.62035 12.35843
28 48.65186 12.594808
29 48.67491 12.678691
30 48.67619 12.69457
31 48.68025 12.719418
32 48.77070 12.882153
33 48.80385 12.975408
34 48.20345 11.667402
35 48.20927 11.705356
36 48.22091 11.797495
37 48.27871 11.860345

Channel Isar 38 48.29265 11.859776
39 48.35386 11.88368
40 48.38591 11.921017
41 48.42460 11.983587
42 48.45125 11.984617
43 48.49028 11.985089
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Table S4. Flow rates of River Isar at different sampling sites

Flow rates Mean flow rates over the year
Sampling site
(m3 sec™) (m3 sec™)
7 45 63.8
14 27 24.5
22 62 no data
24 138 162
30 140 168
32 150 174
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Table S5. Basic characteristics of water samples from the pre-alpine lakes

Sampling site TOC pH EC
(mg/L) (mS/cm)
1 0.62 8.2 0.48
2 5.51 83 0.39
3 1.89 8.2 0.31
4 5.00 83 0.36
5 0.53 7.8 0.37
6 1.44 7.8 0.40
8 2.50 83 0.31
9 n.d. 8.2 0.32
10 3.34 83 0.40

n.d.: not detected
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Abstract Coacervate-based techniques are intensively used
in environmental analytical chemistry to enrich and extract
different kinds of analytes. Most methods focus on the total
content or the speciation of inorganic and organic substances.
Size fractionation is less commonly addressed. Within
coacervate-based techniques, cloud point extraction (CPE) is
characterized by a phase separation of non-ionic surfactants
dispersed in an aqueous solution when the respective cloud
point temperature is exceeded. In this context, the feature ar-
ticle raises the following question: May CPE in future studies
serve as a key tool (i) to enrich and extract nanoparticles (NPs)
from complex environmental matrices prior to analyses and
(ii) to preserve the colloidal status of unstable environmental
samples? With respect to engineered NPs, a significant gap
between environmental concentrations and size- and element-
specific analytical capabilities is still visible. CPE may support
efforts to overcome this “concentration gap” via the analyte
enrichment. In addition, most environmental colloidal systems
are known to be unstable, dynamic, and sensitive to changes
of the environmental conditions during sampling and sample
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preparation. This delivers a so far unsolved “sample prepara-
tion dilemma” in the analytical process. The authors are of the
opinion that CPE-based methods have the potential to pre-
serve the colloidal status of these instable samples. Focusing
on NPs, this feature article aims to support the discussion on
the creation of a convention called the “CPE extractable frac-
tion” by connecting current knowledge on CPE mecha-
nisms and on available applications, via the uncertainties
visible and modeling approaches available, with potential
future benefits from CPE protocols.

Keywords Nanoparticles - Cloud point extraction - Colloids -
Coacervate-based techniques - Enrichment - Sample
preservation

Introduction

Coacervate-based techniques are intensively used in envi-
ronmental analytical chemistry to enrich and extract dif-
ferent kinds of analytes. Most methods, also presented in
several reviews (e.g., [1]), focus on the total content or
the speciation of inorganic and organic substances. Size
fractionation is less commonly addressed. Within
coacervate-based techniques, the cloud point extraction
(CPE) is characterized by a phase separation of non-
ionic surfactants dispersed in an aqueous solution when
the respective cloud point temperature (7,) is exceeded. In
the 1970s, Watanabe and co-workers presented a first se-
ries of studies describing methods capable to enrich
metals from different matrices (e.g., [2]), and in 2009
Liu and co-workers published the first articles focusing
on the extraction and pre-concentration of engineered
nanomaterials by CPE [3].
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In this context, this feature article raises the question:
May CPE in future studies serve as a key tool to (i) enrich
and extract nanoparticles (NPs) from complex environ-
mental matrices prior to analyses and to (ii) preserve the
colloidal status of unstable environmental samples? With
respect to engineered NPs, a significant gap between envi-
ronmental concentrations (ng/L) and size- and element-
specific analytical capabilities is still visible (ng/L or mg/
L) [4]. CPE may support efforts to overcome this “concen-
tration gap.” Most colloidal environmental systems known
(e.g., waste water, sediment pore water, or surface water)
are unstable, dynamic, and prone to changes of the envi-
ronmental conditions during sampling and sample prepa-
ration (e.g., impacted by the oxygen concentration). Even
if samples are transported to the laboratory and analyzed as
fast as possible, it remains questionable if the state “zero”
(representing the in situ) status can be captured. This “sam-
ple preparation dilemma” in environmental nanometrology
is often, in the absence of an adequate convention, ignored.
An example for the impact of such a sample preparation
convention is the operationally defined 0.45-pum filtration
cut-off for the “dissolved fraction” in combination with an
acidification of the samples to preserve the total metal con-
tent. When this convention was defined in the 1930s (with
a focus on bacteria and the membranes available), it was
already known that the term “dissolved” is wrong, since
the cut-off allows colloids to pass the membrane.
Nevertheless, creating this convention enabled the compa-
rability of data worldwide. The authors are of the opinion
that an operationally defined convention for size fraction-
ation is also needed for NPs/colloids in unstable environ-
mental or ecotoxicity test matrices. Such a convention
could be supported by CPE-based methods. Focusing on
NPs, this feature article sparks the discussion on the crea-
tion of a convention called the “CPE extractable fraction”
by connecting (i) current knowledge on CPE mechanisms
and on available applications, via (ii) the uncertainties vis-
ible and modeling approaches, with (iii) potential future
benefits from CPE protocols.

Fig. 1 Schematic representation
of the surfactant-mediated phase
separation process
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Referring to Nazar et al. 2011, the aqueous solutions of non-
ionic surfactant micelles exhibit thermoreversible phase sepa-
ration phenomena on heating/cooling through a 7,. As ex-
plained by the authors, 7, can be considered to be the upper
stability temperature for the diluted dispersed micellar phase.
By approaching T from lower temperatures, intermicellar in-
teractions increase and clouding becomes visible. The previ-
ously transparent micellar dispersions scatters now light effi-
ciently. As explained by the authors, above 7. micelle attrac-
tions dominate, and this generates a macroscopic separation in
the diluted and the concentrated surfactant phases [5].
Furthermore, the authors describe that the phase behavior of
certain non-ionic surfactants in aqueous solutions can readily
yield a surfactant-rich phase with a reduced volumes above T
and that from an economic and environmental point of view,
the process is simple, cheap, highly efficient, and less envi-
ronmentally hazardous compared to approaches containing
organic solvents [5].

Several authors proposed mechanisms based on the phase
separation phenomenon. It was suggested that above the 7, a
temperature-induced dehydration process occurs in the exter-
nal layer of the micelles of the non-ionic surfactants. This is
due to a decrease in the dielectric constant of water with an
increase in temperature that reduces the interaction between
the hydrophilic portion of surfactant and water [6]. By break-
ing hydrogen bonds between water molecules and hydrophilic
chains of the surfactant with rising temperature, surfactant
micelles become more hydrophobic and phase separation
starts (Fig. 1).

Mechanisms
As previously published in several studies, it is proposed that

for non-ionic surfactants the core is surrounded by a mantle of
aqueous hydrophilic chains, and solubilization may occur in
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Clouding
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both (core and mantle), e.g., [7, 8]. As detailed by Purkait et al.
2004: The relative amount of solubilization in these two re-
gions of non-ionic micelles depends on the ionic character of
the solubilizate, and the non-ionic surfactants appear relatively
to be more hydrophobic at higher temperatures due to an equi-
librium shift that favors dehydration of the ether-groups. As T;
is approached, the solubilization of non-polar solubilizates in-
creases. For polar solubilizates, solubilization decreases caused
by dehydration of the nonpolar chains accompanied by in-
creased coiling. In contrast, it is described by the authors that
nonpolar compounds are solubilized in the core of micelles,
while polar solubilizates are located on the mantle. The authors
state that both of the mentioned temperature effects are also
consistent with considerations on variations of the space avail-
able for the solubilized molecules in the micelles [8].

CPE and fractionation

Applications and uncertainties in enrichment and sample
preservation

As mentioned before, Liu et al. were the first to apply CPE to
concentrate and separate a variety of nanomaterials, like
CdSe/ZnS quantum dots, Fe30,4, TiO,, Ag and Au NPs, Cg
fullerenes, and single-walled carbon nanotubes in aqueous
samples [3]. Based on these early findings, CPE methods were
worldwide designed to enrich and detect metal-containing
NPs in complex matrices. Due to the variety of materials (in-
cluding also core-shell particles), matrices, and CPE-proto-
cols, a thorough validation for each specific application is
inevitable to implement adequate procedures and to identify
preparation steps and factors that influence and (potentially)
bias the results. To support a better understanding on the cur-
rent scientific status, in this section, a brief selection of
methods, sorted by the target analyte and focusing on metal-
containing NPs, is presented.

In different publications, Hartmann et al. optimized the
CPE procedure for an enrichment of AuNPs and different
AgNPs (including several particle coatings) from aqueous
samples in the presence of the respective dissolved fractions
[9, 10]. Using Triton X-114 as surfactant, an enrichment factor
of 80 from an initial 40-mL sample volume was achieved.
Besides different coatings and NP concentrations, the influ-
ence of matrix constituents on the extraction was examined. It
was shown that the CPE protocols were capable to address
different concentrations and a variety of coatings also in the
presence of high contents of inorganic salts, colloids, or or-
ganic matter. Moreover, the particle size distribution deter-
mined using transmission electron microscopy (TEM) was
constant for several hours. However, the results also showed
that the extraction efficiency can be dependent on the particle
size (e.g., 101 % for 2 nm and 52 % for 150 nm AuNPs) as

well as that the coating (e.g., bovine serum albumin) possibly
lowers the extraction efficiency. To increase traceability, an
exemplary protocol to enrich Ag NPs developed by
Hartmann et al. [10] is presented: 40 mL of a Ag NPs con-
taining aqueous sample was mixed with 1.0 mL of saturated
ethylenediaminetetraacetic acid disodium salt solution,
400 puL of 1 M sodium acetate, 100 uL of 1.25 M acetic acid,
and 1 mL of 10 % (w/w) Triton X-114. The mixture was
incubated at 40 °C for 30 min and centrifuged for 12 min at
4427 g to enhance phase separation. Afterwards, the samples
were cooled in an ice bath for 5 min to increase phase sepa-
ration. The aqueous supernatant was removed by decanting.
The remaining surfactant-rich phase containing the enriched
Ag NPs was dissolved in 100 pL ethanol and subjected to
electrothermal atomic absorption spectrometry (ET-AAS)
measurement.

Comparably, CPE procedures were established for CuO
NPs and ZnO with enrichment factors of 100 and 220 and
extraction efficiencies of almost 90 and 64—123 %, respective-
ly [11, 12]. In the case of ZnO NPs, TEM and UV/Vis mea-
surements revealed that particle size and shape were stable
over 2 months of storage. By investigating the potential im-
pact of several parameters (e.g., of natural organic matter
(NOM)) on the extraction efficiency of CuO NPs, Majedi
et al. demonstrated that an interfering effect of adsorbed
NOM can be lowered by adding H,O, [13]. To simultaneous-
ly address Ag, Au, and FesO4 NPs in a single CPE protocol,
Tsogas et al. applied a sequential back-extraction and dissolu-
tion method of the extracted NPs with recoveries between 74
and 114 % [14]. The method was adapted to complex envi-
ronmental matrices considering the challenges of co-extracted
dissolved species.

Although some of the studies mentioned above ad-
dressed the effect of particle size on the extraction efficien-
cy during CPE, it is of utmost importance to increase our
understanding on size-resolved extraction efficiencies in
order to define precisely the upper and lower particle size
cut-off and to properly describe the “CPE extractable size
fraction.” So far, the storing capabilities of some CPE pro-
tocols are very promising (e.g., [12]). However, to increase
the reliability, further investigations concerning size pres-
ervation capabilities of CPE for mid- and long-term storing
purposes have to be undertaken for other engineered NPs
and colloids. To gain a better understanding on the natural
occurring processes, the relevant environmental concentra-
tion levels for engineered NPs (ng/L range) together with a
high colloidal and particle background (mg/L range)
should be addressed in the future.

Detectors and combination with size-specific methods

Together with the colloids and particles, various other
substances (e.g., NOM) are known to be present in the
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extracted phase [15]. Hence, like for almost any other
method, the use of selective and sensitive determination
techniques is essential for quantitative and qualitative NP
analysis due to a limited species selectivity of CPE. ET-
AAS is a quantitative, sensitive, and robust element-
specific direct detection method for metal-containing
NPs. The ET-AAS provides a good matrix tolerance by
gradual temperature programs and an effective back-
ground correction option. Plasma-based mass spectrome-
ter systems provide a sensitive multi detection opportunity
in combination with CPE. However, in contrast to ET-
AAS, the samples have to be diluted or digested prior to
analyses, unless an ET oven is coupled to the spectrome-
ter [16]. Even though size determination of NPs in envi-
ronmental relevant concentrations (sub-ng/L up to pg/L)
is still challenging, several options are available as a size-
specific method after enriching the NPs by CPE:
Microscopy-based methods, like TEM, are common tools
to determine the size distributions of (nano)particles [9].
Advantages of the methods are the high resolution and a
direct data evaluation. Drawbacks are limitations with re-
spect to the particle concentration and the time required
for data processing. CPEs enriching capabilities, prior to
microscopy-based analyses, have the potential to improve
the data reliability and the overall costs.

Size-specific separation techniques in combination
with CPE and inductively coupled plasma-mass spec-
trometry (ICP-MS) are also promising tools. An advan-
tage of the combination with CPE is, to a certain extent,
a consistent matrix influence on the analysis. Examples
for separation techniques are field-flow fractionation sys-
tems (e.g., asymmetric flow field-flow fractionation).
However, in this context, the previously mentioned
“concentration gap” between environmental concentra-
tion and laboratory methods becomes visible, and the
CPE extraction and enrichment capabilities display also
in this case a potential solution to overcome this gap.
The single particle mode of ICP-MS (spICP-MS) ap-
pears to be another option to combine a high selectivity
and good sensitivities with satisfying analyses times. Via
species separation and fractionation, CPE can help to
lower or even eliminate the background signal from dis-
solved species. Multi-element analysis is not sufficiently
supported by currently available spICP-MS systems.
New developments on time of flight analyzers in com-
bination with spICP-MS allow simultaneous size deter-
mination of various elements and isotopes [17], and
again future fractionation and NP enrichment multi-
element methods may benefit from CPE.

Taken together, CPE can serve as a powerful enrichment
and preservation tool for (engineered) NPs in complex en-
vironmental matrices in combination with different
element- and size-specific detectors.

@ Springer

Applications and uncertainties in colloidal/dissolved
species separation

As mentioned before, usually CPE protocols are designed to
extract and pre-concentrate ionic species, organic substances,
or NPs in the surfactant-rich phase. The aqueous phase is
usually removed and (if at all) only analyzed to validate the
CPE procedure. However, to examine the environmental fate
and toxicity of engineered NPs, the information on dissolved
fractions should also be taken into account. In some cases, the
latter is simply calculated as the difference between the par-
ticulate and the total concentration. To the best of the authors’
knowledge, only one publication analyzes the aqueous phase
to determine the dissolved fraction obtained by application of
the CPE [18]. Therefore, additional efforts and method devel-
opment are needed to further optimize and validate CPE frac-
tionation approaches for determining mass balances.
Regarding natural colloids, no optimized CPE protocol is
available, yet. Natural organic colloids (e.g., humic sub-
stances) are so far addressed solely with regard to their influ-
ence on the extraction efficiency of engineered NPs [13].

Modeling

Due to their complex phase behavior, colloidal systems are dif-
ficult to model. Therefore, most of the models were based on
correlations only. In quantitative structure—property relationship
(QSPR) models, the target property is correlated with the com-
pounds’ properties and structures, where a training data set is
needed to determine the parameters. As a result, the applicability
is often limited to molecules similar to those in the training set.
Furthermore, no information on the underlying atomistic phe-
nomena is provided. Nevertheless, QSPR models for surfactants
have been introduced for example for critical micelle concentra-
tions, cloud point temperatures, surface tensions, biodegradation
potentials, etc. [19]. For CPE, the T; is a key property that is a
priori unpredictable by any thermodynamic model yet. Even the
molecular structures at the cloud point and in the micellar phase
are not finally resolved. There is some controversy whether the
structure is composed of giant micelles or of small aggregated
micelles. However, this discrepancy may have been solved, as
branched micelles were found near the cloud point [20]. If co-
acervate systems are used for the enrichment of compounds, the
partition behavior of these compounds between the aggregates
(e.g., micelles) and the aqueous phase are another key property.
Often, octanol/water partition coefficients are used to approxi-
mate partition coefficients in micellar systems. To predict parti-
tion behavior in such anisotropic systems, an extension of the
thermodynamic model COSMO-RS, named COSMOmic, was
introduced [21] and successfully applied to predict micelle/water
partition coefficients [22]. Unfortunately, this model cannot take
into account structural changes of micelles due to the insertion of
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solutes and, hence, cannot be applied to NPs that alter the mi-
crostructures in the micellar phase. Due to the size of NPs, it is
important to understand their interactions with surfactants and
the microstructures formed with respect to these interactions. To
predict suspension microstructures and phase behavior of
micelle-NP systems, a statistical mechanical model was intro-
duced that was found to be in agreement with experimental
results of dilute suspensions and could be used to analyze col-
loidal interactions of polymer-like micelles [23]. Another option
to investigate molecular structures is the application of molecular
dynamics (MD) simulations. For example, with the aid of these
simulations, aqueous systems containing cationic surfactants
were recently studied. It was shown that the surfactants form a
bilayer around NPs with negatively charged surfaces and mono-
layers around hydrophobic NPs [24].

In the future, it will be particularly important to understand
the microstructures formed in coacervate systems. The T, as
one of the key properties, can probably only be modeled on a
physically sound basis, if the structures at the cloud point and in
the colloidal phase are known. Furthermore, the microstructures
formed between NPs and surfactants are of high interest. As
these particles can have different morphologies, sizes, and coat-
ings, a diverse variety of structures, especially after surface
transformations in complex (environmental) matrices, are given.
In addition, the large varieties of surfactants and surfactant-like
natural compounds have different influences. Moreover, com-
plex mixtures will influence the microstructures and therefore 7,
and extraction efficiencies. To obtain a better understanding of
these structures, MD simulations and experimental techniques
should be used. As in other fields, a combination of both could
help to overcome the limitations of a single method. MD sim-
ulations can give a detailed atomistic picture at the cost of com-
putationally demanding simulations. Especially, NP systems
can be demanding due to the large size (compared to molecules)
of the particles. Although atomistic detail is preferable, the sim-
ulations could be speed-up by using coarse-grained models at
the expense of losing atomistic details. Once the microstructures
are understood, general conclusions may be drawn about the
formation of these structures and the influencing factors. With
this knowledge, it is then probably possible to introduce a ther-
modynamic model to predict 7; and partition behavior of NPs.

Future perspective: by convention—the CPE
extractable fraction

Besides its usefulness to recover and re-use high-value
engineered NPs or to remove NPs from industrial waste water,
a large number of different CPE protocols applied to numerous
scientific questions of different working areas (e.g., the extrac-
tion and/or pre-concentration of metal ions, NPs, or organic sub-
stances or the speciation of metals and metalloids [1]) make CPE
today a powerful tool in environmental analytical chemistry.

Against this background, it is remarkable that the chance to
combine state of the art multi-element analyses by means of
ICP-MS with CPE is still fairly unexploited. As detailed in the
mechanisms and the modeling sections, a lack of understanding
of basic mechanisms of the fractionation process is still apparent.
It should be further clarified, which compounds, in dependence
of the protocol applied, are exactly included in the two phases.
This is a challenge with respect to the experimental as well as the
analytical settings, but is urgently needed to better understand
and characterize the size fractionation principles. Prospectively,
the development of more universal, but still easily
implementable, routine-suitable procedures is desirable to in-
crease the efficiency, reproducibility, and comparability of CPE
applications. Automatization of the preparative steps and an on-
line coupling to the detectors might become a solution. If future
studies can address the mentioned uncertainties, CPE may be-
come a key enrichment and, even more important, preservation
method in environmental nanometrology and colloid sciences.
To foster the potential of cost-efficient and simple CPE methods,
(1) a better understanding on the basic CPE mechanisms, (ii) an
open access data base with varying CPE protocols in complex
matrices, and, finally, (iii) models on the micelle formation in
complex systems are needed to create a convention on the “CPE
extractable fraction.” Even if the previous points appear chal-
lenging, the earning would be not less than an international com-
mon basis for coordinated environmental monitoring efforts on
NPs and colloids. As a surplus, via a common convention to fix
the status of dynamic colloidal systems, a higher reliability in
environmental nanometrology can be achieved for spectroscopy,
mass spectrometry, or microscopy-based analyses.

Acknowledgments This feature article is based upon work from the
COST Action ES1205, supported by COST (European Cooperation in
Science and Technology).

Compliance with ethical standards

Contflict of interest
interest.

The authors declare that they have no conflict of

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

1. Melnyk A, Namiesnik J, Wolska L. Theory and recent applications
of coacervate-based extraction techniques. TrAC, Trends Anal
Chem. 2015;71:282-92.

@ Springer



7556

L. Duester et al.

10.

11.

12.

13.

14.

15.

16.

17.

Watanabe H, Tanaka H. A non-ionic surfactant as a New solvent for
liquid-liquid extraction of zinc(li) With1-(2-pyridylazo)-2-naph-
thol. Talanta. 1978;25:585-9.

Liu J, Chao J, Liu R, Tan Z, Yin Y, Wu Y, et al. Cloud point
extraction as an advantageous preconcentration approach for anal-
ysis of trace silver nanoparticles in environmental waters. Anal
Chem. 2009;81(15):6496-502.

Duester L, Burkhardt M, Gutleb AC, Kaegi R, Macken A,
Meermann B, et al. Toward a comprehensive and realistic risk
evaluation of engineered nanomaterials in the urban water system.
Front Chem. 2014;2:39.

Nazar MF, Shah SS, Eastoe J, Khan AM, Shah A. Separation
and recycling of nanoparticles using cloud point extraction with
non-ionic surfactant mixtures. J Colloid Interface Sci.
2011;363(2):490-6.

Nilsson PG, Wennerstroem H, Lindman B. Structure of micellar
solutions of nonionic surfactants. Nuclear magnetic resonance
self-diffusion and proton relaxation studies of poly(ethylene oxide)
alkyl ethers. J Phys Chem. 1983;87(8):1377-85.

Hiemenz PC, Rajagopalan R. Principles of colloid and surface
chemistry. 3rd ed. New York: CRC Press; 1997.

Purkait MK, Vijay SS, DasGupta S, De S. Separation of Congo Red
by surfactant mediated cloud point extraction. Dyes Pigments.
2004;63(2):151-9.

Hartmann G, Schuster M. Species selective preconcentration and
quantification of gold nanoparticles using cloud point extraction
and electrothermal atomic absorption spectrometry. Anal Chim
Acta. 2013;761:27-33.

Li L, Hartmann G, Déblinger M, Schuster M. Quantification of
nanoscale silver particles removal and release from municipal
wastewater treatment plants in Germany. Environ Sci Technol.
2013:47(13):7317-23.

Liu JF, Sun J, Jiang GB. Use of cloud point extraction for removal
of nanosized copper oxide from wastewater. Chin Sci Bull.
2010;55(4-5):346-9.

Majedi SM, Lee HK, Kelly BC. Chemometric analytical approach
for the cloud point extraction and inductively coupled plasma mass
spectrometric determination of zinc oxide nanoparticles in water
samples. Anal Chem. 2012;84(15):6546-52.

Majedi SM, Kelly BC, Lee HK. Evaluation of a cloud point extrac-
tion approach for the preconcentration and quantification of trace
CuO nanoparticles in environmental waters. Anal Chim Acta.
2014;814:39-48.

Tsogas GZ, Giokas DL, Vlessidis AG. Ultratrace determination
of silver, gold, and iron oxide nanoparticles by micelle mediat-
ed preconcentration/selective back-extraction coupled with
flow injection Chemiluminescence detection. Anal Chem.
2014:86(7):3484-92.

Hartmann G, Baumgartner T, Schuster M. Influence of particle
coating and matrix constituents on the cloud point extraction
efficiency of silver nanoparticles (Ag-NPs) and application for
monitoring the formation of Ag-NPs from Ag*. Anal Chem.
2014;86(1):790-6.

Duester L, Rakcheev D, Bayer JV, Abraham PM, Dabrunz A,
Schulz R, et al. A robust, particle size independent, method for
quantifying metal(Loid Oxide) nanoparticles and their agglomer-
ates in complex environmental matrices by electrothermal
vaporisation coupled to ICP-MS. J Anal At Spectrom.
doi:10.1039/C0OJA00149].

Borovinskaya O, Hattendorf B, Tanner M, Gschwind S, Guenther
D. A prototype of a new inductively coupled plasma time-of-flight

@ Springer

18.

19.

20.

21.

22.

23.

24.

mass spectrometer providing temporally resolved, multi-element
detection of short signals generated by single particles and droplets.
J Anal At Spectrom. 2013;28(2):226-33.

Fabricius A-L, Duester L, Meermann B, Ternes TA. ICP-MS-
based characterization of inorganic nanoparticles-sample prep-
aration and off- line fractionation strategies. Anal Bioanal
Chem. 2014;406(2):467-79.

HuJ, Zhang X, Wang Z. A review on progress in QSPR studies for
surfactants. Int J Mol Sci. 2010;11(3):1020-47.

Dong R, Hao J. Complex fluids of poly(oxyethylene) monoalkyl
ether nonionic surfactants. Chem Rev. 2010;110(9):4978-5022.
Klamt A, Huniar U, Spycher S, Keldenich J. Cosmomic: a mecha-
nistic approach to the calculation of membrane-water partition co-
efficients and internal distributions within membranes and micelles.
J Phys Chem B. 2008;112(38):12148-57.

Ritter E, Yordanova D, Gerlach T, Smirnova I, Jakobtorweihen S.
Molecular dynamics simulations of various micelles to predict mi-
celle water partition equilibria with cosmomic: influence of micelle
size and structure. Fluid Phase Equilib. 2016;422:43-55.
Helgeson ME, Wagner NJ. Colloidal interactions mediated by
end-adsorbing polymer-like micelles. J Chem Phys.
2011;135(8):084901.

Sarnbasivam A, Sangwai AV, Sureshkumar R. Self-assembly of
nanoparticle-surfactant complexes with rodlike micelles: a molec-
ular dynamics study. Langmuir. 2016;32(5):1214-9.

Lars Duester is an environmental
scientist and obtained his PhD in
environmental analytical chemis-
try at the University of Duisburg-
Essen, Germany. In 2010, he
joined the Department for
Aquatic Chemistry at the Federal
Institute of Hydrology. His cur-
rent research interests are the fate
of metal(loid)s in surface waters,
soils, and sediments.

Anne-Lena Fabricius is a PhD
student at the Department of
Aquatic Chemistry of the Federal
Institute of Hydrology. After her
master degree in biology, within
her PhD thesis, she focuses on
methodological questions
concerning the analyses (includ-
ing size fractionation) of nanopar-
ticle suspensions as well as on the
fate metal(loid) containing natural
colloids at sediment water inter-
faces.


http://dx.doi.org/10.1039/C0JA00149J

Cloud point-based methods bridge gaps in aquatic nanometrology?

7557

Sven Jakobtorweihen is a group
leader for molecular methods at
the Institute of Thermal
Separation Processes, Hamburg
University of Technology. His re-
search focuses on the application
of molecular simulations in engi-
neering and life sciences with the
aim of a better atomistic under-
standing to enable molecular de-
sign. His studies encompass sys-
tems such as biological mem-
branes, micellar systems,
nanoporous materials, and com-
plex formation. He also works

on new algorithms, computer code, and force field parameters for molec-
ular dynamics and Monte Carlo simulations.

pass the fate of nanomaterials in water,

Allan Philippe has completed his
PhD in 2015 at the Institute of
Environmental Chemistry at
Koblenz-Landau University on
the interactions of natural organic
matters and engineered nanoparti-
cles and on the development of
HDC-ICP-MS for environmental
samples. He is currently working
at the University Koblenz-Landau
on the further development of ana-
Iytical techniques and methods de-
velopment for characterizing col-
loids in environmental matrices.
His research interests also encom-
sediment, and soil compartments.

Florian Weigl achieved his mas-
ter’s degree in chemistry at
Technical University of Munich
(TUM) in 2015. In the same year,
he started his PhD at the working
group for analytical chemistry on
the development of enrichment
and characterization techniques
for nanoparticles in environmen-
tal samples. His main focus is
the coupling of those procedures
to ICP-MS and other detection
techniques.

Andreas Wimmer received his
master’s degree in chemistry at
Technical University of Munich
in 2015. His master’s thesis dealt
with the size selective determina-
tion of silver nanoparticles in river
water or sewage sludge.
Currently, he is doing his PhD
program at the working group
for analytical chemistry at
Technical University of Munich
examining the combination of
separation and enrichment proce-
dures for nanoparticles in envi-
ronmental samples with several

analytical techniques, e.g., sp-ICP-MS.

Michael Schuster is Professor
and Head of the Working Group
Analytical Chemistry at the
Technical University of Munich,
Germany. His research interests
are within trace and ultra-trace
analysis of elements and element
species in complex matrices.

Muhammad Faizan Nazar is
specialized in colloids and surfac-
tants. He obtained his Ph.D. in
physical chemistry from Quaid-i-
Azam University Islamabad,
Pakistan, in 2011. He is currently
working as Assistant Professor at
the University of Gujrat, Pakistan.
His research interests include col-
loidal self-assembly fluids and
their applications in pharmaceuti-
cals and nanoparticles technology.

@ Springer



Bibliographische Angaben, Abdruck der Publikationen 127

8.3 PUBLIKATION 3

Separating Dissolved Silver from Nanoparticulate Silver is the Key: Improved Cloud-Point-
Extraction Hyphenated to Single Particle ICP-MS for Comprehensive Analysis of Silver-

Based Nanoparticles in Real Environmental Samples Down to Single-Digit nm Particle Sizes

Andreas Wimmer, Alexander Urstoeger, Tobias Hinke, Margit Aust, Philipp J. Altmann, and

Michael Schuster

sp-ICP-MS measurement particle size distribution

E E

107Ag

A
’WV '\/\N »
Ag*

107Ag

counts/second

time particle diameter

Abdruck des Artikels mit allgemeiner Genehmigung (siehe Kapitel 7.3) aus Analytica Chimica

Acta 2021, 1150, 23819.


https://link.springer.com/journal/216
https://link.springer.com/journal/216

Analytica Chimica Acta 1150 (2021) 238198

Contents lists available at ScienceDirect

Analytica Chimica Acta

journal homepage: www.elsevier.com/locate/aca

Separating dissolved silver from nanoparticulate silver is the key:
Improved cloud-point-extraction hyphenated to single particle ICP-
MS for comprehensive analysis of silver-based nanoparticles in real
environmental samples down to single-digit nm particle sizes

Check for
updates

Andreas Wimmer * !, Alexander Urstoeger * !, Tobias Hinke °, Margit Aust ?,
Philipp J. Altmann °, Michael Schuster *”

2 Division of Analytical Chemistry, Department of Chemistry, Technical University of Munich, Garching, 85748, Germany
b Catalysis Research Center, Technical University of Munich, Garching, 85748, Germany

GRAPHICAL ABSTRACT

sp-ICP-MS measurement particle size distribution

107pg

§\\\\\\
>§
&

" counts/second

‘ frequency ‘

time

particle diameter

ARTICLE INFO

Article history:

Received 15 October 2020
Received in revised form

21 December 2020

Accepted 2 January 2021
Available online 5 January 2021

Keywords:

Silver based nanoparticles
Cloud point extraction
Single particle ICP-MS

Size detection limit

Real environmental samples

ABSTRACT

Investigating silver-based nanoparticles (Ag-b-NPs) in environmental samples is challenging with cur-
rent analytical techniques, owing to their low concentrations (ng L) in the presence of high quantities
of dissolved Ag(I) species. sp-ICP-MS is a promising technique able to simultaneously determine the
concentration and particle sizes of Ag-b-NPs even at concentrations of several ng L™!. However, sp-ICP-
MS suffers from the coexistence of dissolved analyte species causing high background signals. These
background signals cover particle signals and therefore limit the size detection limit (SDL) in sp-ICP-MS.
Ag-b-NPs in environmental samples exhibit diameters of < 20 nm, whereas the current sp-ICP-MS ap-
proaches barely reach an SDL as low as 20 nm. Using a surfactant-mediated sample pre-treatment
(improved cloud point extraction, iCPE), we were able to separate Ag-b-NPs in aqueous samples from
dissolved Ag(I) species and enrich the NPs in the extract. By hyphenating iCPE to sp-ICP-MS, we were
able to reach SDL values as low as 4.5 nm, thus paving the way for the successful monitoring of Ag-b-NPs
in the environment.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Silver-based nanoparticles (Ag-b-NPs) are being widely applied
due to their antimicrobial properties, such as in consumer products,
fabrics, and surgery products [1-9]. However, concerns are being
raised about the threats NPs might present to the environment.
During usage of such products or their disposal, Ag-b-NPs may be
released into (waste)water streams, pass wastewater treatment
plants [10,11], and finally reach natural water bodies [12,13].
Moreover, it has recently been shown that Ag-b-NPs even occur for
natural reasons to a very slight extent in lakes due to a reduction of
dissolved Ag(I) species [14].

Despite benefits of Ag-b-NPs, emerging technologies should
always go hand-in-hand with a balanced risk assessment. In gen-
eral, the risk of Ag-b-NPs in the environment is derived from three
main features: the elemental composition, the concentration and
the size distribution. Since Ag™ deriving from Ag-b-NPs is assumed
to be the relevant toxic agent in the environment, Ag species having
a lower solubility, such as Ag,S, exhibit a limited environmental
impact [15]. Furthermore, smaller particles have a higher intrinsic
surface and therefore exhibit an enhanced release of Ag™ eventually
increasing the NPs’ environmental impact [16].

Literature reports toxicity of Ag-b-NPs and Ag(I) to human and
environmental health in the pg L~! range and above [1]. To the best
of the authors knowledge, no toxic effects of ng L~! traces of Ag-b-
NPs and Ag(I) have been reported so far. However, Ag-b-NP and
Ag(I) traces are prone to accumulation in the environment and may
eventually represent a potential threat to human and environ-
mental health.

Therefore, establishing an analytical approach that is able to
simultaneously determine the concentration and size distribution
of Ag-b-NPs is regarded essential. Electron microscopy, for instance,
enables the determination of particle size distributions. However,
such measurements are time-consuming and require extensive
sample pretreatment and instrumental effort, resulting in distri-
butions based on only several hundred NPs. In contrast, single
particle inductively coupled plasma mass spectrometry (sp-ICP-
MS) allows for a fast and simultaneous determination of concen-
tration and particle size distribution. This approach leads to results
within minutes, with distributions being based on large numbers of
particles. Consequently, size distributions measured by sp-ICP-MS
are much more reliable and practicable than those acquired by
electron microscopy.

In sp-ICP-MS, the analyte mass is recorded in a time-resolved
manner. Instrument noise and dissolved ionic analyte species
lead to a continuous signal in the mass spectra representing a
background signal. As to the particulate analytes, they are atomized
to an ion cloud in the plasma, whereas ions derived from one single
particle reach the detector of the mass spectrometer more or less
simultaneously. Since sp-ICP-MS detectors record signal intensity
consecutively and with very short detection times (the so-called
dwell time), NP atomization events in the plasma are recorded as
time-resolved transient peaks. Once separated from the back-
ground signal, these peaks are eventually converted into particle
size distributions and mass concentration of the nanoparticulate
analyte [17,18].

However, sp-ICP-MS suffers from some limitations — especially
regarding environmental samples. The size detection limit (SDL) in
sp-ICP-MS represents the minimum particle size detectable at a
reasonable confidence level. The peak signal area is proportional to
the size of the corresponding particle ionized in the plasma.
Smaller particles cause signals that are not distinguishable from the
background signal anymore. Therefore, high background signals
lead to an increase of the SDL. Environmental samples containing
Ag-b-NPs regularly also contain significant traces of dissolved Ag(I)

Analytica Chimica Acta 1150 (2021) 238198

species resulting in high background signals overlapping the NP
peaks. Ag(I) concentration, thus, correlates with the size detection
limit (SDL) of Ag-b-NPs [19]. The current literature regards 20 nm as
the minimum SDL for Ag-b-NPs [19]. This is insufficient for envi-
ronmental analysis because Ag-b-NPs in environmental samples
are assumed to be smaller than this 20 nm limit. In fact, Kim et al.
have reported on Ag-b-NPs in sewage sludge at the 5—20 nm size
[20]. The literature suggests diluting the sample in order to
decrease the background signal, which is, however, counterpro-
ductive to analysis sensitivity, especially in view of the low analyte
concentration [17,19,21—23]. In fact, Ag-b-NPs in natural water
bodies are present at the level of several ng L~ [11,12,24], which is
far beyond the limit of detection (LOD) in current sp-ICP-MS ap-
proaches. Finally, additional environmental constituents in real
water samples have to be separated prior to measurement in order
to avoid cone clogging of the ICP instrument. Therefore, in order to
achieve environmental applicability of sp-ICP-MS, it is essential to
both enrich Ag-b-NPs and to separate them from the matrix con-
stituents and dissolved Ag(I) species so as to obtain proper LODs in
the low ng L' range and an SDL < 20 nm.

In order to separate the NP signal in sp-ICP-MS from the back-
ground signal, various approaches have been suggested, mainly
based on mathematical models. Mozhyeva et al., for instance,
presented a data deconvolution approach for the extraction of such
peaks in the presence of high background signals using micro-
second time resolved signals [25]. In order to achieve SDL values
sufficient for environmental analysis, we sought to physically
separate dissolved Ag(I) species from NPs prior to the measure-
ment, without the need of mathematical discrimination tech-
niques. Therefore, we hyphen a new coacervate-based technique,
namely cloud point extraction (CPE), to (sp)-ICP-MS in order to
overcome the aforementioned limitations by enriching and sepa-
rating Ag-b-NPs from aqueous media. Recently, Torrent et al.
applied CPE hyphenated to sp-ICP-MS for detection of Ag-b-NPs in
soil leachates. A limited background elimination, however, resulted
in SDL values of 40 nm, which is insufficient for environmental
water samples of the present study [26].

CPE is a sample pretreatment method able to species-selectively
enrich and extract Ag-b-NPs from aqueous (environmental) sam-
ples. In the 1970s, Watanabe et al. were the first to describe CPE for
the extraction of metals from aqueous samples [27] and, thereafter,
Liu et al. applied this technique to the extraction of NPs [28]. The
samples are mixed with non-ionic surfactants at concentrations
exceeding their critical micellar concentration and heated above
the respective cloud point temperature. This results in the forma-
tion of micells and, thus, a two-phase system comprising aqueous
and surfactant rich phase. Ag-b-NPs are “trapped” in the micelles
and separated together with the surfactant rich phase. Owing to the
volume reduction during extraction in the surfactant rich phase,
high enrichment rates can be achieved (approximately factor of 80
considering a 500 uL surfactant rich extract from an initial aqueous
phase of 40 mL) [29—32]. The use of CPE for Ag-b-NPs has been
thoroughly investigated and validated by our group, whereas
quantification of the extracted Ag-b-NPs was achieved by hy-
phenation to electro thermal atomic spectrometry (ET-AAS), which
is a solely quantitative technique [11,29—32]. However, this
approach lacks information about the size distribution of Ag-b-NPs.

Therefore, we are in this study (i) presenting an improved
version of CPE (hereinafter called iCPE) which exhibits improved
species selectivity. In order to obtain size information of nano-
particulate analytes, (ii) iCPE extracts are measured using sp-ICP-
MS. Owing to the significantly reduced co-extraction of dissolved
Ag(I) species into the surfactant rich phase, (iii) we also studied
improvements regarding the SDL of sp-ICP-MS measurements. We
further (iv) examined iCPE-sp-ICP-MS with regard to particle size
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distribution and parameters influencing the size results, with a
special focus on the dwell-time. We finally (v) compared the
quantitative results of iCPE-(sp)-ICP-MS hyphenation to the previ-
ously validated and established CPE-ET-AAS approach [30,32].

2. Experimental section
2.1. Materials

This study was conducted using citrate-stabilized silver
(CA@AgNPs) and gold nanoparticles (CA@AuNPs) of different size.
Experiments including dissolved Ag(I) species applied a dissolved
Ag(1) ICP-standard (AgNOs3 in 3% HNOs3). Main reagents for iCPE are
acetic acid and sodium acetate anhydrous and the complexing
agents ethylenediaminetetraacetate disodium salt dihydrate
(NazEDTA-2H,0; CigH14N2Nay0g-2H,0) and p-penicillamine (PA,
C5H11NO,S). All chemicals were of at least analytical grade and ultra
pure water (UPW) was used as diluent. For details regarding used
materials, please see the Appendix.

The natural water was sampled in Garching, Germany, from the
“Wiesackerbach” stream in June 2016. According to the conven-
tional ICP-MS quantification of Ag in the stream water, the samples
contained no Ag beyond the limit of detection (0.15 ng L~'). The
water samples were thus used as blank matrix for the further
experiments.

2.2. Instrumentation

In essence, the Ag quantification in this study was performed
using two different measurement approaches: (i) ET-AAS and (ii)
ICP-MS. The latter can be run in conventional ICP-MS mode for the
Ag quantification, and in single-particle mode (sp-ICP-MS) for the
simultaneous determination of particle size distribution and con-
centration of nanoparticulate Ag.

2.2.1. ET-AAS

Ag quantification was conducted with a Zeeman-corrected ET-
AAS instrument (AAnalyst 800, PerkinElmer, Waltham, MA, USA)
equipped with a transversally heated THGA 800 graphite tube
atomizer and an AS-72 autosampler. Highly pure Argon 4.8
(Westfalen, Miinster, Germany) served as the inert gas during
measurements. A silver hollow cathode lamp (Photron, Victoria,
Australia) was operated at the recommended current of 10 mA, and
the silver quantification was based on the absorption line at
A = 328.1 nm at an integration time of 5 s. The temperature pro-
gram of the graphite furnace for the quantification Ag in organic
extracts of iCPE followed an approach previously developed in our
working group [32].

2.2.2. (sp)-ICP-MS

(sp)-ICP-MS measurements were performed on a quadrupole
mass spectrometer 7900 ICP-MS (Agilent, Santa Clara, CA, USA)
equipped with a SPS4 autosampler (Agilent) and a MicroMist
nebulizer (Glass Expansion, Melbourne, Australia). Argon 4.8
(Westfalen, Miinster, Germany) was used as the plasma gas.

Regarding ICP-MS, the Ag quantification was performed by tar-
geting 19’Ag (no isobaric interferences) in He collision cell (CCT)
mode in order to reduce polyatomic interferences via kinetically
energy discrimination. °In was used as the internal standard.

In sp mode, the dwell time was set to a value ranging from 100
ps to 1000 ps for an acquisition time of 60—90 s. 1°7Ag was chosen
as the target mass, and the pump rate was gravimetrically deter-
mined as 0.310 mL min~". The transport efficiency n describes the
proportion of initial particles in the sample finally reaching the
detector. CA@Au-NP dispersions (RM 8012, 8013) were used for
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determining m, following a previously approved procedure [17,33].
Elemental sensitivity was calibrated using a 1 ug L~! Ag(l) standard
solution to compensate for an element-specific signal intensity.
Particle size distributions were evaluated using Agilent’s Mass-
Hunter Workstation 4.4 (version C.01.04, build 544.3) software
equipped with the Single Nanoparticle Application Module. sp-ICP-
MS analysis relies on certain approximations: the investigated
CA@Ag-NPs are assumed to be of a spherical shape exhibiting the
density of the bulk material Ag (p = 10.49 g cm~>). See Table A.1 for
further instrumental details on sp-ICP-MS measurements.

2.2.3. Total organic carbon (TOC) measurements

The TOC of real water samples was determined using a TOC-L
CSH/CSN analyzer (Shimadzu, Kyoto, Japan). All samples were
measured in undiluted form without filtration and mixed thor-
oughly seconds before starting the TOC analysis. For calibration,
standard solutions containing 10—100 mg L~! TOC in UPW were
prepared from potassium hydrogen phthalate solutions.

2.2.4. Electron microscopy

Transmission Electron Microscopy (TEM) was applied as a sup-
plementary technique for particle size determination. TEM mea-
surements were conducted using a TEM Jeol 1400 plus instrument
equipped with a LaBg filament at an operating voltage of 120 kV
along with a CCD-camera. (JEOL, Freising, Germany). Samples were
measured on a copper grid covered with a continuous carbon film
(Micro to Nano, Haarlem, the Netherlands).

2.2.5. X-ray diffractometry

Regarding the crystal structure analysis, the X-ray intensity data
were measured on a Bruker (Billerica, MA, USA) D8 Venture Duo
IMS system equipped with a Helios optic monochromator and a Mo
IMS microsource (A = 0.71073 A). CCDC 2006750 contains the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre. Please see the Appendix for further crystallographic
details.

2.3. Cloud point extraction (CPE)

This study seeks to further improve CPE, i.e. maximally reduce
the co-extraction of dissolved Ag species without affecting the
extraction efficiency (EE) of Ag-b-NPs [30—32]. In brief, 40 mL of an
aqueous sample containing Ag-b-NPs was mixed with 400 pL of
1 M sodium acetate solution, 1 mL of 1.25 M acetic acid, and 1 mL of
10% TX-114 (w/w) [9—31]. In addition to the established CPE
approach, a mixture of the multidental ligands EDTA and PA was
applied in iCPE. Like EDTA, PA is able to complex Ag(I) and form
highly hydrophilic complexes. For method development, 1—5 mL of
saturated EDTA and 1-3 mL of 0.1 M aqueous PA solution were
added to the aforementioned CPE mixture (best results were ach-
ieved for 3 mL of saturated EDTA solution and 1 mL of 0.1 M PA; see
results below). The iCPE mixture was thoroughly mixed and incu-
bated at 40 °C for 30 min. Afterwards, phase separation was
accelerated by means of centrifugation (4500 g, 12 min), and both
phases were separated by decanting the aqueous phase. The
remaining Ag-b-NP-containing organic phase was mixed with
100 pL of EtOH in case the extract was forwarded to ET-AAS mea-
surement or mixed with 500 uL of EtOH and UPW to reach a final
volume of 10 mL in case the extract was forwarded to conventional
ICP-MS and sp-ICP-MS techniques.

2.4. Hyphenation of iCPE to quantitative analytical techniques

As presented above, the iCPE extract was investigated by means
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of ET-AAS and ICP-MS. Since the extract consisted mainly of the
surfactant and was highly viscous, the sample introduction was
challenging.

2.4.1. iCPE-ET-AAS

ET-AAS tolerates high concentrations of organic matrix con-
stituents. The organic extract was mixed with only 100 pL of EtOH
(to reduce sample viscosity) and transferred via a low-volume
pipette (20 pL) into the graphite furnace of the ET-AAS instru-
ment. Considering an initial sample volume of 40 mL and 500 pL of
resulting extract, an enrichment factor of 80 was achieved.

2.4.2. iCPE-ICP-MS and iCPE-sp-ICP-MS

ICP-MS instruments are more sensitive to highly viscous sam-
ples. Therefore, the iCPE extracts were mixed with 500 uL of EtOH
and gravimetrically filled with UPW to a total volume of 10 mL. The
samples intended for sp-ICP-MS analysis were forwarded to mea-
surement without further treatment. Samples intended for con-
ventional ICP-MS analysis further contained 3.25% HNO3 (v/v) in
order to dissolve NPs and increase sample homogeneity. An
enrichment factor of approximately 4 was achieved.

2.5. iCPE method development

ET-AAS and ICP-MS are not able to distinguish between partic-
ulate and dissolved Ag, and sp-ICP-MS results are distorted by
dissolved Ag traces in the sample. Thus, species selectivity during
iCPE is crucial. Therefore, we focused on (i) minimizing the co-
extraction of dissolved Ag(I) into the organic phase, (ii) improving
size selective EE for Ag-b-NPs, and (iii) reducing the influence of the
natural water matrix on the iCPE outcome.

2.5.1. Co-extraction of dissolved Ag(l)

Several solutions containing ng L~! amounts of Ag(l) in 40 mL
UPW were prepared. iCPE was applied to all of the samples,
whereas the amount of EDTA and PA was varied. As comparison,
CPE without ligand addition was carried out (hereinafter referred to
as CPE®). The iCPE and CPE? extracts were measured by means of
ET-AAS. The signal intensities measured relate to the co-extraction
of dissolved Ag(I) species into the organic phase.

2.5.2. Size dependency of the extraction efficiency (EE)

Calibration of iCPE-ET-AAS or iCPE-ICP-MS can be performed
using calibration samples containing Ag-b-NPs of known concen-
tration forwarded to the same extraction procedure as the un-
known samples. It is intended that the system can be calibrated
using Ag-b-NPs of arbitrary size (within a broad range of 10 to 100
nm diameter). This is only valid if there is no size dependent EE. To
investigate potential size effects, 40 mL of UPW were mixed with
CA@AgNPs of varying size (10, 20, 40, 60, 80, 100, 200 nm) and
forwarded to iCPE. To mimic the case of 100% EE, the same type and
amount of NPs were added to the organic extracts after iCPE of
UPW-only samples (reference). The extracts were measured by
means of ET-AAS. The EE can be calculated by dividing the signal
intensities measured for the NP-containing extracts by the signal
intensities measured for the reference.

2.5.3. Influence of the natural water matrix

Freshly sampled river water (TOC 2.5 mg L~!; initial Bag
< 0.15 ng L~1) was spiked with specific amounts of dissolved Ag(I)
standard, yielding in final concentrations of 5, 10 and
50 ng L' Ag(l). Further, a non-spiked blank river water sample was
also subjected to iCPE as basis for evaluation. Moreover, the same
amount of Ag(I) as used in the spiked samples was added to the
organic extracts after iCPE of blank river water, thus mimicking the
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case of 100% co-extraction. Spiked samples and samples mimicking
100 % co-extraction were measured by ET-AAS and signal in-
tensities were divided by the signal intensities measured for blank
samples to gain the factor for signal increase compared to the blank
sample.

2.6. Calibration approaches

As relative quantification techniques, ET-AAS and (sp)-ICP-MS
require calibration samples of known analyte concentration. If
calibration samples are not pre-treated similar to unknown sam-
ples, potential enrichment factors occurring during the sample
pretreatment must be considered for data evaluation. sp-ICP-MS
requires a calibration approach which significantly differs from
the conventional techniques [17].

2.6.1. iCPE-ET-AAS/AgNPs as the calibrant

All experiments were related to iCPE-ET-AAS, a hyphenation
which has already been thoroughly developed and validated in our
working group [30—32]. It is noted, that no influence of using the
iCPE approach instead of the CPE approach could be observed for (i)
CPE-ET-AAS (data not shown). The calibration samples containing
60 nm CA@AgNPs of known concentration in the range of
Bag = 5—30 ng L' were subjected to iCPE together with the un-
known samples. This offered the advantage that both the calibra-
tion and the unknown samples undergo the same enrichment and
are present in the same matrix. The iCPE extracts were diluted as
described above in section 2.4.1 and forwarded to ET-AAS.

2.6.2. iCPE-ICP-MS/AgNPs as the calibrant

Calibration samples of iCPE-ICP-MS/AgNP were identical to
those for iCPE-ET-AAS/AgNP. The iCPE extracts were diluted as
described above in section 2.4.2 and forwarded to ICP-MS. Nebu-
lization in the ICP-MS process was highly dependent on the vis-
cosity of the sample. Given that both the calibration and the
unknown samples were present in the same matrix, the nebuliza-
tion required no correction.

2.6.3. iCPE-ICP-MS/Ag(1) as the calibrant

Here, solutions of dissolved Ag(I) (5—150 ng L™!) served as the
calibrant instead of NPs. Since these solutions underwent no iCPE,
they were prepared in a UPW matrix (acidified to 3.25% (v/v) HNO3)
including 5% (v/v) of 10% TX-114 (w/w) and 5% (v/v) ethanol to
mimic iCPE extract matrix. Samples of 40 mL resulted in a 10 mL
diluted iCPE extract forwarded to measurement. Since the cali-
bration solutions were not subjected to the iCPE enrichment, this
enrichment factor must be considered in the data evaluation (di-
vision by a factor of 4).

2.6.4. iCPE-sp-ICP-MS/AuNPs + Ag(I) as the calibrant

According to Peters et al. [17], all calculations were based on the
pump rate, which has been gravimetrically determined as
0.310 mL min~ . The nebulization efficiency 1 was calculated on the
basis of a dispersion containing CA@Au-NPs (RM 8012 and 8013)
[17,33]. The elemental sensitivity was calibrated using a 1 pg L™!
Ag(I) solution. All calibration samples used were prepared in a
matrix consisting of 5% (v/v) TX-114 (10% (w/w)) and 5% (v/v)
ethanol. This ensured that both the calibration and the unknown
samples were of the same matrix and behaved similarly during
nebulization and atomization in the plasma. We investigated the
influence of different dwell times (100—1000 ps). We also investi-
gated the consistency of 1 and how it is influenced by surfactant
content. Therefore, n was determined on the basis of several
independently prepared CA@AuNP calibration samples containing
various quantities of TX-114 and EtOH ranging from 0.5% (v/v) to
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1.0% (v/v) (TX-114 10% (w/w)) and 5% (v/v) to 10% (v/v) (EtOH),
respectively.

2.7. Determining the SDL of iCPE-sp-ICP-MS

As explained above, the SDL of sp-ICP-MS is highly dependent
on the constant background signal overlapping with the transient
particle signals. In order to determine the SDL, we mixed UPW with
increasing amounts of dissolved Ag(I) (0, 10, 50, 100, 500 ng L~1),
carried out sp-ICP-MS measurements with and without iCPE prior
to measurement and compared the received single particle mass
spectra. The Ag(I) concentrations were chosen so as to represent
environmentally-relevant levels (~0—100 ng L~!) [11,12] and a
concentration exceeding environmental scenarios (500 ng L~1).

2.8. Error calculations

Three independent aliquots were treated and measured indi-
vidually in all of the measurements conducted. Each sample was
measured using three replicates (U, n = 3). The uncertainty U was
calculated via Gaussian error propagation in consideration of
pipetting uncertainties and standard deviations of the indepen-
dently measured aliquots. Blank samples were used to correct Ag
concentrations in all incubation experiments.

3. Results and discussion
3.1. Crystal structure of C1oH14Ag2N20s

During iCPE, the dissolved Ag(I) species were complexed both by
EDTA and PA. The crystal structure of Ag(I)-PA complexes is well
known in the literature [34] and is described as eight Ag(I)-PA
monomers connected with a nearly linear AgS,-coordination.
Two intertwined polymeric strands in a double helix assembly are
formed as a result [34]. As,- to the best of the authors’ knowledge-
no structure for Ag(I)-EDTA complexes has yet been published, we
investigated the corresponding crystal structure. This is especially
interesting because complexation of the d'° metal species Ag(l) in
the octaedric coordination sphere of EDTA may be challenging. The
preparation of the crystallized Ag-EDTA complex is presented in the
Appendix. The elemental analysis revealed a sum formula of
C10H14Ag2N10s, indicating that the Ag(I1)-EDTA complex comprises
two Ag(I) ions for each EDTA molecule. The Ag(I)-EDTA complex
crystallizes in spacegroup C2/c from UPW. The Ag(I) ions are co-
ordinated by three oxygen atoms of adjacent carboxylate groups in
a distorted trigonal fashion (Ag1—01 2.178(2) A, Ag1—04 2.220(2)
A, Ag1-04' 2.506(2) A). Two silver ions form handles which are
held together by argentophilic interactions [35] at an Ag—Ag dis-
tance of 3.2005(6) A, which is well below the sum of their van der
Wiaals radii (3.44 A). Both amine groups of the EDTA ligand are
protonated, so they do not participate in metal coordination. The N-
bound protons form intramolecular H-bonds to the non-
coordinating oxygen atoms of the spatially closest carboxyl group.
These properties result in an overall three dimensional polymeric
structure, as shown in Fig. A.1.

3.2. Reducing the co-extraction rates of Ag(I) by means of iCPE

The previously developed CPE approach indeed exhibits good
species selectivity for Ag-b-NPs [30,32]. However, coupling CPE to
ICP-MS, and especially sp-ICP-MS places even greater demands on
species selectivity. We developed iCPE to reduce the co-extraction
of dissolved Ag(I) species into the organic extract to an absolute
minimum by applying a mixture of EDTA and PA during the iCPE
process. To investigate the optimum amount and ratio of both
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ligands, co-extraction for solutions initially containing 500 and
1000 ng L~! Ag(l), respectively, underwent iCPE using a varying
amount of EDTA and PA (see section 2.5.1). The Ag(I) concentrations
were chosen to represent the upper limit of environmentally-
relevant Ag traces [11,12]. If co-extraction is minimized for such
relatively high values, then the approach is even more suitable for
environmentally-relevant Ag traces in the low ng L~! range.

The Ag signal measured in an iCPE extract (intensity I;cpg) was
related to the (higher) signal intensity measured for the same initial
sample, which, however, underwent a CPE approach without added
ligands (hereinafter referred to as CPE®; intensity Icpgo ). The latter
represents the worst case of maximized co-extraction. Fig. 1 shows
the remaining Ag signal (in percent), which equals to 1’2%-100%.
Increasing the amount of EDTA added during iCPE from 2 to 3 mL
led to a reduction of the co-extraction. A further increase to 4 mL no
longer affected the co-extraction rates (data not shown). Therefore,
it appears that co-extraction can be minimized only to a certain
extent by applying solely EDTA during iCPE. It is very likely that the
Ag(1)-EDTA system is running into a state of equilibrium at this
stage. However, it was surprisingly found that 500 and 1000 pL of
0.01 M PA in addition to 3 mL of EDTA caused a further significant
reduction of co-extraction. Using 2000 pL of PA did not further
reduce the co-extraction, possibly again due to an equilibrium sit-
uation due to the PA-Ag(I) system or a partition equilibrium of the
Ag(1) complexes between the aqueous and organic phases. In sum,
using a combination of 3 mL of saturated EDTA solution and 1 mL of
0.01 M PA solution in iCPE is optimal for further reducing the co-
extraction, namely to only 1.6% (3.1%) for aqueous samples
initially containing 500 ng L~! (1000 ng L~!) of dissolved Ag(l).
Combining EDTA and PA during iCPE is a powerful tool to signifi-
cantly reduce the co-extraction of dissolved Ag(I) species. However,
we do not recommend completely replacing EDTA with PA since PA
is much more expensive than EDTA. Furthermore, EDTA readily
complexes dissolved species of alkaline earth metals which are
usually present in natural water samples, and, therefore, serves as
kind of a wideband complexing agent.

3.3. The influence of incubation time during iCPE on Ag-b-NP EE
and Ag(I) co-extraction rates

Similar to the already established CPE approach [32], 30 min
incubation time is the optimum for iCPE. For more details, please
see the Appendix.

3.4. The influence of iCPE on the Ag-b-NPs being extracted

Particles to be extracted were not affected by iCPE. For more
details, please see the Appendix.

3.5. The influence of particle size on the EE of Ag-b-NPs during iCPE

We also investigated whether the EE depends on the size of the
Ag-b-NPs (see section 2.5.2). This outcome is crucial with regard to
NP-based calibration approaches. If the EE was size-dependent,
then the calibration particles should have the same size as the
sample particles. However, the particle size of sample particles is
the object of the analysis itself and, thus, unknown. Fig. A.2 sum-
marizes the EEs for CA@AgNPs during iCPE at increasing CA@AgNP
concentrations (A: 5, B: 50, C: 300 ng L~! nanoparticulate Ag) as a
function of the particle size. Overall, particles at sizes from 10 nm to
100 nm were equally well extracted — i.e., within a range from
approximately 80—110% EE. Lowest EE of approximately 80% could
be observed for 40 nm NPs at 50 ng L™, 60 nm NPs at 300 ng L~}
and 100 nm NPs at all investigated concentrations. As to the 100 nm
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Fig. 1. Reduction of the Ag signal measured for iCPE extracts of samples initially containing 500 (A) and 1000 (B) ng L~ Ag(I) with increasing amounts of EDTA and PA added during

iCPE. The calculations are related to CPE°.

NPs, we thus assume that EE is reduced due to an increasing par-
ticle size which inhibits proper arrangement of the NPs in the iCPE-
induced micelles. This, however, differs from the observations
made for 40 nm and 60 nm NPs. Lower EE values were only
observable for some of the investigated concentrations, which is
probably caused by inconsistencies in the experimentation. In
particular, samples initially containing 5 ng L~! (50 ng L™, resp.
300 ng L~!) CA@AgNPs resulted in an EE ranging from approxi-
mately 91-112% (81—-109%, resp. 77—109%). Consequently, particles
which are by definition nanoparticles [36] (i.e., exhibiting di-
ameters from 1 to 100 nm), are almost quantitatively extracted. In
this context, it should be noted that CPE is feasible for the purpose
of nanoparticle enrichment regardless of their chemical composi-
tion and coating [30]. Therefore, the aforementioned high EE can be
applied to a wide variety of Ag-b-NP compositions and coatings. In
contrast to the foregoing, significantly lower EE levels were ob-
tained for particle sizes of 200 nm, in particular 33% (5 ng L™1), 39%
(50ng L™ 1), and 24% (300 ng L~ ). The decrease in EE for particles of
>100 nm particle size corresponds to earlier observations made by
our working group [31] and continues the trend started for 100 nm
particles as noted above. This may possibly occur due to improper
NP inclusion in the micelles and limitations of the partition equi-
librium between the two phases. However, this decrease in EE for
particles exceeding 100 nm is acceptable since, according to the
IUPAC, particles > 100 nm are not considered to be nanoparticles
given that their properties no longer differ from the corresponding
bulk material to any significant degree [36]. However, it should be
noted that currently there is no consensus on this boundary be-
tween nano and non-nano. Nevertheless, the proposed iCPE
approach is able to reproducibly and quantitatively extract Ag-b-
NPs of a certain range of particle size, whereas the extraction
gives satisfactory results up to a size of 100 nm with EE of 80—110%.

3.6. Comparing CPE to iCPE

Further, we compared the extent of reduced co-extraction of
dissolved Ag(I) species in iCPE extracts to CPE extracts. Therefore,
aqueous samples containing 100 ng L~! 60 nm CA@AgNPs and
increasing amounts of dissolved Ag(I) (1000, 2000, and
4000 ng L) were subjected to CPE? (i.e., without added ligands),
CPE (i.e., 1 mL EDTA) [30—32], and iCPE (i.e., 3 mL EDTA, 1 mL PA).
Samples were supplemented by reference samples only containing

Ag-b-NPs (i.e. 0 ng L~! Ag(I)) to mimic the case in which no Ag(I) co-
extraction into the organic phase occurs. ET-AAS measurements of
CPE®, CPE and iCPE extracts resulted in measured intensities Icppo,
Icpg and Iicpg, respectively. Further it is to be noted that ET-AAS
measurements of CPE and iCPE extracts of the reference samples
resulted in comparable signal intensities Ieference- Fig. 2 depicts the

factor of ET-AAS signal increase, which equals to loro - lcre

Treference’ Ireference

,’% respectively. The red dotted line represents the case without

reference

signal increase, i.e. the optimum case without any co-extraction of
Ag(1) species into the extract at all (i.e. signal increase factor of 1.0).
The presence of 1000 ng L~! Ag(I) species led to an undesirable
increase of the measured signal intensity by factors of 1.05 (iCPE),
1.12 (CPE), and 1.27 (CPE®). These findings indicate a distinct co-
extraction effect of dissolved species into the organic phase. In
case 2000 ng L~! dissolved Ag(l) species were added to the aqueous
sample prior to extraction, the signal intensity increased by factors
of 111 (iCPE), 1.35 (CPE), and 1.34 (CPE®). Very interestingly, iCPE
was able to significantly reduce co-extraction even for 2000 or
4000 ng L~! Ag(l), whereas CPE did not show any advantageous
effect as compared to CPE®. Although co-extraction was visible for
iCPE, the measured signal was only increased by a factor of 1.50.
Since a concentration of 4000 ng L~! Ag(l) is far from any envi-
ronmentally relevant scenario, the co-extraction measured was not
considered to be problematic. In sum, it was shown that only iCPE
was capable of reducing the co-extraction of dissolved silver traces
for samples containing 1000 and 2000 ng L~ Ag(I) to a marginally
remaining value, which is due to an increased amount of chelating
agents compared to CPE.

3.7. The applicability of iCPE to real environmental samples

As already shown in section 3.6, iCPE worked well in model
systems. However, the next step was applying the method to real
environmental systems. River water contains considerable
amounts of natural organic matter in either dissolved or dispersed
form. Conceivably, dissolved Ag(l) species may adsorb thereto and
form potentially poorly hydrophilic species. Therefore, these spe-
cies may have the tendency to be undesirably co-extracted into the
organic iCPE extract. In order to evaluate potential limitations
regarding the applicability of iCPE to environmental samples, river
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Fig. 3. Particle size distribution of Ag-b-NPs with a medium diameter of 40 nm
measured at a dwell time of 100 ps. The grey dashed bar in the particle size distri-
bution indicates the SDL, i.e., the cutoff at which NPs can no longer be identified as NPs.
For reasons of comparison, we chose an SDL similar to that applied for measurements
with a dwell time of 500 ps.

water (TOC 2.5 mg L™!; initial Bag < 0.15 ng L~ ') was spiked with 5,
10, and 50 ng L~! dissolved Ag(l) species, and the co-extraction
during iCPE was examined (see also section 2.5.3).

As presented in Fig. A.3, iCPE significantly reduced the amount

of co-extracted Ag(l) species into the organic phase to negligible
levels. Whereas a 100% co-extraction would lead to an increase of
the blank signal by a factor of 2 (5 ng L~ Ag(1)), 4 (10 ng L~ 'Ag(D)),
and 17 (50 ng L~! Ag(I)), almost no signal increase was observed for
samples that underwent iCPE. Only co-extraction rates as low as 3%
(5,10 ng L1 Ag(1)) or 5% (50 ng L~ Ag(I)) were calculated.
Comparable experiments using river water spiked with 60 nm
CA@Ag-NPs resulted in EEs of 97% (5 ng L~! CA@Ag-NP), 96%
(10 ng L~ ! CA@Ag-NP) and 98% (50 ng L~! CA@Ag-NP). Thus, iCPE is
perfectly suited for selectively separating dissolved Ag(I) species
from their nanoparticulate counterparts in real environmental
matrices, whereas Ag-b-NPs were extracted with a high EE.

3.8. iCPE-sp-ICP-MS

3.8.1. n consistency and the influence of surfactant content

We further intended to measure iCPE extracts with sp-ICP-MS.
Even though the extracts were diluted as described above, they
were highly viscous. Therefore, sample introduction and mea-
surement using a conventional ICP-MS system might be chal-
lenging. In sp-ICP-MS, especially n is crucial for data evaluation and
is supposed to be strongly influenced by the sample’s viscosity.
However, our results showed a good consistency for n over several
measurements. Neither the dwell time nor the size of the particles
used for the determination of 1 showed an influence on 1 itself (see
Table A.3). The samples containing surfactant resulted in a higher n
of ~0.08 than those prepared in UPW with a 1 of ~0.06.

3.8.2. Influences on particle size distribution: sample matrix

The overall particle number concentration in the measured
sample (sp-ICP-MS) showed no influence on particle size distri-
bution (Fig. A.4 A). This presumes a number of particles being not so
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low as to give enough particle signals for being sufficiently infor-
mative (< 2000 particles mL™") or so high that particle signal
coincidence occurred, which broadens the particle size distribution
(> 1.600.000 particles mL™') (see Fig. A.4).

The particle size distribution was slightly shifted to higher di-
ameters for samples prepared in a surfactant matrix instead of
UPW (see Fig. A.5). This shift increased with the size of the particles.
While no shift was observable for small particles (see Fig. A.6 A),
one was apparent for larger particles (see Fig. A.6 B). However, this
discrepancy between smaller and larger particles might be a
consequence of reaching the SDL for the smaller particles, thus
veiling this shift to some extent. A comparison with TEM mea-
surement shows that the particle size distribution obtained from
sp-ICP-MS measurement in surfactant matrix matched that ob-
tained from TEM measurement (see Fig. A.7). This observation in-
dicates that the nebulization efficiency calculated in an UPW matrix
is somewhat underestimated.

3.8.3. Influences on particle size distribution: dwell time

Commercially available instruments allow for dwell times in the
microsecond to millisecond range [18]. In particular, high dwell
times may result in unwanted situations, e.g., particle coincidence
(two or more particles recorded within one single dwell time, thus
resulting in one bigger NP instead of two or more smaller NPs) [18].
To overcome this limitation, modern instruments use very short
dwell times (in the ps range). However, we report that it is not
recommended to use the lowest dwell time allowed by the in-
strument and respective vendor software, but rather to consider
each measurement and the specific requirements thereof. We
sought to elucidate the correct choice of appropriate dwell times
adjusted to a certain measurement situation.

Once a nanoparticle is atomized and ionized in the plasma, an
ion cloud is generated exhibiting an average duration in the order
of a few hundreds of microseconds [18]. Using dwell times shorter
than this ion cloud event results in the observation of the particle
event as transient signal comprising several data points. It is noted
that on the one hand, it is theoretically favorable to use dwell times
as short as possible to improve the resolution of the investigated
transient signal [37—39]. On the other hand, however, we observed
for dwell times as short as 100 ps that current data evaluation
approaches struggle with the differentiation between noise and
actual particle signal. (Just for the sake of completeness, it is noted
that samples have not been spiked with ionic species in these ex-
periments.) In particular, we found that a “virtual” fragmentation
occurs for a dwell time of 100 ps. First and last portions of a certain
transient signal are difficult to be sufficiently recognized as signal
boundaries and, thus, ascribed to the whole transient signal (see
Fig. A.8). Consequently, the nanoparticle size is underestimated and
respective first and last signal portions are considered as separate,
small particles. This resulted in a false particle size distribution and,
consequently, a too small medium particle diameter. As can be seen
in Fig. 3, a large quantity of very small particles occurred for
CA@Ag-NPs, which should measure about 40 nm in diameter. Such
small particles could not be found in the particle size distribution
obtained from the TEM measurement. This indicates that these
signals derived from heavy particle fragmentation, a potential
result of incorrect data processing by the data evaluation approach.
The grey dashed bar in Fig. 3 indicates the diameter, whereas below
particles were identified as a background signal in the sp-ICP-MS
measurement. Thus, these signals could thus no longer be identi-
fied as particles (SDL). Particle fragmentation even occurred at
dwell times of 500 ps and 800 ps (Fig. A.9 A). However, if the par-
ticle number frequency is converted into mass distribution, the
high number of small particles only negligibly contributed to the
distribution (Fig. A.9 B). Further examples are shown in Fig. A.10.
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Therefore, no generally applicable dwell time can be defined for
samples having unknown particle diameters, i.e., natural samples.
It is necessary to measure these samples with various dwell times
and to then choose the most suitable dwell time on the basis of a
comparison of the particle size distributions obtained. If a broad
particle size distribution is obtained, it may even be possible to
consider various dwell times and compare the particle size distri-
butions to each other for an ideal characterization of the sample.

Of course, this software issue can be overcome by using proper
data evaluation tools and software settings. However, users of sp-
ICP-MS should always consider and double-check this issue with
their instrument and software — especially for dwell times as short
as 100 ps. Given our data evaluation approach, we did not apply
such short dwell times since heavy particle fragmentation did
occur.

3.9. Determining the SDL of iCPE-sp-ICP-MS

It is well known that Ag-b-NPs in the aquatic environment
usually size 20 nm or less [20]. Current state of the art sp-ICP-MS
approaches are not applicable to such samples as they only reach
a size detection limit (SDL) above 20 nm, mainly due to coexisting
dissolved Ag(I) causing high background signals [19]. Thus, it is
crucial to lower the SDL accordingly. We used iCPE prior to analysis
in order to quantitatively separate the dissolved Ag(I) fraction from
Ag-b-NPs. As a result, the background signal was significantly
reduced and the SDL massively improved. The SDL was then only
affected by instrument noise, and not by the interferences caused
by dissolved Ag(I) species.

According to literature, SDL can be calculated as follows [19,40]
(see the Appendix for more information on the development of the
following equation), with the median of all the signal intensities
throughout an entire measurement I;,,4iq, [CPS], the dwell time t,;
[us], the pump rate » [ml min~'] of the nebulizer, the nebulizing
efficiency 7, the ratio of molar masses of the whole nanoparticle

and the analyte element % (which is 1 for AgNPs), and the

elemental sensitivity ES;y, [cps/(ug/L)] and the density p [g cm ] of
the material the NPs are composed of?:

18 1 ian*td*v+n MNP
SDL—=_. JImedian*'d .
. ESion M,

Fig. 4 A-E depicts mass spectra acquired by sp-ICP-MS
(t4=100 ps) of aqueous samples with initial amounts of dissolved
Ag(1) with and without iCPE prior to the measurement. It clearly
shows that the background signal was massively increased at an
increasing Ag(I) content. However, this increase can be significantly
reduced after performing iCPE prior to sp-ICP-MS.

Using iCPE, the corresponding SDL was in a range from 4.8 nm to
5.2 nm for samples initially containing 0—100 ng L~! Ag(1) (Fig. 4 F).
Increasing this concentration up to 500 ng L~ ! resulted in an SDL of
8.0 nm. Although it is obvious that slight traces of Ag(I) were co-
extracted by iCPE, the SDL remained at very low values. In
contrast, measurements without iCPE prior sp-ICP-MS showed SDL
values of up to 23.1 nm. Since I,,,.4;4y is directly proportional to the
Ag(1) concentration and further, SDL ~ /T iegian is derived from
the equation given above, SDL should be a cubic root function of the
Ag(I) concentration. This is perfectly displayed in the measurement
itself (Fig. 4 F, Fig. A.11 F).

Obviously, initial Ag(I) concentrations in the aqueous samples
influence the amount of co-extracted Ag(l) and, thus, SDL. There-
fore, it is not possible to present a universally valid SDL. However, in
the case of environmentally relevant dissolved Ag(I) concentrations
(typically up to 100 ng L~!) [11,12] coexisting in the aqueous
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Fig. 4. Mass spectra obtained by sp-ICP-MS (t; = 100 ps) in presence of increasing amounts of dissolved Ag(I) with and without iCPE prior to measurement (A—E). SDL as a function

of Ag(I) added to samples (F).

sample, a SDL ranging from 4.8 to 5.2 nm can be assumed.

The measurements were repeated with t; = 500 ps. According to
above given equation, SDL should be increased by a factor of
{/500/100=1.7 compared to experiments with t; = 100 ps. As
shown in Fig. A.11, this factor was fairly accurately depicted in the
experiments. In the case of initial Ag(l) concentrations of
0-100 ng L™, the SDL was determined as 5.9—23.5 nm without
iCPE and 4.8—8.5 nm with iCPE prior to sp-ICP-MS measurement.
For 500 ng L' Ag(I), SDL was increased to 39.6 nm (without iCPE)
and 13.8 nm (with iCPE), respectively. It should be noted that the
aforementioned advantages of higher dwell times should be
assessed in consideration of slightly higher SDLs. Nonetheless, an
SDL of 8.5 nm for t; = 500 ps is still sufficient for environmental
analysis when assuming a maximum dissolved Ag(I) concentration
of 100 ng L™, which is typical for environmental samples [11,12].

Of course, the exact concentrations of coexisting dissolved Ag(I)
species in the sample are not accessible prior to analysis. Therefore,
a more conservative but more reliable SDL of approximately 5.2 nm
(t4=100 ps) and 8.5 nm (t;=500 ps) has to be assumed instead of
the lowest SDL values representing the ideal case with no coex-
isting Ag(I).

Owing to the influence on SDL by the concentration of coex-
isting Ag(l), it is simply not possible to present a universally valid
SDL value.

Table 1

3.10. Determination of the concentration of nanoparticulate Ag
using all investigated measurement approaches

After optimizing the iCPE and successfully transferring this
technique to ICP-MS and sp-ICP-MS, the final step was the quan-
tification of unknown samples by means of (sp)-ICP-MS and
relating these values to the previously established approach based
on ET-AAS as reference [30—32]. The calibration differed signifi-
cantly among the approaches and was performed as presented
above in section 2.6.

Determined concentrations of nanoparticulate Ag were in good
agreement with one another, independent of the utilized approach
(see Table 1). Deviations from the reference values determined by
ET-AAS were randomly distributed. According to the mean recovery
rates, all approaches were excellently suitable for reproducing the
reference results. As for the ICP-MS measurements, it should be
noted that the calibration using dissolved Ag(I) species was much
less time-consuming and therefore preferable over calibration us-
ing CA@AgNPs. Moreover, it is favourable that the analyte homo-
geneity was much higher for dissolved Ag(I) species, and Ag(I)
species can be handled and diluted much more easily than
CA@AgNPs (for instance, no sonication step for Ag(l)).

The excellent consistency among all of the three above methods
was surprising but very pleasing given that the methods are based
on entirely different physical and mathematical principles: ET-AAS

Compilation of measured concentrations (incl. corresponding standard deviations) of nanoparticulate Ag in aqueous samples initially containing approximately 25 ng L~' 40/
60 nm CA@Ag-NPs using iCPE followed by quantification via ET-AAS, ICP-MS and sp-ICP-MS. All results are related to the validated ET-AAS approach [30—32]. rr represents the
calculated recovery rate based on the concentrations measured by ET-AAS as reference. The calibration was performed using either aqueous dispersions of CA@AgNP of known
concentrations or aqueous solutions of dissolved Ag(I) of known concentrations. The dwell time for sp-ICP-MS measurement was set to 500 ps. All measurements were

performed in triplicate (n = 3).

Measurement approach ET-AAS (reference) ICP-MS ICP-MS sp-ICP-MS

Calibrant AgNP Ag(1) AgNP AuNP/Ag(I)

LOD [ngL '] 0.20% 0.15° 0.15¢ 0.25¢

Diameter [nm] conc. conc. T [%] conc. T [%] conc. T [%]
40 25.95 + 3.63 24.8 +2.01 95 22.96 + 2.26 88 2749 + 1.96 106
40 26.05 + 2.31 235+234 90 2293 +2.18 88 23.77 +2.03 91
60 24.32 + 247 255 +0.63 105 255 +5.27 105 2535 + 145 104
60 22.51 + 2.00 249 + 354 111 2492 + 3.54 111 26.74 + 1.56 119
Mean recovery rate relative to reference [%] 100 98 105

b ¢ calculated from the calibration curve [32].

d completely different calibration approach; approximated LOD is derived from blank measurements (blank-limited LOD).
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measures light absorption, whereas in ICP-MS, masses of ions
formed in the plasma are detected. Furthermore, sp-ICP-MS does
not at first glance measure the concentration but measures the
masses of each single particle by mathematically transferring the
acquired data in a separate data evaluation step into concentration
values based on certain assumptions as presented above. Fortu-
nately, the LODs for all the approaches were very low and were
therefore well-suited for the purpose of quantifying Ag-b-NPs in
real environmental samples. The LOD for iCPE-sp-ICP-MS was,
rather, a blank-limited approximation. iCPE-sp-ICP-MS measure-
ments within the magnitude of the LOD should therefore be sup-
plemented by iCPE-ICP-MS measurements exhibiting a more
reliable LOD. However, such supplementary measurements are not
particularly disadvantageous since both approaches can be per-
formed subsequently on the same instrument using the same
sample within acceptable measurement times.

4. Conclusion

We presented an improved CPE approach applying highly
argentophilic complexing agents able to species-selectively extract
and enrich Ag-b-NPs from aqueous samples. The method was
developed using model systems of dissolved and nanoparticulate
Ag species in UPW and was successfully applied to real environ-
mental samples. Species selectivity allows hyphenation of iCPE to
ICP-MS and even sp-ICP-MS, the latter being very sensitive to traces
of dissolved Ag(I) species causing undesired background signals.
Reducing this background by iCPE is a key in sp-ICP-MS in order to
achieve a SDL as low as 4.5 nm, instead of the > 20 nm as discussed
in the literature [19]. However, a single-digit SDL is essential for
environmental samples, because Ag-b-NPs in natural waters usu-
ally measure < 20 nm. Finally, we were able to demonstrate perfect
accordance between the quantitative results obtained by iCPE-(sp)-
ICP-MS and a previously established hyphenation of CPE to ET-AAS.
iCPE-(sp)-ICP-MS is a fast, cheap and easy applicable approach to
nanoparticle analysis. Once established in a lab, this approach is
capable of running hundreds of samples per day and can be per-
formed by lab technicians after moderate training. Therefore, iCPE-
(sp)-ICP-MS represents a key technique for the routine environ-
mental monitoring of transport and fate of Ag-b-NPs in the aquatic
environment. Application examples are presented in a parallel
study of our working group addressing the fate of Ag-b-NPs in
seawater by iCPE-(sp)-ICP-MS [41].
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Detailed information on the materials used in this study:

The dissolved Ag(I) ICP-standard (AgNO3 in 3% HNOs3, Bag = 1000 mg L") and dissolved
In(IIT) ICP-standard (In(NOs)3 in 2-3% HNOs3, P = 1000 mg L) used as an internal standard
were obtained from Merck (Darmstadt, Germany). AgNO3; was obtained from Merck.
Dispersions of citrate-stabilized silver nanoparticles (CA@AgNPs) sizing 10, 20, 40, 60, 80,
100 and 200 nm (mass concentration Pag ~ 20 mg L) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Gold nanoparticle (CA@AuNP) dispersions (reference material RM 8012,
8013, 28 nm, 58 nm, Pau ~ 50 mg L', citrate stabilized) and silver nanoparticle (PVP@AgNP)
dispersions (reference material RM 8017, 75 nm, pressed powder) were supplied by the
National Institute of Science and Technology (NIST) (Gaithersburg, MD, USA). iCPE reagents,
e.g., acetic acid (glacial), ethanol (Emsure®), ethylenediaminetetraacetate disodium salt
dihydrate (Na2EDTA-2H>0; CioH14N2NaxOg-2H>0), sodium acetate anhydrous (C>H3zNaO»),
and nitric acid (HNOs, 65%, suprapure) were purchased from Merck. Triton X-114
((C2H40)nC14H220, n=7 or 8) was obtained from AppliChem (Darmstadt, Germany). D-
Penicillamine (PA, CsHi1NO2S) was purchased from Sigma Aldrich. Potassium hydrogen
phthalate used as a calibrant for TOC measurements was obtained from Naclai Tesque Inc.
(Kyoto, Japan). All chemicals were of at least analytical grade and were checked for
contamination via ICP-mass spectrometry (ICP-MS) analysis prior to use. Ultrapure water
(UPW, resistivity of 18.2 MQ cm™!) was obtained using a Milli-Q-Gradient-System (Millipore
GmbH, Schwalbach, Germany). All solutions and dilutions were prepared in UPW unless

otherwise indicated.

CA@Ag-NP dispersions were freed from impurities of dissolved Ag by dialysis (3.5 kDa
regenerated cellulose membrane by ZelluTrans, Carl Roth, Karlsruhe, Germany) prior to use.
Aliquots of the purified NP dispersions were dissolved in 3.25% (v/v) HNOj3 to ensure sample
homogeneity and subjected to Ag quantification by ICP-MS. Before usage and each dilution
step, CA@AgNP dispersions were ultrasonicated for 1 min in an ultrasonic bath (Ulsonix

Proclean 3.0DSP; Ulsonix, Berlin, Germany) to prevent particle aggregation.

All glass vessels were rinsed three times with 6.5% HNO; (w/w), steamed with HNOj3 vapor
for at least 4 h, rinsed three times with UPW, and then stored in a particle-free environment

until use.
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Table A.1. Compilation of instrumental details of the sp-ICP-MS measurements.

acquisition time 60 s

dwell time 100 - 1000 ps
analyte mass W7 Ag

RF power 1550 W

RF matching 1.80 V
sample depth 8.0 mm
nebulizer gas 1.05 L min'?
S/C temperature 2°C




Preparation of crystalline Ag(D-EDTA

To prepare crystalline Ag(I)-EDTA, we mixed 2 mL of an aqueous Na2EDTA (CioH14N2Na2Os)
solution (8 g Na;EDTA-2H20 in 100 mL UPW) dropwise with 3 mL of an aqueous AgNO3
solution (15 g AgNOs3 in 100 mL UPW) at room temperature within a time period of 1 h. After
stirring for another 1 h at room temperature, a colorless, flaked solid was formed. After
separation from the reaction mixture by filtration, the solid was washed carefully with EtOH
and dried in the vacuum. The colorless crystalline solid was forwarded to CHN analysis
supplemented by Ag and Na elemental analysis and X-ray crystallographic analysis. A clear
colorless plate-like specimen of the Ag(I)-EDTA complex, approximate dimensions

0.047 mm x 0.070 mm x 0.116 mm, was used for the X-ray crystallographic analysis.

Figure A.1. Detail of the ORTEP representation of the Ag(l)-EDTA complex (C1oH14Ag2N20s). Ellipsoids are
shown at 70% probability. Color code: C = grey, N = blue, O = red, Ag = yellow.

For more details, please see Crystallographic Details attached to the end of Appendix A.
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iCPE development

The influence of incubation time during iCPE on Ag-b-NP EE and Ag(l) co-extraction
rates. Similar to the already established CPE approach?, 30 min incubation time is the optimum
for iCPE. We further examined whether the EE of Ag-b-NPs and the co-extraction of Ag(l) are
influenced when the incubation time exceeds the suggested 30 min at 40 °C.> Therefore,
solutions containing either 50 ng L™ 60 nm CA@AgNP or 50 ng L™ dissolved Ag(l) in UPW
were subjected to iCPE, whereas the incubation time was set to 10, 20, 30, 60, and 90 min at
40 °C. The EE for Ag-b-NPs was determined as described in sections 2.5.2 in conjunction with
3.5 and the co-extraction of dissolved Ag(l) species determined as described in sections 2.5.1
in conjunction with 3.2. The maximum EE was reached after 30 min of incubation and was not
further affected by increasing the incubation time, even by up to 90 min (see Table A.2). This
is in line with the findings of our former CPE study.® However, the co-extraction rates were
consistently low for incubation times of 10, 20, and 30 min, but they were increased in an
unreproducible manner for incubation times of 60 and 90 min. This increase was possibly due
to the formation of Ag-b-NPs from dissolved Ag(l) species after long incubation times, which
has already been proven for naturally-occurring Ag(1).* These Ag-b-NPs were then transferred
into the organic phase during iCPE. Therefore, in order to achieve the maximum EE along with
maximally reduced co-extraction of dissolved Ag(l) species, it must be ensured that incubation

times of exactly 30 min are adhered to.

Table A.2. Effect of iCPE incubation time on extraction efficiency (EE) of Ag-b-NPs and the remaining Ag signal
as a measure of co-extraction rates of Ag(l)

incubation time 10 min 20 min 30 min 60 min 90 min
EE (Ag-b-NPs) 57 % 78 % 95 % 89 % 93 %
remaining Ag signal (Ag(l)) 0.9% 0.9% 1.2% 4.7% 3.4%

The influence of iCPE on the Ag-b-NPs being extracted. Particles to be extracted were not
affected by iCPE. It has already been shown that CPE applying 1 mL EDTA and no PA has no
influence on the particle size of Ag-b-NPs during the extraction procedure.® This is an essential
prerequisite for the use of CPE in environmental nanoparticle analysis, because it is possible to
‘freeze’ the particles in environmental samples in their current state. Samples containing

100 ng L* of 60 nm CA@AgNP were subjected to iCPE in order to investigate whether iCPE
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also has no effect on particle sizes. Similar samples were analyzed by sp-ICP-MS without
conducting iCPE. The corresponding particle size distributions were determined by means of
sp-ICP-MS. Measured particle sizes were marginally reduced from 60.16 nm before CPE to
59.9 nm after CPE, indicating that the particle sizes were not affected by iCPE.
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Figure A.1: EE for CA@AgNPs dependent of their mean particle size for samples initially containing 5 (A), 50
(B), and 300 ng L™ (C) nanoparticulate Ag prior to iCPE.
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Table A.3. Nebulization efficiencies at different dwell times in UPW and surfactant matrix determined with RM
8012 and RM 8013.

RM ] Matrix Dwell time
8012 0.064 £+ 0.006 UPWwW 100 ps
8012 0.075 £ 0.000 surfactant 100 ps
8012 0.068 + 0.004 UPWwW 500 ps
8012 0.080 + 0.004 surfactant 500 ps
8013 0.060 £+ 0.004 UpPwW 100 ps
8013 0.058 £ 0.002 UpPwW 500 ps
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Figure A.5. Comparison of the particle size distribution obtained from sp-ICP-MS measurement in UPW and
surfactant matrix.
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Figure A.6. Comparison of the particle size distributions obtained from sp-ICP-MS measurement of CA@Ag-NP
dispersions prepared in UPW and surfactant matrix (A, B). In sp-ICP-MS measurement, ty was set 100 ps for
CA@AgNPs 10 nm (A) and 500 ps for CA@AgNPs 60 nm (B). The grey dashed bar in the particle size
distribution A indicates the SDL, i.e. the cutoff, where NPs cannot be identified as NPs anymore. For reasons of
comparison, we chose similar SDL values for both dwell times.
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dispersions.
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Figure A.9. Particle size distribution on a number frequency basis (A) and a mass contribution basis (B) of 40 nm

CA@AgNPs measured by sp-ICP-MS applying different dwell times (tq). The grey dashed bar in the particle size
distributions indicates the SDL.
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Figure A.10. Comparison of particle size distributions depicted as number frequency and mass contribution for
CA@AgNP with a medium diameter of 10 nm (A, B), 20 nm (C, D) and 60 nm (E, F) at different dwell times (tq).
The grey dashed bar in the particle size distributions indicates the SDL, i.e. the cutoff, where NPs cannot be
identified as NPs anymore. For reasons of comparison, we chose similar SDL values for both dwell times.
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Determination of the size detection limit (SDL) in sp-ICP-MS:

In sp-ICP-MS, peak signals can be transformed into information on masses of each single
nanoparticle causing the corresponding peak in the mass spectra. Following the calculations of
Pace at al., the mass myp of a nanoparticle is calculated as follows from the signal intensity I
[cps] of the corresponding peak, the dwell time t; [us], the pump rate v [ml min] of the
nebulizer, the nebulizing efficiency 7, the ratio of molar masses of the whole nanoparticle and

the analyte element % (which is 1 for AgNPs), and the elemental sensitivity ES;,,
e
[cps/(ug/L)] correlating a signal intensity to a certain analyte concentration:®
_ Inptgv'n Mpp

m = Equation 1
NP ESion M, (Eq )

Given the assumptions of a spherical shape of the particles and a homogeneous particle density
p of the corresponding bulk element, the particle size dyp can be derived from Equation 2 as
follows:

dyp = 3\[ . Inptavn Mwp (Equation 2)

Tp ESion M
Since Iyp must be clearly distinguishable from the background signal, SDL is dependent on the
limit of detection (LOD) of Iyp. The corresponding LOD signal intensity I;,, was therefore
defined as 3 - Iegign,® Whereas I,,.4iqan represents the median of all the signal intensities
throughout an entire measurement. I,,.q4iqan 1S In particular influenced by the signals derived
from dissolved Ag(l) species and instrument noise. Therefore, SDL can be calculated as
follows:

3118 I ian'tdV: M
SDL = . “median7d V1 ENP (Equation 3)
Tp ESion Me
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Figure A.11. Mass spectra obtained by sp-ICP-MS (t, = 500 ps) in presence of increasing amounts of dissolved
Ag(l) with and without CPE prior to measurement (A-E). SDL as function of Ag(l) added to samples (F).
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Crystallographic details

a) General information

The X-ray intensity data were collected on an X-ray single crystal diffractometer equipped with
a CMOS detector (Bruker Photon-100), an IMS microsource with MoK, radiation
(A =0.71073 A) and a Helios mirror optic by using the APEX Il software package.s!! The
measurement was performed on single crystals coated with perfluorinated ether. The crystal
was fixed on the top of a microsampler, transferred to the diffractometer and frozen under a
stream of cold nitrogen. A matrix scan was used to determine the initial lattice parameters.
Reflections were merged and corrected for Lorenz and polarization effects, scan speed, and
background using SAINT.[S2 Absorption corrections, including odd and even ordered spherical
harmonics were performed using SADABS.I5?l Space group assignments were based upon
systematic absences, E statistics, and successful refinement of the structures. Structures were
solved by direct methods with the aid of successive difference Fourier maps, and were refined
against all data using the APEX Il softwarel>™ in conjunction with SHELXL-20145% and
SHELXLEP*, Methyl hydrogen atoms were refined as part of rigid rotating groups, with a
C—H distance of 0.98 A and Uisos) = 1.5-Ueq(c). Other H atoms were placed in calculated
positions and refined using a riding model, with methylene and aromatic C—H distances of 0.99
and 0.95 A, respectively, and Uisot) = 1.2:Ueq(c). If not mentioned otherwise, non-hydrogen
atoms were refined with anisotropic displacement parameters. Full-matrix least-squares
refinements were carried out by minimizing Aw(Fo?-Fc?)? with SHELXL-971 weighting
scheme. Neutral atom scattering factors for all atoms and anomalous dispersion corrections for
the non-hydrogen atoms were taken from International Tables for Crystallography. Images

of the crystal structures were generated by Mercury.57-19

b) Details for Ag(l)-EDTA

A clear colorless fragment-like specimen of CioH14Ag2N20g that was crystallized from an
aqueous solution, approximate dimensions 0.047 mm x 0.070 mm x 0.116 mm, was used for

the X-ray crystallographic analysis.

A total of 1194 frames were collected. The total exposure time was 9.95 hours. The frames
were integrated with the Bruker SAINT software packages?! using a narrow-frame algorithm.

The integration of the data using a monoclinic unit cell yielded a total of 11556 reflections to a
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maximum 0 angle of 25.02° (0.84 A resolution), of which 1160 were independent (average
redundancy 9.962, completeness =100.0%, Rint=4.18%, Rsig=1.91%) and 995 (85.78%)
were  greater than 2o(F?).The final cell constants ofa=15.967(3)A b=
5.5779(8) A, c = 15.342(3) A, B = 106.428(7)°, volume = 1310.6(4) A3, are based upon the
refinement of the XYZ-centroids of 128 reflections above 20 o(I) with 5.262° < 26 <
51.35°. Data were corrected for absorption effects using the multi-scan method (SADABS).[54
The ratio of minimum to maximum apparent transmission was 0.885. The calculated minimum

and maximum transmission coefficients (based on crystal size) are 0.7200 and 0.8710.

The final anisotropic full-matrix least-squares refinement on F? with 105 variables converged
at R1 =2.07%, for the observed data and wR2 = 4.53% for all data. The goodness-of-fit
was 1.061. The largest peak in the final difference electron density synthesis
was 0.511 e/A% and the largest hole was -0.453 e/A3 with an RMS deviation of 0.102 e /A%,
On the basis of the final model, the calculated density was 2.564 g/cm® and F(000), 984 ¢
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Table A.4: Sample and crystal data for Ag(l)-EDTA.

Identification code
Chemical formula
Formula weight
Temperature
Wavelength

Crystal size

Crystal habit
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

WimAnl

C10H14Ag2N20s

505.97

100(2) K

0.71073 A

0.047 mm x 0.070 mm x 0.116 mm
clear colorless fragment
monoclinic

C2/c

a=1597(3)A  0=90°

b =5.5779(8) A B =106.428(7)°
c=15342(3) A  y=90°
1310.6(4) A3

4

2.564 glcm?®

3.035 mm*

984
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Table A.5: Data collection and structure refinement for Ag(l)-EDTA.

Diffractometer
Radiation source

Theta range for data
collection

Index ranges
Reflections collected

Independent reflections
Coverage of independent

reflections
Absorption correction

Max. and min.
transmission

Refinement method
Refinement program
Function minimized

Data / restraints /
parameters

Goodness-of-fit on F?
A/omax

Final R indices

Weighting scheme

Largest diff. peak and
hole

R.M.S. deviation from
mean

Bruker D8 Venture Duo IMS
IMS microsource, Mo

2.66 to 25.02°

-18<=h<=18, -6<=k<=6, -18<=I<=18
11556
1160 [R(int) = 0.0418]

100.0%
multi-scan
0.8710 and 0.7200

Full-matrix least-squares on F?
SHELXL-2014/7 (Sheldrick, 2014)
> W(F02 - Fc2)2

1160/ 54/ 105

1.061
0.002

R1=0.0207, wR2 =
0.0429

R1 =0.0284, wR2 =
0.0453
w=1/[6%(Fo?)+(0.0159P)?+8.6992P]
where P=(F,?+2F:?)/3

995 data; I>20(1)

all data

0.511 and -0.453 eA™®

0.102 A
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ABSTRACT: The growing use of silver-based nanoparticles (Ag-
b-NPs) in everyday products goes hand in hand with their release
into the environment, resulting in ng L™ traces in natural water
bodies. In order to assess their fate, possible transformations and
ecotoxicology—essential information to proper risk assessment—
particle size, shape, and chemical composition have to be
determined. Transmission electron microscopy coupled with
energy dispersive X-ray spectroscopy (TEM-EDX) is a powerful
tool for determining these particle characteristics, but it requires
high particle concentrations in order to produce statistically
reliable results. In this study, we will present the extraction of Ag-b-
NPs at environmentally relevant concentrations down to S ng L™
from artificial as well as environmental water samples via cloud

/

- Energy [eV]

point extraction on a repetitive basis. The combination with an on-grid centrifugation technique ensures an efficient concentration
and deposition of the extracted particles onto the TEM grid for subsequent TEM-EDX measurements. Furthermore, electron
microscopy investigations were supplemented by single particle inductively coupled plasma mass spectrometry (sp-ICP-MS)
measurements. Ag-b-NPs were successfully visualized and characterized at environmentally relevant concentrations of S ng L' with
TEM-EDX and sp-ICP-MS measurements. Their size, shape, and chemical composition were not affected by the sample preparation.

B INTRODUCTION

The increasing use of silver nanoparticles (Ag-NPs) in
everyday products like toiletries,"”” sportswear,” food pack-
aging,S’4 medical products,4_7 cleaning products,4 or even
paint”” leads to environmental exposure due to the washing,
usage, and disposal of those goods.”*~"" Although wastewater
treatment plants (WWTPs) are able to remove more than 90%
of nanoparticulate silver material entering a WWTP, a small
amount still reaches the environment via WWTP discharge,
resulting in concentrations of 0.7—11.1 ng L™' Ag in the
effluent.'>"* The major amount of nanoparticulate silver is
retained in the sewage sludge and can also enter the
environment via the sludge fertilization of fields."”™" In
addition to discharges of Ag-NPs related to anthropogenic
activities, Ag-NPs can also be formed via the reduction of
dissolved silver by humic and fulvic acids in the environ-
ment.”'® Once in the environment, Ag-NPs are likely to
interact with o ganlsms and therefore pose a risk due to their
biotoxicity.”'>"”'® Several studies have been carried out
focusing on the toxicity of Ag-NPs on, e.g, freshwater
invertebrates,'® vertebrates,”*”?? bacteria,*>”*° algae,
plants,z‘s’27 fungi,26 and human cells.**™° A factor which
greatly influences the toxicity of Ag-NPs is their size. It has
been reported that smaller particles (<20 nm) are much more

© 2020 American Chemical Society

7 ACS Publications 12063

toxic than bigger ones due to their large specific surface area. In
one respect, this high intrinsic surface increases the chance of
interacting with biomolecules and subsequently enterm% the
cell and, in a second respect, the release of silver ions.”"*"**
Besides size, it is important to evaluate the ecotoxicity of Ag-
NPs on the basis of chemical composition. Levard et al.
reported a large decrease in tox1c1ty toward killifish and
duckweed by the sulfidation of Ag-NPs.”* A general decrease in
toxicity was reported for all organisms in a wide range of
exposure media if the partial sulfidation was larger than
0.073 S/Ag molar ratio. This effect can be explained by the low
solubility of Ag,S. Fewer silver ions are released if an Ag,S
layer is formed around the Ag-NPs.** When released into the
environment, Ag-NPs readily undergo several transformations,
including the adsorption onto organic materials present in the
environment, oxidation, (partial) dissolution, and reactions
with dissolved species, which result in particles or coatings of,
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e.g., A%ZS, the predominant species in the environ-
ment."*'*573% Also, Wimmer et al. found, that smaller Ag-
b-NPs are dissolving much faster than bigger ones at
environmentally relevant concentrations.”® A factor, which
also influences NP toxicity is their shape. Spherical particles
enter cells much more likely than, e.g,, nanotubes or fibers.*’
Also, the shape affects the size of NPs, therefore needing to be
considered assessing nanoparticle toxicity. In order to address
all kinds of silver nanoparticles, we will refer to them
hereinafter as silver-based nanoparticles (Ag-b-NPs). As
indicated above, their fate, possible transformations, and
toxicological risks to the contaminated ecosystem predom-
inantly depend on the size, shape, and chemical composition of
Ag-b-NPs. Thus, these properties have to be investigated to
allow for a comprehensive risk assessment. Transmission
electron microscopy (TEM) equipped with energy-dispersive
X-ray spectroscopy (EDX) is a powerful tool for determining
these properties of Ag-b-NPs. However, particle-based TEM
investigations require high particle concentrations which are
well above the concentrations of environmentally occurring
Ag-b-NPs. This limitation is actually intensified when looking
at the conventional grid preparation of NP-containing samples.
Only an aliquot of few uL of the whole sample is used for grid-
preparation, further increasing detection limits. Screening the
TEM grid for a disproportionate time range goes in hand with
such high detection limits. Therefore, the present study follows
the basic idea of concentrating the Ag-b-NPs in a sample of
several mL onto a single TEM grid. As a result, detection limits
are significantly reduced to environmentally relevant concen-
trations. One technique which greatly supports those efforts is
cloud point extraction (CPE). CPE is capable of not only
preconcentrating nanoparticles, but also separating them from
dissolved and ionic species present in environmental samples
without changing their size, shape, and composition. This
technique was originally applied to the analysis of nonpolar
organic substances and metal ions after complexation to
nonpolar compounds in water.*"** Liu et al. were the first to
use CPE for NP enrichment.*”** CPE for Ag-b-NP
quantification has been thoroughly investigated and validated
in our g1‘oup.13’45_47 However, preconcentration factors of
CPE in view of environmentally relevant concentrations are
not sufficient for subsequent TEM measurements. Thus, this
study aims to present a novel method based on CPE in
combination with a centrifugation technique for visualizing and
characterizing silver nanoparticles in matrices comprising
ultrapure water (UPW), as well as environmental water
samples down to an environmental relevant concentration of
S ng L' with TEM-EDX measurements. This approach covers
(i) extracting and enriching Ag-b-NPs in environmental
samples by CPE in a first step, followed by a second step of
(ii) transferring the captured Ag-b-NPs onto a TEM grid. After
extraction, Ag-b-NPs from an original 40 mL sample are
present in some uL surfactant rich extract.

Further development of CPE was supported by inductively
coupled plasma mass spectrometry (ICP-MS) measurements
for Ag concentration analysis and single particle inductively
coupled plasma mass spectrometry (sp-ICP-MS) measure-
ments for particle number and size determination. sp-ICP-MS
measurements were confirmed by TEM-EDX measurements.

B MATERIALS AND METHODS

Materials. Acetic acid (glacial), Ag(I) ICP-standard
(AgNO; in 3% HNO,, f,, = 1000 mg L7'), ethanol,

ethylenediaminetetraacetate (EDTA) disodium salt, nitric
acid (suprapure, 65%), silver(I) nitrate, sodium acetate
anhydrous, and sodium dodecyl sulfate were purchased from
Merck (Darmstadt, Germany). Indium ICP-standard
(In(NO3); in 2—3% HNO,, f;, = 1000mg L"), dispersions
of citrate stabilized silver nanoparticles (CA@Ag-NPs)
(Bag = 20 mg L"), p-penicillamine, and sodium sulfide
(Na,S) were purchased from Sigma-Aldrich (St. Louis, MO,
U.S.A.). According to the supplier, CA@Ag-NPs should have a
size of 40 nm. As indicated in the Results and Discussion, the
average diameter was 36 nm. The mean particle sizes indicated
in this study represent the mean value based on particle
number frequency. Since CA@Ag-NP, silver sulfide nano-
particle (Ag,S-NP (type I and type 1I)) dispersions contain
impurities of dissolved Ag, the stock dispersions were purified
from dissolved Ag species by dialysis (3.5 kDa regenerated
cellulose membrane by ZelluTrans, Carl Roth, Karslruhe,
Germany) prior to use. A citrate stabilized gold nanoparticle
dispersion (CA@Au-NPs, NIST reference material RM 8013,
56 nm, f,, = 52 mg L") was purchased from the National
Institute of Standards and Technology (Gaithersburg, MD,
U.S.A.). Poly-L-lysine solution was obtained from Boster
Biological Technology (Pleasanton, CA, U.S.A.). Triton X-
114 (TX-114) was purchased from AppliChem (Darmstadt,
Germany). All chemicals were of at least analytical grade and
were checked for Ag contaminations by ICP-MS measure-
ments before use. UPW (resistivity of 18.2 MQ cm™") was
obtained by a Milli-Q-Gradient System (Millipore GmbH,
Schwalbach, Germany).

Instrumentation. A quadrupole mass spectrometer 7900
ICP-MS (Agilent, Santa Clara, CA, U.S.A.) equipped with an
autosampler SPS4 (Agilent) and a MicroMist nebulizer (Glass
Expansion, Melbourne, Australia) was used for Ag concen-
tration and particle size determination. Ar 4.8 (Westfalen,
Miinster, Germany) was used as plasma gas. For Ag
quantification, the analyte target mass was 107Ag, and 'In
for the internal standard. The measurement time was set to 1 s
for the analyte and 0.1 s for the internal standard. Each sample
was measured five times. Measurements were carried out in He
CCT mode to avoid isobaric and polyatomic interferences.
The detection limit (DL) was 0.56 + 0.25 ng L7
(0.14 + 0.06 ng L' after conduction of single CPE and
0.03 + 0.01 ng L' after rCPES). Corresponding enrichment
factors were taken into account in calculating the detection
limit after CPE (rCPE;). Calibration was performed in the
range of 1 ng L' to 200ng L™". The nebulizer gas pressure was
429 kPa.

In single particle mode, '“’Ag was chosen as the target mass
as well, and the dwell time was set to 500 ys. The pump rate
was determined to be 0.310 mL min~\. A CA@Au-NP (RM
8013) dispersion at an Au concentration of # = 52 ng L™ was
used to determine the transport efficiency 5, which is the
proportion of initial particles in the sample which finally reach
the detector. 7 was determined to be 8% according to a
previously approved procedure.”®*’ To prevent particle
aggregation, the nanoparticle suspensions were ultrasonicated
for 1 min in an ultrasonic bath—Ulsonix Proclean 3.0DSP
(Ulsonix, Berlin, Germany). To obtain an element specific
signal intensity for the sp-ICP-MS measurements, the signal
sensitivity was calibrated using an Ag(I) solution at a
concentration of 1 ug L™'. Agilent MassHunter Workstation
44 software (version C.01.04) equipped with the Single
Nanoparticle Application Module was used to evaluate particle
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size distributions. In sp-ICP-MS, transient, peak-like signals
deriving from NP jonization events in the plasma are registered
by the detector. The NP signal height and area are directly
proportional to particle size. However, dissolved analyte
species lead to a rather low yet constant signal. In sp-ICP-
MS, it is essential to differentiate between the transient peak-
like signals and the constant background. An excessive
background covers small NP signals. In the event that no
dissolved analyte species (3 Ag < DL) are present (such as after
CPE), no background signal due to dissolved analyte species
will be detected and, as a result, only the instrumental noise
will limit the size detection limit (SDL). In our case, SDL was
determined to be 8 nm.

A dedicated scanning transmission electron microscope
(STEM, HD-2700-Cs, Hitachi, Japan) operated at an
acceleration voltage of 200 kV was used for the TEM
measurements. Images were recorded using either a secondary
electron (SE) or a high angular annular dark field (HAADF)
detector. Elemental analysis of individual particles was
performed using an energy dispersive X-ray detector (EDAX,
U.S.A.), and the spectra were recorded and processed using
Digital Micrograph (v.1.85, Gatan Inc,, U.S.A.).

The TOC content of river water samples was determined
using a TOC-L analyzer (Shimadzu, Kyoto, Japan). Potassium
hydrogen phthalate was used for calibration (Nacalai Tesque
Inc., Kyoto, Japan).

Nanoparticle Synthesis and Characterization. Silver
sulfide nanoparticles (Ag,S-NPs) were synthesized according
to a procedure previously published by Pettibone and Liu.*’ In
brief, 0.16 mL of a 0.5 M Na,S solution was added at once to
40 mL of a solution containing 2 mM AgNO;. The mixture
was stirred for 1 h in the dark at room temperature (RT).
These nanoparticles are referred to as Ag,S-NPs (type I)
hereafter.

TEM-EDX measurements of the purified CA@Ag-NPs
dialyzed in previously nonpurified dialysis membranes
suggested that an Ag,S layer formed around the silver core
nanoparticles. The dialysis membranes probably contained
small amounts of sulfide impurities and induced the sulfide
formation for this reason. However, sulfidation might also have
taken place during the storage or transport of the NPs. The
molar ratio of Ag/S of the particles ranged from 3:1 to S:1.
These particles were used as Ag,S-NPs (type II), suggesting a
core—shell structure with an Ag core and an Ag,S shell.

The CA@Ag-NP, Ag,S-NP (type II), and synthesized Ag,S-
NP (type I) suspensions were dialyzed in the dark for 3 days.
The water was changed twice a day. For CA@Ag-NPs, the
dialysis membrane was put into UPW for several hours,
whereas the water was changed twice to get rid of possible
sulfide impurities before adding the NP suspension. Dialysis
was carried out to separate the nanoparticles from the
dissolved silver species and matrix constituents. After dialysis,
the nanoparticle suspensions were stored in the dark at § °C
and were stable for several weeks. The particle size, shape, and
chemical composition were determined by TEM-EDX
measurements. No sulfidation of CA@Ag-NPs could be
detected.

Preconcentration and Separation of Ag-b-NPs from
Aqueous Matrices. The UPW and river water samples were
mixed with aqueous dispersions of CA@Ag-NPs, Ag,S-NPs
(type 1I), or synthesized Ag,S-NPs (type I) to a total volume
of 40 mL and a final Ag concentration of 5 ng L' and
50 ng L™, respectively. Afterward, CPE was conducted for the

selective enrichment of Ag-b-NPs and separation from
dissolved silver species.**>>" For this purpose, 40 mL of
each sample were mixed with 100 yL of 1.25 M acetic acid,
400 pL of a 1 M sodium acetate solution, 3 mL of a saturated
aqueous solution of ethylenediaminetetraacetic acid disodium
salt (EDTA), 1 mL of a 0.1 M p-penicillamine (p-PA) solution,
and 1 mL of an aqueous solution of the surfactant TX-114
(10% (w/w)).'****>* The mixture was shaken vigorously to
ensure thorough mixing and incubated for 30 min at 40 °C.
Centrifugation for 12 min at 4500 g was then conducted to
enhance phase separation before cooling the sample for 10 min
in an ice bath to increase the viscosity of the surfactant rich
phase at the bottom of the vial. The aqueous supernatant was
removed by means of decantation. For the repetitive CPE, the
residual surfactant phase was again mixed with 40 mL of
nanoparticle-containing aqueous sample, and CPE reagents
were added as described above. In order to compensate for the
surfactant loss in the preceding CPE, which was determined
gravimetrically, 140 uL of a solution of the surfactant TX-114
(10% (w/w)) was added. Again, the mixture was shaken
vigorously and incubated for 30 min at 40 °C. After incubation,
the separation of the surfactant phase was enhanced by
centrifugation as described above. After cooling the phase-
separated mixture in an ice bath, the aqueous supernatant was
again removed by decanting. This procedure was repeated until
a total of S CPEs in a row (rCPE;) were conducted. For sp-
ICP-MS measurement, the remaining surfactant droplet
containing the extracted and enriched Ag-b-NPs was diluted
with 500 uL of ethanol and filled up with UPW to a total
volume of 10 mL. To determine the Ag concentration with
ICP-MS measurement, the CPE extract was, after carrying out
above-mentioned dilution, mixed with HNOj; yielding 1.625%
(v/v) HNO,; to dissolve extracted Ag-b-NP, thereby increasing
the analyte stability and homogeneity. Recovery rates were
calculated by dividing the Ag concentration after rCPE;
through the initial Ag concentration in the sample.
Development and Optimization of a Centrifugation
Technique for Subsequent Visualization of Ag-b-NPs
with TEM-EDX. In order to transfer the Ag-b-NPs in a sample
onto a TEM grid for investigation of the particles via TEM-
EDX, a direct on-grid centrifugation procedure was used.””
Several dispersions of 500 ng L™ CA@Ag-NP in UPW were
subjected to single CPE as described above. Each CPE extract
was applied to a poly-L-Lysin functionalized TEM grid (the
preparation is described in the following) — either with or
without prior mixing with 500 uL of ethanol. Copper TEM
grids (Micro to Nano, Haarlem, Netherlands) were function-
alized with poly-L-lysine solution to enhance nanoparticle
attachment to the carbon coating of the TEM grid.>* For this
purpose, the TEM grids were put into a droplet of poly-L-Lysin
solution for 10 min and then in UPW for another 10 min. This
procedure was repeated three times. After each step, the
remaining liquid was blotted away with a filter paper. The dry
TEM grid was then positioned on an (custom-made)
aluminum cone within a micro reaction tube (Eppendorf,
Hamburg, Germany). The aluminum cone was covered in
Parafilm (Bemis Company Inc., Oshkosh, WI, U.S.A.) prior to
positioning the TEM grid to enhance adhesion of TEM grid on
the aluminum cone. Figure 1 shows a schematic of the setup.
The detailed procedure for the TEM grid preparation is also
described in a video.’* In the following, the NP containing
CPE extract was added to this tube. After centrifugation of the
whole assembly of extract, aluminum cone, and TEM grid in
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Parafilm®

TEM-grid (functionalized)

«<—— micro reaction tube

aluminum cone

Figure 1. Poly-L-lysin functionalized TEM grid positioned onto an in
Parafilm covered aluminum cone. The cone with adhered TEM grid is
positioned into a micro reaction tube prior to addition of CPE extract
for centrifugation.

the micro reaction tube at 10 000g for 30 min, the NPs from
the original 40 mL sample were transferred onto the TEM grid.
After centrifugation, the remaining surfactant rich phase was
removed by pipetting. The fraction of particles deposited on
the TEM grid corresponded to the volumetric fraction of the
water column overlying the TEM grid compared to the total
volume of suspension in the Eppendorf tube.

Several grid washing approaches using either ethanol or
cyclohexane were evaluated to further reduce surfactant
induced film formation during the grid preparation. Therefore,
samples without added Ag-b-NP (to only observe the matrix
effects) made from pure UPW or freshly sampled river water
(without filtration) were subjected to a single CPE. As
explained above, the extracts were mixed with 500 pL of
ethanol in a first step and subsequently applied to the grid.
After centrifugation was carried out and the residual surfactant
rich phase was removed, the grids were covered with 500 yL of
ethanol or cyclohexane. After incubation for 3 min, ethanol or
cyclohexane, respectively, were carefully removed again via
pipetting. This washing cycle was repeated six times in a row.
After all six washing steps, the grid was dried in the reaction
tube, gently removed from the aluminum cone, and stored in a
TEM storage box until measurement.

In order to test the minimum detectable Ag-b-NP
concentrations in environmental water samples, river water
(without filtration) which did not contain any Ag traces above
0.56 + 0.25 ng L' was mixed with 60 nm CA@Ag-NPs at
concentrations ranging from S to SO and to 500 ng L'
nanoparticulate Ag. After performing CPE, all extracts were
mixed with ethanol, and the grid was prepared as mentioned
above, including the six washing steps with ethanol.

Investigation of Ag-b-NPs via TEM-EDX after Con-
duction of rCPE;. For the TEM-EDX measurements,
repetitive CPE was conducted S-fold (rCPE;), including
experiments with six extractions in parallel (6 X rCPE;) to
lower the limit of detection for TEM measurements. The

rCPE; extract—diluted with 500 uL ethanol and treated for
S min in an ultrasonic bath and afterward for 1 min in an
ultrasonic device UP200 St coupled to a VialTweeter
(Hielscher Ultrasonics GmbH, Teltow, Germany) at half
power to prevent particle aggregation—was transferred to a
micro reaction tube. Afterward, centrifugation was carried out
for 30 min at 10 000 g, resulting in a quantitative deposition of
the Ag-b-NPs on the aluminum cone and a corresponding
fraction on the TEM grid. After centrifugation, the CPE extract
was removed by pipetting. For the experiments with 6 X CPE;,
another CPE extract, which was diluted again with 500 uL
ethanol and treated in an ultrasonic bath and in the ultrasonic
device as described above, was added to the micro reaction
tube with the aluminum cone with adhered TEM grid in it, and
the aforementioned centrifugation procedure was carried out
again. This was done for all six consecutive CPE extracts. After
the last centrifugation step and the subsequent removal of the
CPE extract via a pipette, the TEM grid was washed six times
with ethanol in the micro reaction tube as described above.

River Water Sampling. Surface water samples were taken
from the Isarkanal river in Garching, Germany in July 2019
under dry weather conditions. All samples were taken from the
same spot and collected in polyvinyl chloride (PVC)
containers (0.5 L). Every container was rinsed three times
with the sample before being filled with it. Surface water
sample characteristics such as pH, TOC, and O, content are
shown in the Supporting Information (SI, Table S1). For the
TOC measurements, equal amounts of all samples were mixed
together and subjected to TOC measurement. The samples
were then filtered with a syringe filter (0.45 um, cellulose
acetate, VWR, Ismaning, Germany) and, after filtration,
checked for Ag-b-NP content by single CPE hyphenated to
(sp-)ICP-MS measurements. The samples were spiked with
Ag,S-NPs (type ) to a final concentration of f,, = S ng L™
before performing rCPE to mimic naturally occurring Ag-b-
NPs in an environmental surface water matrix. Ag,S-NPs were
selected because they represent the majority of naturally
occurring Ag-b-NPs.""'7%>73* For the sp-ICP-MS measure-
ment, aliquots of all subsamples were mixed together, spiked
with Ag,S-NPs (type I), and subjected to rCPE; as described
above and, subsequently, to sp-ICP-MS measurement. For
characterization by TEM-EDX measurements, rCPE; was
conducted with each sample, and the remaining surfactant
droplets were centrifuged onto a single TEM grid as described
above.

Error Calculations. Three independent sample replicates
were prepared and measured individually for all measurements.
Each sample was measured with five measurement replicates.
The uncertainty was calculated via Gaussian error propagation,
including pipetting uncertainties and standard deviations of the
independently measured sample replicates. The Ag concen-
trations were blank corrected via measurement of blank
samples.

B RESULTS AND DISCUSSION

Characterization of Ag-b-NPs. In order to gain
information about the size, shape, and chemical composition
of Ag-b-NPs in their pristine state, TEM and EDX as well as
sp-ICP-MS measurements were carried out for dispersions of
freshly synthesized and purified CA@Ag-NPs, Ag,S-NPs (type
II), and Ag,S-NPs (type I). In the following, unless stated
otherwise, the particle size distributions determined by sp-ICP-
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MS measurements are presented on the basis of normalized
particle number frequency.

CA@Ag-NPs showed a size range of approximately
16—74 nm (SI Figure S1) of nearly spherical particles (see
the TEM image in SI Figure S2). The most frequent diameter
of the particles determined by sp-ICP-MS measurement was
36 nm, while the average diameter was 35 nm. A TEM-SE
image and the corresponding EDX spectrum of CA@Ag-NPs
is shown in the SI, Figure S2.

TEM analyses revealed that the Ag,S-NPs (type II) particles
were spherical, with sizes between 20 and 80 nm (SI Figure
S$3). The most frequent diameter of the particles determined
by sp-ICP-MS measurement was 44 nm, and the average
diameter was 43 nm. EDX measurement revealed Ag to S
ratios ranging from 3:1 to 5:1, suggesting the formation of an
Ag,S layer around an Ag core. A TEM-SE image of Ag,S-NPs
(type II) and the corresponding EDX spectrum is shown in the
S1, Figure S4.

Ag,S-NPs (type I) showed a size range of approximately
14—80 nm (SI Figure SS) of individual spherical particles, as
well as particles which were possibly merged via Ag,S
nanobridges (see the TEM image in the SI Figure $6).%*
The most frequent diameter of the particles determined by sp-
ICP-MS measurement was 16 nm, and the average diameter
was 25 nm (SI Figure SS). EDX measurements revealed an Ag
to S ratio of 2:1, which was consistent with the stoichiometry
of acantite. A TEM-SE image of Ag,S-NPs (type I) and
corresponding EDX spectrum is shown in the SI, Figure S6.

Optimization of the Grid-Washing Procedure after
the on-Grid Centrifugation for Subsequent TEM-EDX
Measurement. In the development and optimization of the
centrifugation technique for the subsequent visualization of
Ag-b-NPs with TEM-EDX, dispersions of 500 ng L™ CA@Ag-
NP in UPW were subjected to CPE, and the extract was
subsequently centrifuged onto a TEM grid, either with or
without the addition of 500 uL of ethanol to the surfactant-rich
extract prior centrifugation. As depicted in Figure S7, extracts
mixed with ethanol resulted in less film formation, thus
facilitating the identification of CA@Ag-NPs in the electron
microscope.

TEM grids were washed after centrifugation with different
washing reagents. Cyclohexane as a washing reagent led to an
increased film formation both for samples made from UPW
(Figure S8B) and river water (Figure S8D,F). Washing the
prepared grids with ethanol resulted in less film formation
(Figure S8A), even in the case of actual river water (Figure
S8C,E). Therefore, grids were washed six times in a row using
ethanol in all following experiments.

Considerations Regarding the Number of Nano-
particles on the Grid. After optimizing the grid preparation
and the washing procedure for reducing film formation to an
absolute minimum, the way was paved for the detection of
traces of Ag-b-NPs in aqueous samples by means of TEM. We
thus further investigated the lowest concentration of Ag-b-NPs
in the samples prior to CPE, which were detectable with a
reasonable effort. Theoretical considerations were factored into
our experimental approaches. Assuming that the Ag-b-NPs
exhibit a spherical shape and a density of 10.49 g cm™ (such as
the bulk material according to the GESTIS Substance
Database, accessed in Mar. 2020 in the case of core Ag-
NPs), it was possible to calculate the total number of particles
present in a sample of a certain volume, e.g. a 40 mL aqueous
sample. Ideally, all of these particles will be transferred onto

the aluminum cone (8 mm diameter). A certain proportion of
these particles reach the TEM grid (3.05 mm diameter)
positioned on the aluminum cone. The imaging unit exhibits a
resolution of, for instance, 1024 X 1024 pixels. In our case, 5
pixels were required to map the entire diameter of one
nanoparticle. Given a 60 nm Ag-b-NPs, 1 pixel represents
12 nm. Considering said resolution, the area of each image
section can be calculated accordingly and, in the following, also
the number of image sections per total grid area. The average
number of Ag-b-NPs on each TEM image section can then be
calculated (see Table 1). This illustrates the expected effort for
“finding Ag-b-NPs” on the grid by microscopy.

Table 1. Calculation of Average Number of Particles
Detectable on Each TEM Image, Depending on NP Size and
Concentration

Ag-b-NP size  Ag-b-NP concentration number of particles each
(n

m) (ng L") TEM image section
10 N 8
10 50 80
10 500 800
20 S 4
20 S50 40
20 500 400
60 5 1
60 50 10
60 500 100

These calculations reveal that, even at concentrations as low
as 5 ng L' of nanoparticulate Ag, it is likely that at least one
particle will be detected in each TEM image. However, it must
be taken into consideration that these calculations are based on
an 100% extraction efliciency during the CPE process.
Therefore, the minimum detectable concentrations were also
tested via actual experiments.

As depicted in Figure 2, Ag-b-NPs were detected by TEM
for all three analyte concentrations, whereas the S ng L™

500 nm

Figure 2. TEM-HAADF images of Ag-b-NPs after CPE of samples
initially containing 500 ng L™ (A), 50 ng L™! (B), and 5 ng L™ (C)
nanoparticulate Ag from CA@Ag-NPs. Ag-b-NPs were detected in
every sample and confirmed by EDX measurements (not shown).

analyte concentration required great effort to find Ag-b-NPs on
the TEM grid. Therefore, it becomes necessary to further
increase the enrichment factor during TEM grid preparation.

Repetitive Cloud Point Extraction in Ultrapure Water.
In order to further improve the enrichment factor during CPE,
CPE was performed as a repetitive CPE (rCPE), in this case
CPE was repeated five times (rCPE;g). The recovery rates of
rCPE; of CA@AgNPs, Ag,S-NPs (type II), and Ag,S-NPs
(type I) at a final silver concentration of Pag = S ng L™ and
Pag = SO ng L™, respectively, in ultrapure water (UPW) are
presented in Table 2. Both nanoparticulate Ag concentrations
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Table 2. Recovery Rates of Ag-b-NPs Conducting rCPE; at
an Initial Concentration of ff,, = 5 ng L' and 50 ng L7},
Respectively

recovery rates (%)

NPs Pag=Sng L™ Pag =50 ng L7
CA@Ag-NPs 89 + 4 100 + 6
Ag,S-NPs (type 1) 83 + 4 83 + 4
Ag,S-NPs (type I) 77 £2 73+1

were extracted equally well However, a higher degree of
nanoparticle sulfidation showed slightly lower recovery rates
than for core silver nanoparticles. The nanoparticle size and
composition were not affected by the extraction method, as
demonstrated by sp-ICP-MS and TEM-EDX measurements
(Figures 3 and S9). The detailed procedure for the TEM grid
preparation is described in a video®* and in the Materials and
Methods section (Development and optimization of a
centrifugation technique for subsequent visualization of Ag-b-
NPs with TEM-EDX). Particles of all sizes were extracted
equally well. In order to achieve a further increase in the
enrichment factors, which would be beneficial for visualizing
Ag-b-NPs using TEM, rCPE; was run six times in parallel (6 X
rCPE;). However, the TEM measurements conducted on
samples prepared after rCPE; and 6 X rCPE; (whereas all six
extracts were centrifuged one after another onto a single TEM
grid) were very comparable. Treating the grid several times
with a CPE extract as described above may also lead to
unproducible redispersion of Ag-b-NPs from the grid. This
means that conducting only rCPE;—without running it six
times in parallel—ensures a preconcentration sufficient for

visualizing Ag-b-NPs down to an environmentally relevant
concentration of S, = S ng L™ using TEM (-EDX)
measurements and without a major search effort.

Repetitive Cloud Point Extraction in River Surface
Water. In order to investigate the robustness and applicability
of rCPE; using actual environmental water samples, rCPE; was
conducted with river surface water samples. Surface water
sample characteristics such as pH, TOC, and O, content are
shown in the SI (Table S1). The water samples revealed Ag-b-
NP concentrations of ff,, = 0.34 + 0.04 ng L™ (LOD was
0.03 + 0.01 ng L' after rCPE;). However, sp-ICP-MS
measurements showed no particle signals, indicating that no
particles >8 nm were present in the samples. The river water
was spiked with Ag,S-NPs (type I) at a final concentration of
Pag =S ng L', Subsamples of the aforementioned river water
were subjected to rCPE;, and subsequent ICP-MS measure-
ments showed recovery rates of 65 & 15%, indicating that most
particles of the original sample were successfully extracted. The
particle size and composition were not affected by the
extraction technique (Figures 4 and 5). As with the model-
systems in ultrapure water, particles of each size were extracted
equally well, which shows that the environmental water matrix
does not influence the extraction efficiency (Figure S). These
findings show the huge potential of this method for particle
size and composition determination in environmental samples
with sp-ICP-MS and TEM-EDX measurements, because it is
able to provide this information at environmentally relevant
concentrations and in complex environmental matrices. The
size, shape, and chemical composition of nanoparticles are the
key parameters in determining their environmental fate,

80 160
£ 60 @® 120
kS €
3 3
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Figure 3. TEM-HAADF images and corresponding EDX spectra of CA@Ag-NPs (A, B), Ag,S-NPs (type II) (C, D), and Ag,S-NPs (type I) (E, F)
at an environmental relevant silver concentration of ff;; = 5 ng L™ after rCPE; conducted in UPW. Additional C-, O-, Si-, and Cu-signals in the
spectrum result from the sample carrier (copper grid with carbon film), and carbohydrate contamination during TEM measurement and residues

from CPE chemicals.
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Figure 4. TEM-HAADF image and corresponding EDX spectrum of
Ag,S-NPs (type I) spiked to a river water sample (river Isarkanal)
after rCPE; from samples originally containing S ng L' Ag
Additional C-, O-, Si-, and Cu-signals in the spectrum resulted from
the sample carrier (copper grid with carbon film), carbohydrate
contamination during illumination, residues from CPE chemicals and
natural organic matter (NOM) residues from the environmental water
sample.

possible transformations, and ecotoxicity, thus underlining the
tremendous potential of the approach presented.
Environmental Impact. A proper risk assessment of the
fate, transformations and ecotoxicity of NPs in the environ-
ment calls for essential information about particle size, shape,
and chemical composition at environmentally relevant
concentrations (ng L_l) in complex environmental matrices.
We hope that our presented approach can contribute to a
comprehensive discussion on environmental concerns regard-
ing the release, fate, possible transformations, and ecotoxicity
of Ag-b-NPs in the environment. We hope the presented
approach finds its way towards a standard procedure for the
determination of nanoparticles in environmental samples, as it
may also easily be adapted for the determination of other metal
containing nanoparticles or even, e.g., micro- and nanoplastics.

B pristine state
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Figure 5. Comparison of particle size distributions of Ag,S-NPs (type
I) spiked to a river water sample (Isarkanal river) after rCPE; at a
concentration of c(Ag) = 5 ng L™ and of Ag,S-NPs (type I) before
rCPE; (pristine state). The size distributions presented are based on
normalized particle number frequencies obtained by sp-ICP-MS
measurements.
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17  Figure S1. Particle size distribution of CA@Ag-NPs based on normalized particle number
18  frequency obtained by sp-ICP-MS measurement. The most frequent diameter was 36 nm,
19  and the average diameter was 35 nm.
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21  Figure S2. TEM-SE image of CA@Ag-NPs and the corresponding EDX spectrum.
22 Additional C- and Cu-signals in the spectrum result from the sample carrier (copper grid
23 with carbon film) and carbohydrate contamination during TEM measurements.
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26  Figure S3. Particle size distribution of Ag2S-NPs (type II) based on normalized particle
27  number frequency obtained by sp-ICP-MS measurement. The most frequent diameter was
28 44 nm, and the average diameter was 43 nm.
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30  Figure S4. TEM-SE image of Ag:S-NPs (type II) and EDX spectrum. Additional C- and Cu-
31  signals in the spectrum result from the sample carrier (copper grid with carbon film) and
32 carbohydrate contamination during TEM measurements.
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35  Figure SS. Particle size distribution of Ag:S-NPs (type I) based on normalized particle
36 number frequency obtained by sp-ICP-MS measurement. The most frequent diameter was
37 18 nm, and the average diameter was 25 nm.
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39  Figure S6. TEM-SE image of Ag2S-NPs (type I) and the corresponding EDX spectrum.
40  Additional C- and Cu-signals in the spectrum result from the sample carrier (copper grid
41  with carbon film) and carbohydrate contamination during TEM measurements.
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43

44
45
46
47
48

49

Figure S7: TEM-HAADF (A, C) and TEM-SE (B) images of samples containing CA@Ag-
NPs in UPW. All samples were subjected to CPE, whereas the CPE extract was applied
without added EtOH (A) and after mixing with EtOH (B, C) to the TEM grid. C represents
the same sample as B but another image area and magnification. Particles visible in A and
C represent Ag-b-NPs as confirmed by EDX measurements (not shown).
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53  Figure S8: TEM-HAADF (A-D) and TESE (E, F) images of grids prepared from CPE
54  extracts of UPW (A, B) and river water samples (C-F). During grid preparation, washing
55  was performed with EtOH (A, C, E) or cyclohexane (B, D, F), respectively.
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Figure S9. Comparison of particle size distributions of CA@Ag-NPs (A, B), Ag:S-NPs (type
II) (C, D), and Ag:S-NPs (type I) (E, F) after rCPEs with concentrations of ¢(Ag) =5 ng L!
as well as ¢(Ag) =50 ng L' and the Ag-b-NPs before rCPEs (pristine state). The size
distributions presented are based on normalized particle number frequencies obtained by

sp-ICP-MS measurements.
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62  Table S1. Characteristics of water samples collected from the Isarkanal river and TOC
63  content of a composite sample containing all samples to equal amounts.

Sample number pH TOC [mg L] O: content [mg L]
1 8.33 12.89

2 8.33 12.71

3 8.34 12.44

4 8.32 12.35

5 8.33 12.41

6 8.33 12.60

Composite sample 9.88 + (.38

64
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monly used as antimicrobial additive in consumer products and pharmaceuticals. Since released dissolved Ag
species act as the actual antimicrobial agent, Ag nanomaterials are supposed to pose risks to the environment
by a release of dissolved species. Unfortunately, no standard protocols exist yet to gain reliable information
about the presence and distribution of nanomaterials in the environment. Therefore, we present an
interlaboratory collaboration involving three laboratories to quantify silver, silver based nanoparticles (Ag-b-
NPs) and a wide range of relevant trace elements after different sample pre-treatments for profiling surface
water of a Dutch channel. Besides quantification of the elements, different sample pretreatments like acidifica-
tion, with or without filtration, and their effect on the measurable elemental content were studied. Total Ag
and Ag-b-NPs were quantified at lower ng L' range in the channel water whereas reasonable differences de-
pending on the pre-treatment were identified; Ba, As, Pb, Co, Cr, Cu, Ni and Zn were detected at pg L™! range
and Na, K, Mg, Ca and Fe at mg L™! range. Significant sample pre-treatment effects were observed for the ele-
ments Cr, Cu, Fe, Pb and Zn, which is very likely due to the existence of particulate species. Measured concentra-
tions were well comparable among the three laboratories underpinning method validity and correctness
allowing for a comprehensive, reliable risk assessment for nanomaterials in the environment.
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1. Introduction

Determining trace elements in natural water has always been a main
aspect of aqueous analytical chemistry (Ahmad et al, 2010;
Beauchemin et al.,, 1987; Demirak et al., 2006; Elci et al., 1992; Suthar
et al, 2009). Although modern wastewater treatment plants
(WWTPs) reduce the amount of environmentally emitted elements, es-
pecially remaining heavy metals in natural water bodies are alarming
since they may pose risks to human and environmental health.

Owing to the highest (eco)toxicity after mercury, silver (Ag) has
been focused in a lot of studies addressing sources and environmental
fate of this contaminant in the environment so far (Krug, 2014). Espe-
cially particulate Ag species are of high concern since they are reported
to be even more harmful to the environment than dissolved ones (Krug,
2014). As a special heavy metal, Ag in the form of nanoparticles (AgNPs)
is used in a broad variety of pharmaceuticals and consumer products
(Krystek et al., 2011), like personal care (Kessler, 2011), functional fab-
rics (Benn and Westerhoff, 2008; Geranio et al., 2009; Mitrano et al.,
2016; Mitrano et al.,, 2014), house appliances (Jiang et al., 2014) or prod-
ucts used for food storage (Richter et al., 2015). AgNPs are supposed to
be released during production, usage and, eventually, disposal of these
products (Troester et al., 2016). Then, AgNPs are transported via waste-
water streams to WWTPs retaining major proportions of the incoming
AgNPs (about 95%) (Li et al., 2013; Li et al., 2016a). Nevertheless, traces
of AgNPs enter the environment as anthropogenic contaminants (Sun
et al.,, 2016; Troester et al., 2016). Supplementary to this source,
AgNPs are also reported to exist naturally formed from dissolved silver
species (Sharma et al.,, 2015; Wimmer et al., 2018). Once released into
the environment, AgNPs undergo a confusing variety of surface modifi-
cations, like homo- and hetero-aggregation, adsorption to natural or-
ganic matter or formation of silver sulfide or silver chloride coatings
(Laborda et al., 2016; Levard et al., 2012; Li et al., 2016b; McGillicuddy
et al, 2017; Meier et al., 2016; Sun et al., 2016). Therefore, particulate
Ag detected in natural water samples is henceforth named silver
based nanoparticles (Ag-b-NPs). Detecting Ag-b-NPs in environmental
samples has been a major challenge for analytical chemistry so far
(Leopold et al., 2016). With nanoparticles being present at very low con-
centrations (few ng L™!) in a complex environmental matrix, their
quantitative detection is hardly feasible and very time consuming
with current techniques (Krystek et al., 2015). Cloud point extraction
(CPE) is a tool that may overcome these limitations. This method spe-
cies selectively extracts Ag-b-NPs from aqueous, environmental sam-
ples and simultaneously enriches the particles to detectable
concentrations for electrothermal atomic absorption spectrometry
(ET-AAS) or inductively coupled plasma mass spectrometry (ICP-MS)
(Duester et al., 2016; Hartmann et al., 2014; Hartmann et al., 2013). Sin-
gle particle (sp) ICP-MS represents a new development in the sector of
mass spectrometry able to gain information about nanoparticle size dis-
tributions besides their elemental concentration (Degueldre and
Favarger, 2003; Degueldre et al., 2006; Lee et al,, 2014). Highly resolved
detection times record transient signals once particles are atomised and
ionised in the ICP. The number of these signals refers to the particle con-
centration, whereas signal areas correspond to the particle sizes. A re-
cent study revealed the concentration level of Ag-b-NPs in a river in
southern Germany with 0.9-2.3 ng L™! detected Ag-b-NPs (Li et al.,
2013; Li et al., 2016a; Troester et al., 2016), which is totally in accor-
dance with a study modelling the lower (Qg15) and upper (Qpgs) con-
centration of Ag-b-NPs in surface water at the range of 0.4 to
2.78 ng L™! (Sun et al,, 2016).

In the presented study, CPE-sp-ICP-MS measurements for Ag-b-NPs
are extended on a Dutch channel receiving the effluent of a WWTP
shortly before its estuary into an inland sea. Moreover, total silver and
a variety of further elements were measured in the water samples. In
depth analysis of several elements in water samples, which were pre-
treated differently, indicates the existence of particulate species besides
Ag-b-NPs. A valid and reliable data set for Ag-b-NPs and further

elements, which pose potential risks to human and environmental
health, is scarce yet but essential for a comprehensive risk assessment.

This work was carried out as interlaboratory collaboration study in-
volving three laboratories A, B and C. It aims (i) to compare different
sample preparation and conservation techniques prior analysis and
(ii) to quantify silver and selected trace elements within the reach of a
Dutch channel, whereas (iii) especially Ag in dissolved and (nano)par-
ticulate form were focused and quantified, whereas particles were ex-
tracted by CPE.

2. Experimental
2.1. Instrumentation

For this interlaboratory collaboration study, ICP-MS instruments as
available at the three laboratories were used. In total, five different
ICP-MS instruments were used as summarised in Table 1.

For the sample digestion assisted by microwave radiation, a CEM
type Mars6 oven from CEM corporation (Matthews, NC, USA) was
used. Conditions applied were: 20 min (1200 W) ramp to 170 °C,
which was maintained for 25 min before cooling down.

2.2. Materials, reagents and standards

For on-site filtration, disposable syringe filters (PES, 0.45 um, pre-
filter PP, 34 mm, housing) from Dispolab (Someren, The Netherlands)
were used. Standard disposable sampling bottles (HDPE, PET) from
Eijkelkamp (Giesbeek, The Netherlands) and various disposable tubes
were used, too. All disposable materials were checked batch wise for
contamination (criterion concentration observed <0.5 x detection
limit).

All chemicals were of analytical grade or of higher purity and ultra-
pure water (UPW) with a resistivity of 18.2 MQ cm was used.

Concentrated hydrochloric acid (HCI) and/or concentrated nitric
acid (HNOs) (both of suprapur grade, Merck, Darmstadt, Germany)
were used for solutions and/or sample digestion. For calibration in
quantitative ICP-MS measurements as well as for internal standardiza-
tion, traceable single element stock standards from accredited suppliers
(Merck (Darmstadt, Germany) and Inorganic Ventures (Christiansburg,
VG, USA)) were used.

For cloud point extraction (CPE), the surfactant TX-114 (AppliChem,
Darmstadt, Germany), D-penicillamine (Sigma Aldrich, St. Louis, MO,
USA) and disodium ethylenediaminetetraacetate (Na,EDTA, Merck) as
complexing agents for dissolved Ag(I)-species, and sodium acetate an-
hydrous (Merck) mixed with acetic acid (glacial, Merck) as pH-buffer
were used. Ethanol (EtOH, emsure grade) was obtained by Merck.

To calibrate nebulization efficiency in sp-ICP-MS measurements, a
gold (Au) NP dispersion (28 nm particle size, NIST reference material
8012) was received from the National Laboratory of Standards and
Technology (NIST, Gaithersburg, MD, USA).

2.3. Water samples: Collection, on-site filtration and conservation

Surface water samples of a ~6 km section of the Dutch channel
Goyersgracht were taken at three locations (see Fig. 1) on 2018-06-12.
At L1, the sample was collected immediately after a WWTP (Blaricum)
discharged its effluent into the channel, at L2, sampling at the channel
was done from a bridge, and at L3, a sample was taken from the sluice
to the inland sea Eemmeer. At each location (L1-L3), the samples were
taken as follows: 100 mL HDPE bottle for trace elements (only acidified
to pH 2, HNOs, LX.1); 100 mL HDPE bottle for trace elements (filtrated
and acidified to pH 2, HNOs, LX.2); 500 mL PET bottle (not-filtrated
and not-acidified) for nanoparticle analysis (LX.3).
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Table 1

ICP-MS instrumentations as used for this interlaboratory collaboration study (x = measurement carried out; * = method under accreditation (ISO/IEC 17025); ** = software: Agilent's

MassHunter (version C.01.04, build 544.3) with single-particle-tool).

Instrument Type Total quantification of Ag Quantification of particulate Ag by sp-mode Total quantification of trace elements*® Laboratory
Agilent 7700 CCT-ICP-MS X A
Thermo iCap Q CCT-ICP-MS X A
Agilent 7500 CX CCT-ICP-MS X B
Thermo ELEMENT XR HR-ICP-MS X B
Agilent 7900 CCT-ICP-MS X x** C

24. Analytical procedures

The studies were carried out in three laboratories A, B and C,
whereas the used instruments as well as the methodological informa-
tion are summarised in Tables 1 and 2.

2.5. Sample pre-treatments prior total quantification of silver and selected
trace elements

For the quantification of Ag and other elements at laboratory A, sam-
ples were analysed directly for LX.1 and LX.2. In addition, for samples
LX.2 also microwave assisted digestion with aqua regia (HNO5:HCl;
1:3) was used. In this case, 25 mL of the water sample and 8 mL aqua
regia were mixed before digestion and then brought to a final volume
of 50 mL prior analysis using ICP-MS.

At laboratory B, 10 mL of received water samples (LX.1, LX.2) were
additionally acidified with 0.2 mL aqua regia (HNO3:HCl; 1:3) for the
quantification of Ag; hereby, possibly formed colloid silver chloride
(AgCl) was transformed into a soluble complex [AgCl,] . For determi-
nation of the other trace elements, no further pre-treatment was ap-
plied and the samples were directly measured in the supplied
acidified and filtered water samples.

Stadspark

/V (L2) Eemnes
canal from bridge

ca

(E1) WWTP Blaricum
discharge into canal |

Laboratory C measured total Ag in the solely acidified water samples
LX.1 and in the acidified and filtrated samples LX.2. After shaking, each
sample was divided into three individually treated 15 mL aliquots acid-
ified with nitric acid to 1.625% (w/w) total acid content. After an incuba-
tion time of at least 3 h prior measurement, all samples were shaken
again and forwarded to the ICP-MS measurement.

2.6. Total quantification of total silver and selected trace elements by ICP-
MS

At laboratory A, trace elements except Ag were determined under
ISO/IEC 17025 (NEN-EN-ISO/IEC 17025, 2005) accreditation in accor-
dance with ISO 17294-2 (NEN-EN-ISO 17294-2, 2016) by using an
Agilent 7700 ICPMS. Quantification of Ag, not under accreditation, was
performed with a Thermo iCAP Q ICP-MS. More details are given in
Table 2.

At laboratory B, the trace elements were measured by an Agilent
7500 CX ICP-MS following a routine series under ISO/IEC 17025 accred-
itation as in-house method. As long as the quantification of Ag is not
under accreditation, a new method was set-up by using the high resolu-
tion (HR)-ICP-MS. All details are summarised in Table 2.

At laboratory C, no accreditation was available and the quantification
of total silver in the samples LX.1 and LX.2 was performed using an

Eepy,,
"Meg,.

(L3) Eemmeer
inland sea
from sluice

Fig. 1. Sampling locations along the channel Goyersgracht in the Netherlands. Map is based on Google Maps; 09-17-2018.
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LR
10774
103pp

Zn
CCT-He
Gszn
72G€
CCT-He
Gﬁzn

CCT-He
60N
455

CCT-He
60N

Cu
CCT-He
G3Cu
72Ge
CCT-He
63Cu

Cr
52Cl_
4SSC

CCT-He
SZCI.

low resolution; CCT = collision cell technique).
CCT-He

Co
CCT-He
59C0
455c
CCT-He
SQCO

Pb
No gas
ZOGPb, 207Pb' ZOSPb
175Lu
CCT-He
208py,

PT2

PT1 and PT2

CCT-He

As
75AS
72Ge

CCT-He
75/‘\5

Ba
no gas
137Ba
175Lu
137Ba

CCT-He

Fe
CCT-He
56Fe
456
CCT-He
56Fe

Ca
CCT-He
44Ca
72Ge
CCT-He
44Ca

Mg
CCT-He
24Mg
4SSc
CCT-He

CCT-He
39
455

CCT-He
39K

CCT-He
Z3Na
45Sc

CCT-He
2Na

Laboratory
A
B

ICP-MS operation mode

Sample pre-treatment
ICP-MS operation mode
Selected isotope
Sample pre-treatment
Selected isotope

Pre-treatments are abbreviated as follows: only on-site acidified by HNO3 (PT1); on-site filtered and acidified by HNO3 (PT2); additional acidification by aqua regia (PT3); additional acidification by HNO3 (PT4); microwave digestion with aqua regia
Internal standard

(PT5); no on-site sample pre-treatment but CPE for Ag-b-NP quantification (PT6).

Sample pre-treatment and ICP-MS measurement setting as used for the total quantification at three laboratories A, B and C (n.m. = not measured; LR

Table 2
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2 Agilent 7900 ICP-MS measuring the isotope '°’Ag in helium collision
= mode. 1'°In was used as internal standard, by adding traces of a stock
z solution containing 400 pg L' In (in 1.625% HNO; (w/w)) via a Y
£ connecting tubing to the sample immediately before nebulization. For
I T 2c calibration, solutions containing dissolved Ag(I) in the range from 0.5
E g &2 to 100 ng L™' were prepared in 1.625% HNO; (w/w) from the
g 1000 mg L~ Ag(1) sock solution and measured together with all sam-
£ ples. All details are given in Table 2.
+
E 2.7. Sample preparation for cloud point extraction of silver nanoparticles
= EEg To determine Ag-b-NPs in all samples, CPE was used to extract and
8 === enrich Ag-b-NPs from the aqueous, untreated samples LX.3, whereas si-
multaneously selectively particles were separated from dissolved Ag
5 . (I) species and matrix constituents. CPE followed the procedures al-
8 === ready published in literature (Duester et al., 2016; Hartmann et al.,
2014; Hartmann et al., 2013). All samples were shaken thoroughly
5 g and afterwards allowed to settle down for 5 h. The clear supernatant
g 2a & was divided into three 40 mL aliquots and filled into 50 mL falcon
tubes, which were weighted prior use to enable handling precise vol-
o o umes by weight. Each 40 mL aqueous sample was mixed with 100 pL
y$ EEE acetic acid (1.25 M and 400 pL sodium acetate solution (1 M)) for pH
buffering. Afterwards, 3 mL saturated EDTA solution and 1 mL
) D-penicillamine were added to chelate dissolved Ag(I) species. After
§ E § E adding 1 mL of the surfactant TX-114 (10% (w/w)), the mixture was
shaken and incubated for exactly 30 min at 40 °C. Afterwards, phase
separation between the surfactant rich phase and the aqueous phase
was promoted by centrifugation (12 min, 4500g). All samples were
& g gg cooled in an ice bath for 5 min to increase the surfactant's viscosity
] === followed by phase separation by decanting the aqueous supernatant.
This extraction procedure collects all Ag-b-NPs in a 500 pL surfactant
rich droplet. 500 pL EtOH were added to each of these droplets and all
: samples were gravimetrically filled up to exactly 10 mL using UPW.
8 EEE This results in an enrichment factor of 4 for Ag-b-NPs in the samples. Di-
= s lution of the surfactant droplet with EtOH and UPW is necessary for
nebulizing during the ICP-MS measurement. The diluted extracts were
& ggg then split: 4 mL were mixed with 100 uL HNOs to dissolve Ag-b-NPs
= e for a total silver measurement in the extracts by ICP-MS; the remaining
6 mL were measured by sp-ICP-MS without additional treatment to get
& EEE information about the size distribution of Ag-b-NPs in the analysed
R g4 channel water.
g £E g 2.8. Analysis of extracted silver nanoparticles by (single particle) ICP-MS
N [=IE=IN=]
Size distributions of the extracted particles were determined by sp-
o . ICP-MS measurements of the diluted extracts. To calibrate elemental
g>.§ & S E E sensitivity, a 1 ug L~! dissolved Ag(I) solution was prepared in the
same matrix of the extracts, i.e. a certain amount of the Ag(I) stock solu-
° . tion was mixed with 2.5 mL TX-114 (10% (w/w)) and 2.5 mL EtOH and
& E E E filled up to 50 mL with UPW. To determine nebulization efficiency, a
48 ng L~ ! AuNP dispersion was prepared from NIST RM 8012 (28 nm,
. ) 48 mg L™! stock concentration) in the same matrix of the extracts as de-
P EEE scribed above. The pump rate was gravimetrically determined as
0.316 mL min~". For calibration, an already published protocol was
followed (Peters et al., 2014). All calibration solutions were measured
e LLLOL together with the diluted CPE extracts. Dwell time was set to 500 ps,
resulting in 120,000 data points for an acquisition time of 1 min each
sample. Data evaluation assumes spherical particles with a density of
e silver bulk material of 10.5 g cm 3. Very small particles are not detect-
52 able in sp-ICP-MS measurements since their particle signal is over-
° E S.T lapped by the background signal (Lee et al., 2014). CPE reduces this
§ $ RS § background signal to a minimum so that all particles >8 nm particle
g g8 28 size are detectable. Concentration measured in this mode therefore re-
EREE fers only to particles 8 nm.
E E, g é g Besides particle sizes, total silver was measured in all CPE extracts.
Calibration solutions were prepared from the dissolved Ag(I) stock
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solution in the range from 0 to 20 ng L™! in the same matrix of the ex-
tracts, i.e. certain amounts of Ag(I) standard were mixed with 1.25 mL
HNOs (conc.), resulting eventually in 1.625% (w/w) HNOs in the diluted
sample, 2.5 mL TX-114 (10% (w/w)), and 2.5 mL EtOH and filled up to
50 mL using UPW. All diluted CPE extracts were measured together
with the prepared calibration solutions. Ag concentrations in CPE ex-
tracts measured by conventional ICP-MS measurements include all par-
ticulate Ag species extracted, thus not only particles >8 nm but also
<8 nm.

2.9. Quality assurance/quality control (QA/QC) aspects

The total quantification of trace elements was carried out at two lab-
oratories which are accredited according ISO/IEC 17025 (NEN-EN-ISO/
[EC 17025, 2005) for these activities. This included various evaluation
criteria; e.g. all calibration curves of trace elements were checked on
the correlation coefficient R? > 0.999. A regular check on the recovery
of a known standard at a medium calibration level was carried out
after analysing 10 samples and its determined recovery had to be in
the range of (92 to 108)%. Furthermore, chemical blanks as well as con-
trol samples were analysed within each sequence and the data were ac-
cordingly evaluated. Furthermore, the laboratories participate regularly
into round robin studies.

3. Results and discussion
3.1. Quantification of total and particulate silver

Dissolved and particulate Ag was found in water of the channel at all
three sampling locations; the results are summarised in Table 3. The re-
sults are presented in the flow order directly after a WWTP (L1), middle
location of the channel (L2), and merging of the channel Goyersgracht
into the inland sea (Eemmeer; L3). L1 contained the highest amounts
of total Ag; the solely acidified sample L1.1 contained 27.7 (laboratory
A), 27.4 (laboratory B) and 28.3 (laboratory C) ng L~ ! total Ag. Addi-
tional filtration reduces the amount of Ag to 10.8 (A), 12.6 (B) and 7.9
(C) ng L1, Since 2.4 ng L~! particulate Ag with 1.7 ng L~! Ag-b-NPs
> 8 nm were detected by sp-ICP-MS, filtration reduces detectable Ag
not only by the amounts of particulate species but most likely also by
dissolved Ag species attached to suspended particulate matter retained
by the 0.45 um filter. However, all measured concentrations were very
well comparable among the three laboratories measuring indepen-
dently treated subsamples of the same sample. Total digestion with

Table 3
Measured concentration of total silver, particulate silver and particulate silver (28 nm) in
all investigated water samples by the three laboratories A. B and C (n.m. = not measured).

Laboratories

A B C

Location 1 c(Ag) [ng L]
Microwave digestion (L1.1) 153.0 n.m. n.m.
Acidified (L1.1) 27.7 27.4 28.3
Acidified + filtrated (L1.2) 10.8 12.6 7.9
Particulate species (L1.3) n.m. n.m. 24
Particulate species (>8 nm) (L1.3) n.m. n.m. 1.7

Location 2 c(Ag) [ng L]
Microwave digestion (L2.1) 103.0 n.m. n.m.
Acidified (L2.1) 19.0 28.5 241
Acidified + filtrated (L2.2) 7.5 10.7 10.0
Particulate species (L2.3) n.m. n.m. 1.8
Particulate species (28 nm) (L2.3) n.m. n.m. 0.9

Location 3 c(Ag) [ng L]
Microwave digestion (L3.1) 45.0 n.m. n.m.
Acidified (L3.1) 121 175 15.0
Acidified + filtrated (L3.2) 6.5 6.4 6.4
Particulate species (L3.3) n.m. n.m. 1.6
Particulate species (28 nm) (L3.3) n.m. n.m. 0.7

aqua regia of the unfiltered samples led to the highest concentration
of 153 ng L™ ! total Ag apparently due to a maximum of released and dis-
solved Ag species. Within the reach of the channel at L2, lower concen-
trations for total Ag in samples L2.1 were measured: 19.0 (A), 28.5 (B),
24.1 (C) ng L™ ! total Ag. Filtration again reduced the measurable
amount to 7.5 (A), 10.7 (B) and 10.0 (C) ng L™! total Ag. The digested
sample contained 103 ng L™ total Ag. Moreover, the amount of partic-
ulate silver also decreased: in L2 only 1.8 ng L™! total particulate silver
and 0.9 ng L~" Ag-b-NPs > 8 nm were detected. The decrease in Ag con-
centration along the channel could also be observed for the final sample
L3 after the channel's estuary into the inland sea Eemmeer. The acidified
sample L3.1 contained 12.1 (A), 17.5 (B) and 15.0 (C) ng L™ ! total Ag
with a reduction after filtration to 6.5 (A), 6.4 (B) and 6.4 (C) ng L~!
total Ag. The digested sample contained 45 ng L™! total Ag. In L3 also
the lowest amount of particulate Ag of 1.6 ng L~! with 0.7 ng L~! Ag-
b-NPs > 8 nm was measured. Overall, the concentrations of total Ag
and Ag-b-NPs was reduced from L1 to L3. L1 is located directly next to
a WWTP discharge point, which is supposed to serve as an anthropo-
genic source for Ag-b-NPs in natural waters (Duester et al., 2014;
Kaegi et al., 2013; Liet al., 2013; Li et al,, 2016a). Ag-b-NPs are therefore
emitted from the WWTP into the channel, whereby total and particulate
Ag is diluted within the reach of the channel until lowest concentrations
were measured in the inland sea at L3. This observation is totally in line
with a recent study on Ag-b-NPs in water of a river in Southern
Germany, where the anthropogenic influence of WWTP emitting Ag-
b-NPs into the river water could be clearly discovered (Li et al.,
2016a). For all samples, measured concentrations by the three laborato-
ries A, B and C were very well comparable underpinning method valid-
ity of each laboratory's method. Nevertheless, it should be noted that
concentrations measured by laboratory B exceeded the concentrations
measured by laboratory A and C in most cases. B used aqua regia for
acidification, whereas A and C used nitric acid. Aqua regia seems to mo-
bilize more Ag species in the aqueous sample compared to nitric acid -
most likely by dissolving AgCl species, which are not dissolved by nitric
acid (Bianco et al., 2015).

The three laboratories, also determined total organic carbon (TOC)
and dissolved organic carbon (DOC) in all samples in a range from 10
to 13 mg L™ (remark: methods are not described in detail within this
publication). These observations showed that there is no correlation be-
tween TOC (resp. DOC) and quantified amounts of Ag, and Ag-b-NPs.

sp-ICP-MS measurements revealed, that Ag-b-NPs in the channel are
- regardless of the sampling location - of comparable particle size distri-
butions of 8 to 20 nm particle size (see Fig. 2A). The maximum of the
particle size distribution was located at 8 nm. Together with the fact
that concentrations (see Table 3) measured by CPE-ICP-MS (all particu-
late Ag species) were steadily higher than measured by CPE-sp-ICP-MS
(only Ag-b-NPs > 8 nm), this proves that there was a distinct amount of
Ag-b-NPs < 8 nm present in the water samples. Fig. 2B clearly shows the
existence of Ag-b-NPs as transient signals in the single particle mass
spectra. Found particle sizes equal sizes of naturally occurring Ag-b-
NPs as presented in the literature (Li et al., 2016a; Wimmer et al., 2018).

3.2. Total quantification of selected trace elements

Besides Ag in dissolved and particulate form, selected trace elements
were quantified in the solely acidified (LX.1) and simultaneously acidi-
fied and filtrated samples (LX.2) by laboratories A and B. These mea-
surements should primarily address the effect of filtration on the
measurable amount of several elements in the acidified samples and
the overall comparability of results. All measured concentrations are
given in Table 4.

Overall, all elements were quantified with good agreement by the
two laboratories emphasising method validity, result reliability and
quality control. Especially analyte homogeneity is given since concen-
trations measured independently by the two laboratories in the sub-
samples are totally consistent.
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Fig. 2. A: exemplary particle size distribution of Ag-b-NPs extracted from the water sample at L3. Particles <7 nm aren't detectable anymore using sp-ICP-MS since particle signals are
indistinguishable from the instrument's background signal in this case. B: exemplary time resolved spectra measured in single particle mode (dwell time 500 ps) for '°’Ag showing

clearly the existence of Ag-b-NPs in the CPE extract of the water sample L3.

Regarding sample conservation and pre-treatment, two groups of el-
ements became obvious. For some elements, there was no difference in
concentrations for the solely acidified and acidified and filtrated sam-
ples detectable. Concentrations for all investigated alkali metals (Na,
K) and alkaline earth metals (Mg, Ca, Ba) were not affected by filtration
for sample pre-treatment and were all present in the mg L™! range.
Moreover, no filtration effect was observable for the measurement of
As and the transition metals Co and Ni. This observation reveals, that
all mentioned elements were present as totally dissolved species able
to pass the filter without any retention. As was present in the samples
from 0.5 to 1.4 pg L™, Co from 0.2 to 0.4 ug L' and Ni from 1.6 to 2.4
pg L. In some cases, the concentration decreased from the WWTP ef-
fluent discharge point (L1) till the channel's estuary into the Eemmeer
(L3) (Na, K, Mg, Ca, Co), stayed constant (Ba) or even increased (As,
Ni). Therefore, no significant correlation between sampling location or
distance within the channel from the WWTP discharge point and the
measured concentration could be detected.

In contrast to the above cited elements, the measured concentra-
tions of Pb and the transition metals Fe, Cr, Cu and Zn along the channel
were heavily dependent of the sample conservation procedure. In all
cases, filtration led to a notably decrease in concentration. Fe was pres-
ent in the samples from 0.1 to 0.5 mg L™!, whereas filtration reduced
the measured 0.5 mg L™ to 0.1-0.2 mg L™ !, for instance. Again, both
laboratories quantified Fe and the following elements very well compa-
rably underlining method validity and correctness. The comparable

Table 4

results for two laboratories and the described filtration effect was ob-
served for Pb, Cr, Cu and Zn as well. These elements were present in
the g L™ ! range. Fe content in channel water increased steadily with in-
creasing distance from the WWTP discharge point from 0.1 to
0.5 mg L~! from L1.1 to L3.1, which was also observed for especially
Pb and slightly for Zn. However, no special industrial activities are iden-
tified between L1.1. and L3.1. This small increase in concentration can be
explained by local input from the sediment, for instance. Furthermore,
the channel is located nearby and parallel (between L1.1. and L2.1.) to
the highway A27 in a high traffic area (see Fig. 1). Between L2.1. and
L3.1,, at least half of the way is still parallel to the highway. Between
L1.1. and L2.1., there is also a gas station with a parking lot located.
This might have an effect on the emission of common (heavy) metals
from traffic and transport. On the opposite side of the channel, a small
living area without industrial influence is located and the second half
of the way, the channel solely passes through fields and meadows.
However, this is only a possible assumption to explain the increasing
concentration of some elements within the reach of the channel,
which might be subject to a subsequent study. Contents of Cr and Cu
stayed constant within the reach of the channel. Essentially, filtration af-
fects measured concentrations only for Pb, Fe, Cr, Cu and Zn, whereby all
other investigated elements were not influenced by filtration. Very
likely, Pb, Fe, Cr, Cu and Zn were significantly abundant as particulate
species or were bound as ionic or dissolved M™* species to suspended
particulate matter and therefore retained by the filtration process.

Measured concentration of total silver, particulate silver and particulate silver (>7 nm) in all investigated water samples by the three laboratories A, B and C.

Concentration [mg L™']

Concentration [pg L™']

Na K Mg Ca Fe Ba As Pb Co Cr Cu Ni Zn
L1 Laboratory
Acidified (L1.1) A 82 19 6.0 47 0.1 9.0 0.6 0.5 0.3 0.8 5.8 1.8 9.0
Acidified + filtrated (L1.2) A 80 18 5.8 46 0.1 9.0 0.6 0.3 0.3 0.7 24 1.7 8.0
Acidified + filtrated (L1.2) B 79 20 4.7 43 <0.1 9.1 0.5 0.3 0.3 0.8 2.1 16 7.9
L2 Laboratory
Acidified (L2.1) A 75 19 5.2 44 04 8.0 1.0 1.0 0.4 0.8 5.3 1.8 14
Acidified + filtrated (L2.2) A 76 19 53 44 0.1 7.0 0.9 0.3 0.3 0.6 3.0 1.8 10
Acidified + filtrated (L2.2) B 76 21 43 46 0.1 6.5 0.9 0.3 0.4 0.6 3.5 19 11
L3 Laboratory
Acidified (L3.1) A 69 18 4.7 42 0.5 8.0 14 0.9 0.3 0.8 6.5 2.4 12
Acidified + filtrated (L3.2) A 68 17 4.6 41 0.2 7.0 14 0.3 0.2 0.6 34 23 8.0
Acidified + filtrated (L3.2) B 81 19 3.8 49 0.1 8.1 14 0.3 0.3 0.6 3.1 24 6.9




160 A. Wimmer et al. / Science of the Total Environment 663 (2019) 154-161

Therefore, it can be stated that there was very likely a distinct amount of
particulate species other than Ag-b-NPs present in the examined water
samples.

4. Conclusion

This study addressed the quantification of Ag, Ag-b-NPs, and a vari-
ety of selected elements in surface water samples for profiling the Dutch
channel Goyersgracht. Ag and other elements were quantified by ICP-
MS. For Ag-b-NP determination, particles were extracted from the aque-
ous samples by CPE and measured via ICP-MS and sp-ICP-MS. Ag was
present in the channel water in the ng L~! range, whereas concentra-
tion decreased within the reach of the channel from a sampling location
directly next to a WWTP discharge point till the channel's estuary into
an inland sea, which underlines the anthropogenic origin of Ag in the
channel. Approximately 10% of the measurable silver was present as
particulate species with particle sizes ranging from 8 to 20 nm. Filtration
of all samples led to lower total Ag concentrations indicating the loss of
both Ag-b-NPs and dissolved Ag species bound to suspended particulate
matter by the filtration process. Overall, CPE coupled to sp-ICP-MS com-
bined with total Ag measurements via ICP-MS is a valuable tool for the
examination of Ag-b-NPs and their fate in channel water and further.
The easy applicable, thoroughly validated, and fast CPE is suitable to
be implemented in operational analysis and routine environmental
monitoring of surface water.

Furthermore, Ba, As, Pb, Co, Cr, Cu, Ni, and Zn were present in chan-
nel water in the pg L™! range and Na, K, Mg, Ca and Fe in the mg L™!
range. Sample pre-treatment strongly influenced the measurable con-
centration of several elements. Only some element concentrations
were reduced by filtration significantly; these were Cr, Cu, Fe, Pb, and
Zn. Therefore, it can be assumed that one group of elements exists as
particulate species and is thus retained by filtration, whereby the
other group of elements is highly dissolved and able to pass filtration
membranes. Concentrations were very well comparable among the
three collaborating laboratories underlining method validity, correct-
ness, and quality control. The proposed methods can be used for envi-
ronmental monitoring of nanoparticles and further dissolved elements
in river water. Only by a comprehensive dataset for nanoparticles in
the environment, valid risk assessment is possible.
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ABSTRACT: Due to severe analytical challenges, methods for
quantification of silver-based nanoparticles (Ag-b-NPs) in environ-
mental samples are scarce. Modeling approaches try to overcome
these limitations, paving a way for valid concentration data of
nanomaterials in the environment essential for comprehensive risk
assessments. However, a comparison of both analytical and
modeling approaches is essential to ensure validity and reliability
of measurements and estimates. Here, we present analytical
measurements of Ag-b-NPs in the River Isar in southern Germany,
sampled from its source to the confluence with the river Danube.
A stable level of approximately 1—2 ng L™' of Ag-b-NPs was
measured in the river, whereas concentration peaks near
wastewater treatment plants (WWTPs) climbed to 2.47—

real environmental
measurements

No

M
o

Ag-b-NPs = silverba

69.08 ng L™" of Ag-b-NPs but were quickly diluted to the stable level in the river’s reach. Simultaneously, a one-dimensional
model approach successfully reproduced measured Ag-b-NP concentrations and distribution. Predictions rested upon data
about population size, flow velocities, and WWTP removal efficiencies. It was assumed that WWTPs can be modeled as point
sources and that the wastewater is mixed quickly over the river’s cross section. The model distinguished between unabsorbed
and adsorbed Ag-b-NPs and total silver and revealed that the NPs adsorb quickly to the suspended sediment in the river.

B INTRODUCTION

Many current studies have focused on the sources, release, and
distribution routes of silver-based nanoparticles (Ag-b-NPs) in
the environment.' ™" We use the term Ag-b-NPs to consider
the fact that nanoparticles (NPs), once released into the
environment, are likely present with a diversity of coatings and
compositions.g’10

In most cases, Ag-b-NPs are attributed to anthropogenic
sources,”'>"? being released from consumer products
containing nanosilver. Moreover, Wimmer et al” found
evidence for geogenic Ag-b-NPs in lakes derived from naturally
occurring dissolved Ag(I) traces after reduction by natural
organic matter. Ag-b-NPs are expected to be present in surface
waters at a range from 0.4 ng L~' (15% quantile
concentration) to 2.78 ng L™' (85% quantile concentration)
based on modeling systems'” that are in line with an empirical
environmental study by Li et al.’

The determination of Ag-b-NPs in real environmental
samples is essential for a proper risk assessment. Unfortunately,
due to a dearth of analytical techniques capable of measuring
nanomaterials at the ng L™ scale, in complex matrices, and in
the presence of various interfering substances, environmental
occurrence data of Ag-b-NPs are scarce. Cloud point extraction
(CPE) can selectively extract and enrich Ag-b-NPs species
from complex environmental matrices, allowing for a more
comprehensive understanding of nanomaterials in the environ-
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Ag-b-NPs have already been measured in
environmental samples with a limit of detection as low as 0.2
ng L' applying CPE.

Additionally, a variety of modeling approaches has been
developed. For instance, in the Dutch reaches of the Rhine and
Meuse Rivers, NP concentrations were estimated based on
available data of NP content in consumer products and the
total usage of these materials."”” Moreover, mathematical
models calibrated with existing laboratory data have helped
to explain homo- and heteroaggregation, sedimentation,
dissolution, or transformation of nanomaterials in the environ-
ment, showing that heteroaggregation is likely crucial for
determining the environmental behavior of nanomaterials.*’
The concentration of nanomaterials in a typical river system,
attributed mainly to wastewater emissions, was predicted via an
existing modeling approach using the estimated usage of NPs
in consumer products, their modeled fate and transport, and
known removal efficiencies in wastewater treatment plants
(WWTPs).”! Models do not require sampling or analytical
methods and quickly lead to results once the system is set up.
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However, in most cases, calculations rely on basic estimates
and manufacturer specifications, which are neither trustworthy
nor available across all cases and ignore various influences and
factors that cannot be identified clearly. Therefore, we present
the extraction (by CPE) and measurement of total and
particulate silver (Ag) in real environmental samples from the
River Isar in southern Germany together with a model
addressing initial data sets about wastewater conversion,
hydrological, and geological circumstances. Good agreement
between the measured and modeled concentrations would
suggest that both methods are suitable to provide valid
concentration data for nano risk assessment in the environ-
ment.

B MATERIALS AND METHODS

Materials. A dissolved inductively coupled plasma (ICP)
Ag(I) standard (AgNO; in 3% (v/v) HNO,, fAg = 1000 mg
L™!) and ICP Rh(III) standard (Rh(NO;), in 2%—3% (v/v)
HNO;, fRh = 1000 mg L), used as the internal standard,
were obtained from Merck (Darmstadt, Germany). A silver
nanoparticle (AgNP) dispersion (60 nm, fAg = 20 mg L7},
citrate stabilized) was purchased from Sigma-Aldrich (St.
Louis, MO, USA). HNO; (65%, suprapure) was obtained from
Merck. The Supporting Information (SI) lists the chemicals
applied during the CPE procedure. All the chemicals were at
least of analytical grade and were checked for contamination by
ICP-MS prior to usage.

Quality Assurance and Quality Control. Due to
extremely low Ag concentrations in the samples (ng L"),
strict quality assurance and control measures are vital. All
dilutions were done using ultrapure water (UPW) with a
resistivity of 18.2 MQ cm™’, provided by a Milli-Q-Gradient-
System (Millipore GmbH, Billerica, MA, USA). Moreover, on
each measurement day, a blank sample consisting of 40 mL of
UPW was subjected to the whole CPE and measurement
procedure. No Ag-b-NPs were found in the blank samples.
Therefore, our quantitative results were not blank corrected.
The analysis’ robustness was evaluated investigating triplicate
samples with a relative standard deviation less than 10%.

Instrumentation. The Ag content in corresponding
organic extracts was quantified to calculate the Ag-b-NP
concentration in aqueous samples, using a Zeeman-corrected
electrothermal atomic absorption spectrometer (ET-AAS)
AAnalyst 800 (PerkinElmer, Waltham, MA, USA). A 7900
ICP-MS (Agilent, Santa Clara, CA, USA) was used to perform
total Ag measurements in the river water. The SI gives more
details on the ET-AAS and ICP-MS instrumental setup.

Collection of Water Samples. Surface water samples
were collected from the River Isar in July 2016, under dry
weather conditions following a sunny period lasting at least
one week (Figure S3). A similar sampling campaign in 2015
has been described in our previous work.” The River Isar is
located in southern Germany, originating in the Alps; it passes
through rural areas over a length of approximately 290 km,
followed by the Munich metropolitan region, with 1.5 million
inhabitants and about 6 million people in the catchment area.
In the downstream regions, several cities (each having
approximately 50,000 inhabitants) are located along the
river, until it reaches the Danube River. Figure S1 and Table
S1 show hydrological data of the River Isar. Several WWTPs
(Figure S2, Table S2) are located along the River Isar,
discharging their effluent directly into the river. Water samples
were collected according to the German standard sampling
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procedure DIN 38402 T15, 2012>* from the river’s source to
its estuary and, in particular, exactly next to each WWTP
discharge point and 1.5 km downstream to observe the dilution
effects of Ag-b-NPs released into the water (see SI for further
discussion). Figure S3 and Table S3 show all sampling sites. A
telescope sampler was used to collect water samples from the
river’s middle water body, avoiding contamination from stirred
up riparian sediments. All water samples were stored in
unused, clean, and disposable PVC containers that were rinsed
3 times with the water sample prior to usage. Following
laboratory transportation, all samples were stored in the dark at
6 °C, pretreated, and measured immediately. A subsample
from each sample was stabilized on-site for total Ag
quantification by adding 3% (v/v) subboiled nitric acid.
Subsamples without acidification were used for Ag-b-NP
determination. Common water quality parameters (i, pH,
conductivity, temperature, dissolved oxygen, suspended
particulate matter (SPM), total organic carbon (TOC)) were
determined directly after sampling (SI).

Extraction and Enrichment Procedure of Ag-b-NPs in
Water Samples. Cloud point extraction, a well-established
and validated method for species-selective extraction and
enrichment of metallic NPs, such as Ag-b-NPs, from aqueous
samples, was used for sample preparation."”™"® For more
information on the extraction procedure, see the SI.

Quantification of Ag-b-NPs in CPE-Extracts of River
Water. To understand the amount of Ag-b-NPs in the primary
water sample, Ag was quantified in organic extracts after CPE
by ET-AAS as presented by Li et al’ For calibration,
dispersions of a known AgNP concentration were prepared
from the AgNP stock dispersion and subjected to the same
extraction procedure as the aqueous samples. The SI gives
more details on instrument settings, calibration, and measure-
ment.

Quantification of Total Ag in River Water. Total Ag in
river water was measured in acidified samples, using an Agilent
7900 ICP-MS. For the calibration, solutions of known Ag
concentration were prepared from the Ag(I) standard solution.
The SI gives detailed information.

Modeling Method. The hydrology of the River Isar and its
main tributaries was modeled using a one-dimensional network
consisting of several branches—the Isar itself, the Isar channel
in Munich, and the Loisach and Amper Rivers being the most
important tributaries in terms of flow rate (Figure S1, Table
S1). As no detailed information on the Isar’s geometry or
hydrology was available, a steady flow was assumed; cross
sections and further geographical features were derived from
data from the Bavarian Environmental Protection Agency
(Table S1). Details on the modeling approach itself are given
in the SL

Seven WWTPs (for location and capacity data, see Figure S2
and Table S2) are located along the river, the largest by far
being the one at Gut Marienhof (250,000 m® day™'). These
WWTPs are modeled as point sources with a discharge based
on their capacity and a load of total Ag based on the measured
environmental concentration (Table S3). For the load of Ag-b-
NPs, both the measurements and the estimates by Markus et
al." were utilized. They estimated an average contribution of
Ag-b-NPs to wastewater per person of 46 mg per year. The SI
presents model calculation details.

Ag-b-NPs were assumed to enter the river system as
unadsorbed nanoparticles and to be subjected to aggregation
processes once released into the river.””" Processes and
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Table 1. Overview of WWTPs along the River Isar Including Their Sampling Site Number (see also Table S3)“

name capacity concentration Ag-b-NPs concentration total Ag estimated influx Ag-b-NPs estimated efflux Ag-b-NPs
(sampling site) (m® day™) (ng L) (ng L") (kg year™) (kg year™)

Bad Télz (3) 7000 20.88 + 0.09 86.72 + 0.02 1.6 0.05

Ismaning (7) 6500 247 + 0.05 23.86 + 0.15 1.5 0.006
Gl(lt)Marienhof 250,000 18.53 + 0.14 60.80 + 0.01 58 1.7

9

Freising (12) 12,000 0.70 + 0.39 73.01 + 0.01 2.8 0.003
Moosburg (14) 10,000 472 + 0.02 38.02 + 0.13 2.3 0.017
Landshut (18) 15,500 3240 + 0.17 125.09 + 0.04 3.6 0.18

Landau (21) 3500 69.08 + 0.10 189.05 + 0.01 0.8 0.09

“The influx was estimated using a waste load of 46 mg nanosilver per person per year.'” The efflux was estimated from the measured Ag-b-NP
concentration. Measured concentrations represent Ag-b-NP concentrations in samples from the river taken immediately next to WWTP effluent

discharge areas.

process coeflicients used to estimate Ag-b-NPs in the River Isar
were previously described by Markus et al.”' As net
sedimentation is unlikely to occur due to the large flow
velocity, except perhaps near the river banks, sedimentation
has been ignored in this study. Consequently, total nanosilver,
the sum of free Ag-b-NPs and Ag-b-NPs adsorbed to
suspended solids, can be considered conservative. Adsorption
and aggregation transform one fraction into another but do not
cause a net change in the total amount of Ag. The assumption
of the Ag-b-NPs entering as unadsorbed particles therefore only
has consequences for the distribution over the various
fractions, not for the total concentration.

The model results include the concentration of unadsorbed
Ag-b-NPs, Ag-b-NPs adsorbed to suspended solids, and the
total concentration of Ag along the River Isar and its
tributaries. As the concentration of Ag-b-NPs is quite low, a
process like homoaggregation plays almost no role. Further-
more, it is assumed that no dissolution occurs. As Kaegi et al.
have observed, Ag-b-NPs are likely to form Ag,S, which is quite
insoluble."

B RESULTS AND DISCUSSION

Waste Loads from WWTPs. The determination of waste
loads discharged by the WWTPs is a crucial base for the
model. Table 1 contains the WWTP capacity and the
measured concentrations of Ag-b-NPs and total Ag, as well
as the estimated influx of Ag-b-NPs, which is based on an
estimate of 46 mg nanosilver per year per person7 and a per
capita use of 200 L water per day. A large fraction of
nanomaterial (90%—95% or more) remains in sewage sludge,
so the net efflux will be much lower than the influx.'’ This
leads to a ratio of 3%, or a retention of 97%, for the Gut
Marienhof WWTP, which is well within previously reported
ranges (SI).>'***7? For the other smaller WWTPs, the ratio
of silver efflux to influx varies from less than 1% to 10%.
Therefore, the model calculations were performed using a
retention factor of 97%.

Concentration of Ag-b-NPs and Total Ag along River
Isar: Measurement and Model. Past fieldwork in 2015
revealed a distinct effect of WWTP effluent on the occurrence
of Ag-b-NPs in the River Isar.’” The presented 2016
measurements clearly confirm these observations (Figure 1A,
Table S3): In the upstream parts of the River Isar, Ag-b-NPs
were hardly detectable. The first WWTP in Bad Tolz
(sampling site 3) led to an Ag-b-NP load peak of 20.88 ng
L. Downstream, NPs were diluted very quickly in the reach
of the river. Such high load peaks were observed at every other
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WWTP discharge point. Remarkable decreases in Ag-b-NP
concentration were observed 1.5 km downstream of these
points. In these cases, Ag-b-NPs were diluted, and their
concentrations remained nearly constant until the next WWTP
discharge point. Between two WWTP discharge points, Ag-b-
NPs reached a constant level of approximately 1 ng L7'.
Finally, the Ag-b-NP concentration remained at 1.40 ng L™
after the Isar’s estuary drained into the Danube River, which
agrees well with our previous study and other published data.”
Total Ag concentrations in river water behaved similarly to Ag-
b-NPs, exhibiting similar load peaks and dilution in the river’s
reach. The concentration ranged from 4.86 ng L™ (site 6) to
189.05 ng L7' (site 21), whereas the highest total Ag
concentrations measured exactly next to the WWTP discharge
points ranged from 23.86 ng L™' (WWTP Ismaning, site 7) to
189.0S ng L™' (WWTP Landau, site 21). The Ag-b-NP
proportion varied widely; however, the highest proportions
were found at sampling sites with the highest total Ag
concentrations. At the Bad Tolz WWTP (site 3), 24% of total
Ag was particulate, and at the Landau WWTP (site 21), 37% of
total Ag was particulate. Additional measurements showed a
pH typical for river water, ranging from 7 to 8 (Table S3).
Dissolved oxygen content was constant, approximately 10 mg
L7, in all samples. SPM concentrations ranged from 0.31 to
214 g L7L. The lowest TOC content, 0.46 mg LY was
measured at sampling site 1, and the highest TOC contents
were present near WWTP effluent discharge points, for
instance, 3.95 mg L' at the Freising WWTP (site 12).

The predicted concentrations of Ag-b-NPs, both the
unadsorbed fraction and the fraction adsorbed to suspended
solids, along with the sum, are shown in Figure S4, together
with the measured concentrations of Ag-b-NPs. The inflow of
the Loisach River at 102 km increases the fraction of adsorbed
Ag-b-NPs according to the model; at the location of the Gut
Marienhof WWTP (154 km), the unadsorbed fraction
increases significantly, then decreases downstream as Ag-b-
NPs become adsorbed to suspended solids. As the SPM
concentration is rather high, the aggregation process is very
fast. The clear peak at the Bad Tolz WWTP (78 km), upstream
of the Loisach, that was seen in the measurements did not
recur. A possible explanation is a discrepancy in the hydrology
used in the model vis-a-vis the actual flow rate. If that was
much smaller than assumed, it would lead to a more significant
contribution from the Bad Télz WWTP and thus to higher
concentrations (see additional information on the transport
modeling in the SI). Alternatively, it may be due to a much
lower lateral mixing than expected. The measurements of total
Ag, showing a similar peak, indicate that this is not due to
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Figure 1. Measured concentrations of Ag-b-NPs (blue) and total Ag (green) along the reach of the River Isar; WWTP indication next to the
measured values represent sampling river water directly next to a wastewater treatment plant (WWTP) effluent discharge point (A). The modeled
(red) and total amount of Ag-b-NPs (red) compared with the empirical environmental measurement of Ag-b-NPs (blue) (B). Predicted
concentrations of total Ag, with (red) and without (yellow) WWTP effluent loads taken into account for the calculation compared with empirical
measurements (green) (C). Measurement uncertainties are listed in Table S3 in the SL
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anomalies in the measurements (Figure 1C). Due to relatively
high flow velocities, there is no observable NP sedimentation
in the model.

The measured increase in the Ag-b-NP concentration at the
Gut Marienhof WWTP (154 km) is well represented in the
model. The decrease downstream may indicate that Ag-b-NPs
actually dissolve, a process omitted in the model. The total
concentration of Ag is relatively constant in this reach of the
river, and the model result agrees reasonably with the
measurements.

This is not the case for the downstream reach from 180 to
250 km. The modeled concentrations for both Ag-b-NPs and
total Ag are two to three times as high as measured. This does
not appear to be attributable to the Landshut WWTP or the
Amper River. However, further downstream, the model result
is again comparable to the field measurements. The model is
able to correctly predict the increasing Ag-b-NP level within
the reach of the River Isar, except for the load peaks near
WWTP discharge areas, which could not be represented
(Figure 1, Table S4).

In terms of total Ag concentrations, both the measured and
modeled results are fairly constant along the river (Figure 1C).
The influence of WWTPs, as Ag sources, is limited; this can be
seen by setting the Ag loads to zero in the model (yellow graph
in Figure 1C). In addition, there are no defined processes for
Ag, so that it acts as a conservative substance within the model.
Similar to observations made for Ag-b-NPs, the total Ag load
peaks near WWTP discharge points are not represented by the
model (Figure 1C). Nevertheless, the modeled concentrations
of total Ag between the WWTP spots, and especially in the
downstream regions near the estuary, are again comparable to
the measured values (Table S4). This indicates the model is
able to estimate total Ag loads in the River Isar.

In this study, we demonstrate the distinct effect that
WWTPs along a river can have on the occurrence of Ag,
especially as NPs. The River Isar was sampled from its source
to the estuary, north into the Danube River. Ag-b-NPs were
only found downstream past Munich, whereby load peaks were
detectable next to WWTP discharge points, which were
quickly diluted downstream. Except for these load peaks, the
applied model could reasonably accurately predict Ag-b-NP
and total Ag concentrations in river water using a simplified
hydrological network for the river, WWTPs as modeled point
sources, and appropriate boundary conditions. To be more
precise, the modeled concentrations for Ag-b-NPs lie for the
most part in the range between 0.5 and 2.0 times the measured
concentrations (10 out 17 sampling locations). For total Ag,
almost all modeled concentrations lie in this range (15 out of
17 locations). Hence, this method was a complementary
technique for Ag-b-NP quantification, providing a valid
database of quantities of Ag-b-NPs in the environment
allowing for a comprehensive risk assessment.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS DPublications website at DOI: 10.1021/acs.es-
tlett.9b00211.

Detailed information on instrumentation, extraction and
enrichment procedure of Ag-b-NPs in water samples,
quantification of Ag-b-NPs in CPE extracts of river
water, and determination of further water quality
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parameters. Figure S1: Map of the River Isar and its
tributaries. Table S1: Hydrological data of the River Isar
and its tributaries. Figure S2: Location of all examined
WWTPs along the River Isar. Table S2: Name, location,
and capacity of all examined WWTPs along the River
Isar, with detailed information on the modeling
approach including transverse mixing, modeling the
aggregation process, transport modeling, exemplary
calculation, and boundary conditions. Figure S$4:
Location of all sampling sites along the River Isar.
Table S3: Water quality data and total and particulate Ag
concentrations for each sampling site along the River
Isar. Table S4: Compilation of measured and modeled
concentrations. Figure SS: Modeled unabsorbed and
adsorbed fractions of Ag-b-NPs and modeled total
amount of Ag-b-NPs in river water. (PDF)
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Instrumentation

The quantification of silver (Ag) in organic extracts after cloud point extraction (CPE) of aqueous
samples was conducted using a Zeeman corrected electrothermal atomic absorption spectrometer
(ET-AAS) AAnalyst 800 (PerkinElmer, Waltham, MA, USA) equipped with a transversally heated
THGA 800 graphite tube atomizer and an autosampler AS-72 (Perkin Elmer). High-purity Argon 4.8
(Westfalen, Miinster, Germany) served as inert gas during the measurements. The Ag hollow cathode
lamp (Photron, Victoria, Australia) was operated at the recommended current of 10 mA and Ag
quantification was based on the absorption line at A = 328.1 nm, with an integration time of 5 s.

The measurements of total Ag in river water was performed using a 7900 ICP-MS (Agilent, Santa
Clara, CA, USA) equipped with an autosampler, SPS4 (Agilent). Argon 4.8 was used as the plasma
gas. 197Ag was chosen as the target mass for quantification and integration time was set to 0.5 s. 1%Rh
was used as internal standard. To avoid polyatomic interferences, He collision mode was applied.
Data evaluation was performed in Agilent’s MassHunter Workstation 4.4 (Version C.01.04, build

544.3).

Extraction and Enrichment Procedure of Ag-b-NPs in Water Samples

Cloud point extraction, a well-established and validated method for species-selective extraction and
enrichment of metallic NPs, such as Ag-b-NPs, from aqueous samples, was used for sample
preparation.!** This micellar mediated technique is able to separate Ag-b-NPs from dissolved Ag
species with an enrichment factor of about 100. To the best knowledge of the authors, the lowest limit
of detection, so far, for Ag-b-NPs in environmental samples of 0.2 ng L' can be achieved by applying
this method.> For the extraction procedure, acetic acid (glacial), ethanol, ethylenediaminetetraacetate
(EDTA) disodium salt, sodium acetate anhydrous, ethanol, and nitric acid (65%) were purchased
from Merck and Triton X-114 was obtained from AppliChem (Darmstadt, Germany). The b-
penicillamine was purchased from Sigma Aldrich. In brief, 40 mL of each aqueous sample was treated,
without filtration, with a 3.0 mL saturated EDTA solution, 1.0 mL 0.1 M p-penicillamine solution,
100 pL 1.25 M acetic acid, 400 uLL 1 M sodium acetate solution, and 1 mL of 10 % (w/w) TX-114 in
a 50 mL tapered polypropylene falcon tube. After incubating the mixture at 40°C for 30 min, phase
separation was enhanced by centrifugation at 4472 g for 12 min. After cooling the sample over ice,

the aqueous supernatant was decanted and the remaining Ag-b-NP containing, surfactant rich phase
2
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was forwarded for measurement.

Quantification of Ag-b-NPs in CPE-Extracts of River Water

Prior to measurement, the surfactant-rich phase was dissolved in 100 uL of EtOH. The ET-AAS was
used to perform the Ag quantification. For calibration, dispersions containing citrate-stabilized 60 nm
AgNPs of a known concentration were prepared and subjected to the same extraction procedure as
the samples. Thus, the calibration function compensated for all adverse effects during the extraction
process. Even commercially available NP dispersions can contain a certain amount of dissolved
species. Therefore, the 60 nm AgNP dispersion was pre-cleaned before usage through dialysis
overnight, using a 3.5 kDa cellulose dialysis membrane. The Ag mass concentration of the so
prepared 60 nm AgNP dispersion was determined using a 7900 ICP-MS and Ag(I) standard solutions

for calibration.

Determination of Further Water Quality Parameters

Six more parameters describing water quality were determined for each sample. The pH, conductivity,
and temperature were measured using a VWR pH 110 portable pH, mV, and temperature instrument
(VWR, Radnor, PA, USA). The VWR DO210 portable dissolved oxygen and temperature instrument
(VWR) was used to measure the dissolved oxygen of all samples. All measurements were carried out
on-site directly after sampling. To determine the suspended particulate matter (SPM) in all samples,
100 mL of the thoroughly shaken sample were filtered using a dried, weighted 0.45 pm
polyethersulfone syringe filter (VWR). Afterwards, each filter was dried to a constant mass in a
drying cabinet at 40°C. The SPM is calculated by dividing the mass increase of each filter by the
initially filtered sample volume. Total organic carbon (TOC) values were determined using a TOC-
L CPH/CPN system (Shimadzu, Nakagyo-ku, Kydto, Japan) and a potassium hydrogen phthalate

solution (Naclai Tesque, Kyoto, Japan) of a known concentration was used for TOC calibration.
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Figure S1. Map of the river Isar and its tributaries in southern Germany. Names of all tributaries are
abbreviated. For full explanation, see Table S1. The map is sourced from Bayerischer Rundfunk
(BR/Christian Sonnberger; http://www.br.de/themen/bayern/isar-dossier-karte104.html).



http://www.br.de/themen/bayern/isar-dossier-karte104.html

Table S1. Hydrological data from the river Isar and its tributaries during the sampling day

in July 2016, used for setting up a simple hydrological network of the river Isar. Data

obtained by the Bavarian Environmental Protection Agency and the Flood Information

Center of Bavaria.

location width [m] depth [cm] flow rate [m3 s!] coordinates
Isar
47.684261171183614,
Lengries (a) 38 114 21.2
11.571889287851768
47.76144372972256,
Bad Tolz (e) 61 101 26
11.556476937636898
Puppling (2) 2 130 547 47.91616323236766,
upplin .
PPInE 18 11.44614690277267
48.01428442261681,
Baierbrunn (i) 120 34 no data available
11.488794212579693
48.1453629477706,
Miinchen (j) 64.4 78 54.8
11.596799809514579
o 48.39816107051033,
Freising (k) 56 62 30
11.752228993476255
48.46547548299086,
Moosburg (n) 60 86 65
11.9461642583811
48.5275960974435,
Landshut (q) 71 119 152
12.133436509828686
48.67521066623552,
Landau (r) 67 113 173
12.69267539688097
. 48.77092597275722,
Plattling (u) 80 179 156
12.883554673638109
tributaries
47.70781003341639,
Arzbach (b) 3.8 16 0.8
11.551295526470437
47.739545872814276,
Grofle Gaisach (c) 2 29 1.52
11.57620963880828
47.76153556029325,
Ellbach (d) 5 50 0.84

11.571175707214998
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Zeller Bach (f)

Loisach (h)

Moosach (1)

Schleifermoosach (m)

Amper (0)

Tiefenbach (p)

Flutmulde (s)

Pfettrach (t)

Strogen (v)

Sempt (w)

Saubach (x)

Gfillach (y)

Jachen (z)

5.6

40

11.6

9.5

32

11

13

19

315

59

38

73

96

26

42

69

67

39

154

0.17

37.1

2.23

0.23

16

0.02

1.14

0.5

0.61

1.57

1.24

0.26

0.99

47.83610419298666,
11.536405096581028
47.83522581701558,
11.414963182937628
48.4081151951624,
11.77812795498983
48.40511584880104,
11.762270989470029
48.481733744506556,
11.928129498103583
48.50404118658549,
12.10080156590242
48.54591058508104,
12.136667463405924
48.5535820124605,
12.111032288340672
48.412995024840654,
11.982435821519225
48.3294613127844,
11.922949011498014
48.32931259384908,
11.91604422437746
48.31828550773963,
11.820451194709786
47.6115166736595,
11.502866973659463
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Figure S2. Location of all examined wastewater treatment plants(WWTPs) along the river Isar. The

map is sourced from Bayerischer Rundfunk

http://www.br.de/themen/bayern/isar-dossier-karte104.html).

(BR/Christian Sonnberger;
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Table S2. Name, location and capacity of all examined WWTPs along the river Isar.

Information on the capacity was obtained from the WWTP managers.

symbol name capacity [m? d-']
A WWTP Bad Tolz 7000
B WWTP Ismaning 6500
C WWTP Gut Marienhof 250000
D WWTP Freising 12000
E WWTP Moosburg 10000
F WWTP Landshut 15500
G WWTP Landau 3500
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Transverse mixing downstream of the WWTPs

As stated in the main text, sample points have been located 1.5 km downstream of the various
WWTPs to measure the effect of the discharge mixed over the river section. The question arises
whether this distance, advised in the sampling standard procedure DIN 38 402 T15, is large enough
to ensure well-mixedness. To estimate this, the transverse dispersion coefficient is required.
According to Baek and Seo® this coefficient can be estimated via various relationships, both empirical
and theoretical, with more or less details regarding the geometry and other properties of the river in
question. Numerically, the coefficient D (in m? s*!) is roughly (h-u«)/6, where h is the depth (in the
order of 1 m — Table S1) and u- is the shear stress velocity.

To estimate the shear stress velocity:
ux = U-V(g/C?)

where U the flow velocity, g the gravitational acceleration and C the Chézy coefficient (typically C?
~ 3000 m? s!). With a flow velocity of 1 m s this gives ux = 0.06 m s!, so that the dispersion

coefficient becomes D = 0.01 m? s°!.

A point source of effluent in the river will reach a width in the order of VDt, with t being the travel
time. Given the hydrological data (Table S1), the travel time for reaching 1.5 km downstream of the

WWTP discharge point is in the order of 1.5 km /(1 m s') = 1500 s.

The width of the river Isar is typically 70 m. To achieve a fully mixed cross-section in this time, a
dispersion coefficient of 3 m? s-! is required. The dispersion coefficient, however, as estimated is 300

times smaller.

The above estimation holds for point sources with no momentum only, whereas discharges from a
WWTP are not point sources and possess a certain momentum. The mixing will be more rapid and
extend over a larger width. Nevertheless, the conclusion is that the effluent plumes from the various
WWTPs may not quite have reached the full width of the river and therefore a variation in the

concentration over the river cross-section is to be expected.

An alternative estimate is provided by Bleninger and Jirka’ who provide a simple formula for the

length L after which the plume is laterally mixed:

L= 10b%h
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where b is the river width and h the representative depth. With a typical width of 70 m and a depth of

1 m, this formula gives: L = 36 km.

Since the model that was applied is a one-dimensional network model of the river Isar and several of
its tributaries, it is not possible to represent the concentration peaks that were found around the
discharge points. To represent such peaks a two-dimensional or even three-dimensional model would

have been necessary.

10
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Detailed Information on the modeling approach
Modeling the aggregation processes
In the water quality model as applied here, the following processes were distinguished:

e Free (unadsorbed and non-aggregated) nanoparticles can be adsorbed to suspended sediment
particles (heteroaggregation) or cluster together into homogeneous aggregates
(homoaggregation).

e The free nanoparticles, the homogeneous aggregates, and the nanoparticles adsorbed to
suspended sediment can settle onto the bottom. This process is, however, of negligible
influence, as the flow velocity in the river is too large to allow particles to actually settle on

the bottom.

The mathematical formulation of these processes is shown below:3

dC

e — _j,C: —k,C

d t firee - freeC k C C

agg 3 firee ~ sed

dc,
d tgg = +k1 C;ree

+k,C,.C

free ~agg

dcC
dtd = +k3Cﬁ’eeCsed

where:

o Cge 1s the concentration of “free” (unadsorbed and non-aggregated) nanoparticles,
e C,g is the concentration of clustered nanoparticles, forming homogeneous aggregates,
e (C,gs 1s the concentration of nanoparticles adsorbed to suspended sediment and

o (. is the concentration of suspended sediment.

The coefficients k;, k, and k; are the rate coefficients for respectively the homoaggregation processes

(formation of homogeneous aggregates and expansion thereof) and heteroaggregation.

11
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Transport modelling

As the hydrological data on the river system are limited, we chose a simplified model set-up: each
tributary as well as the main river was represented by a one-dimensional branch, consisting of ten to
twenty grid cells. Within each branch, the flow rate is constant in time and space and the cross-section
was taken constant as well. Because the flow rates as reported in table S1 are not consistent (there is
no major contribution in the stretch between Munich and Landshut that can explain the increase in
flow rate of about 100 m? s!), the actual flow rates used were made consistent with the upstream
tributaries, resulting in a flow rate of 103 m? s*! instead of 152 m? s*!. The figure below illustrates the

division of the branches into grid cells.

Figure S3. Schematic view of a river branch divided into several grid cells.

12
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Exemplary calculation for representing a WWTP as a point source of Ag-b-NPs in the river
Isar

Assuming a typical water consumption of 200 L per person per day, the capacity of WWTP C (Gut
Marienhof, responsible for Munich) corresponds to 1.25 Mio. people, which is quite close to the
population of Munich (1.45 Mio inhabitants). Given the estimate by Markus et al.” for a mean
contribution of 46 mg Ag-b-NPs a year per person to wastewater in the catchment area of the WWTP,
1.25 Mio people would produce 58 kg Ag-b-NPs in waste per year, emitted into wastewater. Based
on the measured 18.53 ng L' Ag-b-NPs next to WWTP C (Table S3) in the Isar, and the capacity of
WWTP C, aresulting 1.7 kg Ag-b-NPs a year would be discharged by WWTP C. The ratio between
the 58 kg Ag-b-NP of annual waste produced by humans and the release of 1.7 kg a year into the Isar
for WWTP C corresponds to a 97% retention of Ag-b-NPs by WWTP C; this is in very good
agreement to published data about the removal efficiency of nanoparticles in WWTPs.> Overall, the
concentration of Ag-b-NPs in the Isar was estimated as 3% of the estimate by Markus et al.” For total
Ag, the concentrations measured at the location of the WWTPs and tributaries were used as inputs of

the model.

13
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Boundary conditions

Running the model requires the input of initial and boundary conditions. Three upstream boundaries,
one for each river (Isar and its two main tributaries, Amper and Loisach), were based on measured
data from suspended particulate matter, Ag-b-NPs, and total Ag of the river Isar (Table S3, sampling
location 1), the Amper River (Table S3, sampling location 11), and the Loisach River (Table S3,
sampling location 5). The chosen monitoring points for the Amper and Loisach Rivers are those
closest to the tributaries. Initial conditions do not matter much as the model has a residence time of
approximately three days. By running the model for a period that is several times this residence time

(e.g. 10 days), a steady state that is independent of the initial condition is reached.

14
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Table S3. Water quality data and total and particulate Ag concentrations for each sampling site of the river Isar.

AgNP AgNP
conductivity 02 SPM TOC Ag concentration
location T [°C] pH concentration proportion
[mS] [ppm]  [gL'] [mg L] [ng L]

[ng L] [70]

1 Isar LenggrieB 12.7 7.9 0.36 10.2 0.43 0.46 £ 0.03 16.35+0.02 0.33+0.03 2.0
2 1.5 km before WWTP Bad Télz 14.3 8.0 0.37 10.1 0.87 0.50 +0.02 22.21+0.04 2.70 £ 0.06 12.2
3 WWTP Bad Télz 16 7.9 0.38 9.9 0.40 0.64 +0.03 86.72 £ 0.02 20.88 =0.09 24.1
4 1.5 km after WWTP Bad T6lz 15 8.0 0.37 10.1 0.65 0.49 +0.07 37.56 £0.15 4.50+0.07 12.0
5 Isar Wolfratshausen 18 8.2 0.34 10.4 1.43 1.00 + 0.04 12.29 £0.05 1.65 +0.04 13.5
6 1.5 km before WWTP Ismaning 18.7 8.3 0.45 10.3 0.80 1.08 + 0.06 4.87+0.04 0.60 +0.31 12.3
7 WWTP Ismaning 16.7 7.7 0.63 10.0 0.52 0.64 £ 0.05 23.86 +0.15 2.47+0.05 10.3
8 1.5 km after WWTP Ismaning 16.7 7.9 0.53 10.7 1.25 1.01 £ 0.06 22.55+0.07 1.91+0.15 8.5
9 WWTP Gut Marienhof 23 8.5 0.4 9.6 0.89 1.39+0.03 60.80 =0.01 18.53+0.14 30.5
10 1.5 km after WWTP Gut Marienhof 222 8.5 0.42 10.4 0.31 1.44 +0.07 18.26 +0.03 0.77 +0.07 4.2

11 1.5 km before WWTP Freising 22.7 8.8 0.43 9.7 0.84 1.61 +£0.05 16.76 + 0.05 0.53+0.13 3.1
12 WWTP Freising 23.4 7.6 1.4 8.3 0.82 3.95+0.08 73.01£0.01 0.71 £ 0.39 1.0
13 1.5 km after WWTP Freising 21.1 8.7 0.4 11.7 0.68 1.53+£0.08 25.06 =0.09 0.80 +0.07 3.2
14 WWTP Moosburg 25.2 8.8 0.48 8.5 1.09 1.8+ 0.03 38.02+0.13 4.72 +0.02 12.4
15 Isar after estuary of Amper 23.7 8.5 0.53 10.3 1.22 2.73 £0.04 14.93 £0.021 1.04 £ 0.17 6.9
16 Isar Hofham 24.1 8.4 0.46 14.0 0.45 2.43+0.02 14.00 + 0.02 1.52+0.12 10.9
17 1.5 km before WWTP Landshut 26.3 8.1 0.45 9.4 0.96 2.49 +0.07 32.71£0.01 4.10+0.16 12.5
18 WWTP Landshut 25.6 8.2 0.45 9.8 1.64 1.77 + 0.06 125.09 +0.04 32.40+0.17 259
19 1.5 km after WWTP Landshut 25.9 8.2 0.46 9.6 0.56 1.85+0.07 23.62 +0.02 2.61+0.11 11.1
20 1.5 km before WWTP Landau 23.7 8.3 0.45 9.4 0.78 1.61 +£0.03 17.98 +0.02 2.44 +0.09 13.6
21 WWTP Landau 23.2 7.7 0.7 7.9 1.28 3.6+0.03 189.05+0.01 69.08 £0.1 36.5
22 1.5 km after WWTP Landau 235 8.1 0.47 9.5 1.32 1.57 +£0.02 14.89 +0.02 1.31+£0.07 8.8
23 Danube near Deggendorf 24.4 8.1 0.47 8.7 2.14 2.17+0.14 11.31 £0.01 1.40 + 0.04 12.4
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Table S4: Compilation of measured and modelled concentrations of Ag-b-NPs and total Ag as a function of the sampling location (see Table S3) and the ratio

modelled/measured concentrations showing comparability of the results.

concentration of Ag-b-NPs [ng L-1] concentration of total Ag [ng L-1]
sampling location ratio ratio
measured modelled measured modelled
1 0.33 0.33 1.0 16.35 16 1.0
2 2.70 0.33 0.1 22.21 16 0.7
4 4.50 0.36 0.1 37.56 17 0.5
5 1.75 0.90 0.5 12.29 15 1.2
6 0.60 0.91 1.5 4.87 15 3.1
8 1.91 0.92 0.5 23.86 15 0.6
10 0.77 2.20 2.9 18.26 15 0.8
11 0.53 2.20 4.2 16.76 19 1.1
13 0.80 2.20 2.8 25.06 19 0.8
14 4.72 0.72 0.2 38.02 17 0.4
15 1.04 1.83 1.8 14.93 17 1.1
16 1.52 1.83 1.2 14.00 17 1.2
17 4.10 1.83 0.4 32.71 17 0.5
19 2.61 1.85 0.7 23.62 17 0.7
20 2.44 1.87 0.8 17.98 17 0.9
22 1.31 1.87 1.4 14.89 17 1.1
23 1.40 1.87 1.3 11.31 17 1.5
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Figure S5: The modelled unadsorbed fraction (free Ag-b-NPs, orange), fraction adsorbed to

suspended solids (SPM Ag-b-NPs, green), and total amount of Ag-b-NPs (red) in the river Isar

with increasing distance from the river’s origin.
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ABSTRACT: Wastewater streams are widely known to
release silver-based nanoparticles (Ag-b-NPs) into the
environment with a plethora of unknown consequences.
Until recently, studies have commonly associated Ag-b-NP
sources with products that contain these NPs for antimicrobial
reasons, such as fabrics, cosmetics, and medical products.
However, our study reveals that there is a thus far completely
undocumented source of Ag-b-NPs: copper drinking water
pipes. We applied cloud point extraction hyphenated to
electrothermal atomic absorption spectrometry or single-
particle inductively coupled plasma mass spectrometry to
analyze the concentration and perform size-selective quanti-
fication of Ag-b-NPs in tap water passing through copper
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pipes. Up to 83 ng of total silver and 25 ng of Ag-b-NPs were present in tap water samples per liter, which resulted in an NP
proportion of approximately 30% of total silver. In total, 96% of the measurable particle sizes ranged from 10 to 36 nm.
Additionally, 53 ug of copper was released per liter tap water on average. The measurements included tap water from different
sampling days and from four different buildings with varying ages, whereas Ag-b-NPs could be detected in the tap water of two
buildings. Silver traces in the copper pipe material of 27.5 + 4.4 ug g~' were found to be responsible for the release of

nanoparticulate silver into the tap water.

B INTRODUCTION

Proper risk assessment of engineered nanoparticles (ENPs) in
the environment requires knowledge of nano-(eco)toxicology1
and simultaneous information about the environmental
concentrations, chemical compositions, shapes, and surface
modifications of all particles. To date, there are numerous
studies available that deal with ENP sources and the possible
mechanisms that release them into nature.”~” A number of
industrial sectors, such as personal care,® functionalized
fabrics,”~"" house appliances,'* and food storage'® add silver-
based nanoparticles (Ag-b-NPs) to a broad variety of products,
where the release of particles should occur during any stage of
their lifecycle, namely, production, usage, and disposal."* Solid
and liquid water streams serve as the main pathways for
nanomaterials in the environment, together with an unclear
particle release mechanism from the use and abrasion of ENP-
containing products.'”~"? The increasing research for ENP
stabilization and functionalization techniques indicates a
stronger probability that ENPs enter aquatic environments.”’

On the basis of these exposure scenarios, dynamic
probabilistic material flow analysis attempts to evaluate the
environmentally relevant concentrations when ENPs enter
streams.”' ~** In a recent study, concentrations of engineered
Ag-b-NPs in surface water were estimated to range from 0.4 to
2.78 ng L™".** These values are in good agreement with our
previous study,® which for the first time tracked natural Ag-b-

-4 ACS Publications  © 2019 American Chemical Society
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NPs through representative municipal wastewater treatment
plants (WWTPs). The effect of WWTP effluents on Ag-b-NP
concentrations along a river was also investigated.6 After
passing through an urban area, a river receives effluent from
several WWTPs, which contribute approximately 1.7 ng L™" of
WWTP-related Ag-b-NPs near the mouth of the river.
Recently, experiments revealed that Ag-b-NPs can be formed
naturally from geogenic traces of silver in the sub-ng L™
range25 and that, contrary to common interpretations in the
literature,”® Ag-b-NPs are preferably formed under dark
conditions. Particle formation also does not require elevated
temperatures.”® At environmentally relevant concentrations,
i.e, in the low ng L™ range, Ag-b-NP formation can occur in
the dark at low temperatures, e.g. in groundwater or at the
bottom of lakes. Particle size increases gradually with the
increase in reaction time, which suggests that Ostwald ripening
occurs even at such low particle concentrations.”® These Ag-b-
NPs may also form and exhibit Ostwald ripening if drinking
water contains traces of silver that derives from plumbing
materials.
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Due to recent progress in the development of analytical
techniques,”**’*" it is now possible to identify thus far
undocumented sources of Ag-b-NPs. Until recently, water
supply pipework was thought to be the main source of ionic
heavy metal species in tap water, such as cadmium (Cd),
chromium (Cr), cobalt (Co), copper (Cu), iron (Fe), lead
(Pb), manganese (Mn), nickel (Ni), selenium (Se), and zinc
(Zn) due to the corrosion of the plumbing material.*'~>*
Copper, a very common water pipe material, always contains
traces of silver,”® a natural impurity, which is capable of
releasing silver ions as well as Ag-b-NPs in the ng L™ range
into tap water that passes through copper pipes. The main
sources of copper in an urban environment are tap water and
roof runoff.”>~*’ For nanoparticles that migrate from the pipe
material to tap water, previous studies have only discussed lead
dioxide (PbO,)-NPs,*®* Cu-NPs,*> and Fe-NPs* to date.
Given the fact that massive volumes of tap water significantly
influence wastewater streams and, as we show in this study,
that tap water can contain non-negligible amounts of Ag-b-
NPs, tap water as a source of Ag-b-NPs in aquatic
environments can no longer be ignored in risk assessment
studies and flow analysis models.

In this study, we use the term silver-based nanoparticles (Ag-
b-NPs) for all types of nanoparticles that consist mainly of
silver as a cumulative concept since nanoparticulate silver can
be characterized by a daunting variety of nanosized particles
with different sizes, morphologies, elemental compositions, and
surface modifications.”' ~*

B MATERIALS AND METHODS

Materials. A dissolved Ag(I) standard (AgNO; in 3%
HNO;, fa, = 1000 mg L") and an inductively coupled plasma
(ICP) multielement standard (Merck IV, = 1000 mg L™, 6%
HNO;) were obtained from Merck (Darmstadt, Germany). An
AgNP dispersion (60 nm, f3,, = 20 mg L™/, citrate stabilized)
was purchased from Sigma-Aldrich (St. Louis, MO). A gold
nanoparticle (AuNP) dispersion (National Institute of Science
and Technology (NIST) reference material RM 8013, S6 nm,
Pas = 52 mg L7, citrate stabilized) was supplied by the
National Institute of Standards and Technology (Gaithersburg,
MD). Acetic acid (glacial), ethanol, ethylenediaminetetraace-
tate disodium salt dihydrate, sodium acetate anhydrous,
ethanol, and nitric acid (65%) were purchased from Merck.
Triton X-114 was obtained from AppliChem (Darmstadt,
Germany). D-Penicillamine was purchased from Sigma-Aldrich.
All chemicals were at least of analytical grade and checked for
contamination via ICP-mass spectrometry (ICP-MS) analysis
prior to use. Therefore, all chemical solutions exhibiting the
desired concentrations for subsequent experiments were
prepared and silver and other observed elements were
quantified according to the procedures described in the
“Instrumentation” section. Ultrapure water (UPW, with a
resistivity of 18.2 MQ cm™') was obtained using a Milli-Q
gradient system (Millipore GmbH, Schwalbach, Germany). All
used glass vessels were rinsed thrice with nitric acid 6.5% (w/
w), steamed with nitric acid vapor for at least 4 h, rinsed three
times with UPW, and stored afterward in a particle-free
environment until use.

Water Sample Collection and Determination of
General Water Parameters. In this study, we analyzed tap
water from four buildings in Southern Germany that were built
in different years. On the basis of national regulations, copper
tap water pipes had been installed in every building.** The

buildings (B) were built in 1978 (B1), 1997 (B2), 2002 (B3),
and 2011 (B4). In 2016, we performed sampling according to
the German DIN 38402-15 regulation.*’ All water samples
were collected in new, disposable 500 mL polyvinylchloride
containers, which were rinsed thrice with UPW prior to
analysis. In every building, one water tap system was sampled
over a period of several days, whereas the tap was only used for
sampling and afterward kept closed until the next day. The
final sample volume ranged from approximately 0.5-2.0 L
(more details on the final sample volume are given in the
Supporting Information). For each building, the examined tap
was not used for 13—14 days prior to the first sampling day.
Each day, seven samples were collected from every tap over a
period of approximately 15 min. As we intended to perform a
realistic sampling, flow velocities were not artificially adjusted.
Immediately after sampling, the pH, redox potential, oxygen
content, and temperature of each water sample were
determined using a portable pH, mV, and temperature
instrument pH110 (VWR, Radnor, PA) and the portable
DO201 instrument (VWR) was used to determine the amount
of dissolved oxygen. Immediately after sampling, all samples
were stored in a refrigerator at 7 °C and Ag-b-NPs and all
other examined elements were quantified only hours after the
sampling to ensure sample stability.

Samples were divided into two parts, whereas the part
intended for elemental analysis was acidified immediately after
sampling to 3.25% (w/w) with ultrapure nitric acid (obtained
by sub-boiling distillation). The sample parts intended for
particle size measurements were not acidified to prevent
particle dissolution. All samples were handled and measured
without filtration.

Instrumentation. The quantification of Ag-b-NPs in
organic extracts and the determination of silver traces in
dissolved copper water pipe material were conducted with a
Zeeman-corrected electrothermal atomic absorption spectrom-
eter (ET-AAS) (AAnalyst 800, PerkinElmer, Waltham, MA)
equipped with a transversally heated THGA 800 graphite tube
atomizer and an AS-72 autosampler. Highly pure Argon 4.8
(Westfalen, Miinster, Germany) served as the inert gas during
measurements. A silver hollow cathode lamp (Photron,
Victoria, Australia) was operated at the recommended current
of 10 mA and silver quantification was based on the absorption
line at A = 328.1 nm with an integration time of 5 s.

Multielement and single-particle ICP-MS (sp-ICP-MS)
measurements were performed using an inductively coupled
plasma mass spectrometer (7900 ICP-MS, Agilent, Santa
Clara, CA) equipped with an SPS4 autosampler (Agilent) and
a MicroMist nebulizer (Glass Expansion, Melbourne, Austral-
ia). Argon 4.8 was used as the plasma gas. Tap water
multielemental analysis included the determination of the total
concentrations of silver, copper, chromium, iron, lead, nickel,
and zinc. A multielement standard containing all examined
elements (Merck IV) was used for calibration. Isobaric spectral
overlaps were avoided by proper isotope selection: **Cr, *Fe,
ONi, ©Cu, ®“Zn, '“’Ag, and **Pb. Integration time was set to
0.5 s, and '®Rh was used as an internal standard that was
added online to all samples immediately before nebulization.
Due to natural variations in Pb isotopic abundances, the *Pb
signal was corrected using an equation that considers the sum
of the 2%Pb, 27Pb, and 2%*Pb isotopes.”® To avoid potential
polyatomic interferences, all measurements were carried out in
He collision mode (kinetic energy discrimination; He rate: S
mL min_l).47
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Particle size distributions were measured in single-particle
mode. The dwell time was set to 100 ps with an acquisition
time of 90 s, which resulted in 900 000 data points for each
measurement. The peristaltic pump rate was gravimetrically
determined as 0.346 mL min~' and '“Ag was selected as a
target mass. On the basis of previously published operational
procedures,”® the transport efficiency, which describes the ratio
of the amount of analyte that passes the plasma and reaches
the detector to the amount of analyte aspirated, was
determined using the NIST RM 8013 reference material
(AuNP, S6 nm, B, = 52 ng L™'). Since signal intensity is
element-specific, a second calibration, based on a dissolved
silver standard (1 ug L™' in 3.25% (w/w) HNO;), was
necessary to determine elemental sensitivity. Particle size
distributions were evaluated using Agilent MassHunter Work-
station 4.4 software (version C.01.04, build 544.3) equipped
with the Single Nanoparticle Application Module.

Determination of Total Silver in the Copper Water
Pipe Material. Three 1 g pieces of a copper water pipe
previously installed and used in B1 for a period of several years
were freed from varnish, cleaned, dried, and then dissolved in 5
mL of HNO; (65% (w/w)), which yielded a clear blue
solution within minutes. Due to severe matrix effects caused by
high excess of copper in the dissolved samples, we applied the
standard addition technique for ET-AAS silver quantification.
The corresponding furnace temperature program is listed in
Table 1.

Table 1. ET-AAS Temperature Program for the
Determination of Silver Traces in the Dissolved Water Pipe
Material”

temperature ram| hold internal argon flow
process °C] time [s]  time [s] [mL/min]
drying 1 110 1 30 250
drying 2 130 15 30 250
matrix 800 10 20 250
elimination
atomization 1700 0 S 0
clean out 2450 1 3 250

“Atomic absorption was measured during the atomization step with
an integration time of S s.

Determination of Ag-b-NPs in Tap Water. Cloud point
extraction (CPE) was used for species-selective extraction and
enrichment of Ag-b-NPs from the water samples.””*** This
procedure provided efficient retention of the dissolved Ag(I)
species and matrix components allowing the selective
extraction of Ag-b-NPs followed by unobstructed and highly
sensitive measurements via ET-AAS or sp-ICP-MS. Details,
trueness, and robustness of the applied extraction technique
have already been described by Hartmann et al.””*%*°

Briefly, 40 mL of each sample was mixed with an aqueous
solution of an ethylenediaminetetraacetic acid disodium salt, p-
penicillamine, sodium acetate, acetic acid, and the surfactant
TX-114.>*"?* These mixtures were incubated at 40 °C for 30
min and centrifuged (12 min, 4500g) to enhance phase
separation. After a cooling step (S min, ice bath), the aqueous
supernatant was removed by decanting. The remaining
surfactant droplets were dissolved either in 100 yL of ethanol
for ET-AAS measurements or in ethanol (500 xL) and UPW
to a total volume of 10 mL for sp-ICP-MS measurements.

ET-AAS has a high silver sensitivity, requires a low sample
volume (20 uL), and tolerates high concentrations of organic
matrix constituents. Thus, ET-AAS analysis provides a high
enrichment factor of 80 and a limit of detection (LOD) for
silver as low as 0.2 ng L™'** Calibration is performed by
subjecting 60 nm citrate-coated AgNP dispersions of known
concentration to the entire CPE-ET-AAS procedure. Com-
mercially available AgNPs can undergo dissolution processes
during storage. Particle stock dispersions are freed from
dissolved silver species impurities by dialysis (3.5 kDa
membrane by ZelluTrans, Carl Roth, Karlsruhe, Germany)
prior to use. The Ag concentration of purified AgNP
dispersions is determined by ICP-MS.

sp-ICP-MS was used to perform Ag-b-NP size distribution
measurements. Here, all calibration samples, AuNP dispersion,
and the dissolved silver standard were prepared in a surfactant-
containing matrix (2.5 mL of TX-114 and 2.5 mL of ethanol,
filled to a total volume of SO mL with UPW). This way it could
be ensured that the calibration samples behave similarly to the
analyte samples after CPE during the measurement approach.
Previous studies have generally assumed that Ag-b-NPs smaller
than 20 nm are unable to be measured using conventional sp-
ICP-MS techniques.”” A recently published study by our group
suggests that this limit could be undercut by coupling CPE to
sp-ICP-MS.® The strong complexing agents ethylenediamine-
tetraacetic acid and Dp-penicillamine transform silver and other
metal ions into negatively charged complex compounds, which
are not extracted by the CPE procedure. The organic CPE
extracts are therefore free from dissolved silver species and
contain only Ag-b-NPs in an enriched form. The elimination of
silver ion interference and the selective particle enrichment
lead to an improved signal-to-noise ratio for sp-ICP-MS
particle measurements, which in turn allows for an unparalleled
limit of detection (LOD) of 0.25 ng L™" for Ag-b-NPs and a
corresponding size detection limit of 10 nm (see Figure S1).
Interestingly, the extraction efficiency of CPE drops signifi-
cantly for particles >100 nm, allowing for selective extraction
of nanosized particles.*

sp-ICP-MS measurements are based on the conjecture that
Ag-b-NPs are spherical and that the nanoparticles are
composed entirely of silver. Measurements of *Cr, *Fe,
0N, Cu, %Zn, and 2°°Pb in CPE extracts did not show any
evidence for particulate species containing these elements, so
we conclude that solely Ag was present in nanoparticulate
form in the samples. Due to NP concentrations in the lower to
sub-ng L' range, techniques such as electron microscopy or
light scattering could not be applied for supplementary
investigations. Using conventional sp-ICP-MS approaches,
the exact composition of Ag-b-NPs cannot be determined.
The measurements rely on the prerequisite that only Ag
masses of Ag-b-NPs can be measured providing the basis for
the determination of particle size distributions and concen-
trations. Therefore, the bulk density of silver is used for sp-
ICP-MS data processing.

B RESULTS AND DISCUSSION

Water Pipe Material as a Silver Source. Copper pipes
and fittings are used in the plumbing systems of public and
domestic buildings worldwide. The main reasons for their
widespread use are high durability of copper pipes and fittings
and the fact that they are easily installed and resist bacteria
growth. A disadvantage, however, is that copper can dissolve
into water as it migrates throughout the plumbing system,
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especially at pH values <7. This disadvantage, along with its
elevated cost, explains why other materials, to an increasing
extent, are replacing copper in newer constructions. In
Germany, for instance, copper as a construction material for
water supply systems is still the most common (44%), followed
by plastics (21%), and different types of steel (15%) (Figure
1). From a chemical point of view, it is very unlikely that

[ copper
E tin-plated copper
stainless steel
[l hot-dip galvanized steel
polyethylene
polyvinylchioride o,
[_]polypropylene 9% 6%
polybutylene o
composite materials

44%

Figure 1. Compilation of all construction materials currently in use
for tap water supply systems and their respective proportions in
Germany.

plastics as the second most common plumbing material
contain silver and emit it to tap water. These organic polymer
materials show no classical corrosion and silver is not used in
the production of these materials. Stainless steel shows less
corrosion than copper, and there are no hints in the literature
that steel used for plumbing purposes contains silver. In the
present work, we therefore focused on the release of silver in
nonparticulate and particulate forms from copper-based
plumbing systems. The Guideline Value for the copper
concentration of tap water in Europe is 2 mg L~4* which is
identical to the value proposed by the World Health
Organization.”® According to the U.S. Environmental
Protection Agency,51 copper must not exceed a concentration
of 1.3 mg L™! in American drinking water.

The production of pipes for water supply systems uses
highly pure copper that is refined to nearly 100% purity.
Nevertheless, this highly pure copper always contains trace

impurities of silver,”* typically in the lower mg kg™" range. In
this study, we analyzed a copper pipe, which was in use in
building B1, with regard to its silver content. We found a silver
content in copper pipe material of 27.5 + 4.4 mg kg~' with
which we are able to show that, along with copper, silver traces
can also be released into drinking water. Moreover, silver exists
not only in a dissolved but also in a nanoparticulate form. This
study is the first to show that silver traces, as impurities in
copper pipes, are responsible for the existence of nano-
particulate silver in tap water.

Quantification of Total Silver and Nanoparticulate
Silver in Tap Water. To quantify the total and nano-
particulate silver, tap water samples were taken from four
buildings of different ages (built from 1978 to 2011). All
buildings are located in the same city and each has an identical
local water source (Table S1). Silver quantification and
speciation began with samples from the oldest building (B1),
followed by measurements of the tap water samples obtained
from buildings B2 to B4 (see Table S4). Overall, no correlation
between measured concentrations and pH, redox potential, O,
content, temperature, and measured concentrations could be
detected (see Table S2).

Dissolution of copper and silver is thought to be a slow
process that occurs mainly in water, which is stored for days or
even weeks in the pipe material. Therefore, in the first series of
experiments, 400 mL of tap water from a water tap in B1, not
used for 14 days, was analyzed in portions of approximately 60
mL (Table S2). Figure 2 shows the results from CPE-sp-ICP-
MS measurements that were performed in the volume range
from 67 to 122 mL. Ag-b-NPs were clearly detectable during
CPE-sp-ICP-MS analysis (Figure 2A) and exhibited a rather
broad particle size range from 10 to 80 nm (Figure 2B) with a
distinct maximum at 16 nm. The particle size distribution also
suggests that particles that are less than 10 nm, thus, not
measurable via CPE-sp-ICP-MS, are also present in tap water.
Most of the measurable particles (96%) fall into a size range
between 10 and 36 nm with an average particle size of 19 nm.

Figure 3 summarizes the cumulative masses of total silver
and measurable Ag-b-NPs with an increasing volume of tap
water (see data in Table S2). Mass concentrations of total
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Figure 2. (A) '"’Ag mass spectra of the sp-ICP-MS measurement for tap water samples from building B1 taken on May 19, 2016 (after an
accumulation period of 14 days), in the subsample from 67 to 122 mL (Table S2). Dwell time was set to 100 ys. (B) Particle size distribution with
the normalized frequency found in the tap water sample described in (A). Particles <10 nm are not detectable using CPE-sp-ICP-MS. No
reasonable NP amounts for particles >80 nm could be detected and are, thus, not depicted in the figure. For reasons of transparency, the mass
spectra of the sp-ICP-MS measurement of the corresponding blank sample (UPW sample subjected to CPE as above-mentioned) is given in Figure

S2.
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Figure 3. Cumulative masses of total silver (A) and Ag-b-NPs (M)
released into tap water from plumbing systems with an increasing tap
water volume. Samples were taken from building B1 on May 19, 2016
(after an accumulation period of 14 days), with a tap water flux of SO
mL min~". The bars describe the Ag-b-NP proportion with respect to
the mass of total silver. Numbers above the bars represent the average
particle sizes found in each sample. Detailed data including error
calculations are given in Table S2.

silver and Ag-b-NPs increased rapidly within the first 120 mL
of tap water followed by a slower mass increase of both total
silver and Ag-b-NPs toward the final volume of 400 mL. In
total, 33.1 + 0.7 ng of total silver and 10.2 + 0.8 ng of Ag-b-
NPs (approximately 30% of the total silver) were found in the
400 mL of tap water that we analyzed, which corresponds to 83
ng of total silver and 25 ng of Ag-b-NPs per liter tap water.
Average particle sizes between 16 and 19 nm remained
constant with tap water runoff. Unfortunately, it was not
possible to observe whether silver was initially released in a
particulate form or whether the Ag-b-NPs were formed later
from released, dissolved silver, or both simultaneously.

To investigate Ag-b-NP accumulation in more detail, we
examined tap water from building B1 throughout different time
periods in which the water tap was not used. To establish a
basis of comparison for all measurements, the water pipes were
cleared until the total silver concentration was below the LOD
of 0.2 ng L™ before we started a new accumulation period. As
presented in Figure 4 and Table S3, Ag-b-NPs were detectable
in tap water from all sampling days.

On May 19, 2016, after an accumulation period of 14 days,
we observed a total Ag-b-NP quantity of 10.2 + 0.8 ng in the
tap water. After another period of 14 (May 19 to June 02,
2016) and 11 days (June 02 to June 13, 2016), high total Ag-b-
NP masses, similar to the first period, were found in the tap
water runoff: 10.4 + 1.7 ng on June 02 and 8.6 + 1.4 ng on
June 13. Thus, a period of 11—14 days, during which the tap
water stood idle in the pipes, led to reproducible Ag-b-NP
accumulations between 8.6 and 10.4 ng L™". Surprisingly, the
tap water samples collected on two consecutive days (June 14
and 15) were also characterized by significant Ag-b-NP
accumulations of 5.4 + 1.2 and 2.1 + 1.2 ng, respectively.
These results indicate that even short periods (such as 24 h)
can lead to an accumulation of nanoparticulate silver if the
water stands idle in the pipes.

The metallic plumbing systems in older buildings normally
develop inner passive surface barrier layers, which reduce the
release of heavy metal species into tap water. For copper
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Figure 4. Cumulative masses of Ag-b-NP released from water pipe
material into tap water with an increasing relative volume of tap water.
The relative volume is calculated on the basis of the minimum tap
water volume required to have no detectable total silver in the water
runoff beyond the LOD of 0.2 ng L™". Samples were collected from
building Bl on different days. Error bars indicate the uncertainty
calculated via Gaussian error propagation based on pipetting
uncertainties and the standard deviations of independently treated
and measured subsamples (n = 3).

plumbing systems, malachite layers form inside the pipe.”*~>°

Therefore, in addition to building B1, the newer buildings, i.e.,
B2—B4, were examined in an analogous manner. Unfortu-
nately, it was not possible to determine the silver content and
the trace element composition of the copper pipes installed in
all of the field site buildings. A direct comparison of the age-
related corrosion in the copper pipes was therefore not
possible. Nevertheless, silver was released from the pipe
material into the examined tap water from each building
(Figure S). In total, the amount of silver measured in tap water
sampled on June 02, 2016, after an accumulation period of 14
days in each building is as follows: 42.6 + 2.8 ng (B1), 0.7 +
0.2 ng (B2), 21.5 + 0.7 ng (B3), and 1.2 + 0.2 ng of total silver
(B4). Nanoparticulate silver was only found in tap water of B1
and B3, i.e, 104 + 1.7 ng of Ag-b-NPs (B1) and 3.0 + 0.3 ng
of Ag-b-NPs (B3) in total, which corresponds to NP
proportions of 24% (B1) and 14% (B3). A second sampling
period over a period of 13 days (June 02—15) at B3 yielded
results similar to the first measurement on June 02,
underpinning reproducibility of the results (see size LOD
and Table SS for measured values).

Although the plumbing systems in all investigated buildings
receive the same water with similar temperatures (10 °C as fed
by the local water supplier;’® ~23 °C measured after
sampling), silver release into the water was reproducible
within single buildings but quite different between buildings
B1 and B4. Silver release within a specific plumbing system is
related to not only the age of a building but also other factors,
such as the chemical composition of the pipes (e.g, the silver
content).

Does Ag-b-NP Formation Correlate with the Pres-
ence of Copper and Other Heavy Metal Species in Tap
Water? The fact that there are traces of silver in copper pipes
suggests that Ag-b-NP occurrence in tap water that passes
through such pipes is a consequence of copper corrosion. To
investigate this in more detail, we also measured the tap water
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Figure S. Cumulative masses of total released silver and Ag-b-NPs
from the water pipe material into tap water sampled from different
buildings (building construction dates from 1978 to 2011) on June
02, 2016 (after an accumulation period of 14 days). The relative
volume in percentage is calculated by dividing the cumulative volume
of the corresponding sample by the minimum tap water volume
required to have no detectable additional silver in the water runoff
beyond the LOD of 0.2 ng L™". Error bars indicate the uncertainty
calculated via a Gaussian error propagation based on pipetting
uncertainties and the standard deviations of independently treated
and measured subsamples (n = 3).

from building B1 for copper and other heavy metals, i.e., iron,
nickel, chromium, zinc, and lead, which are possibly contained
in plumbing materials, such as fittings, connections, and
soldering joints. If our hypothesis is true, we expect to observe
a clear correlation between the copper concentration and the
occurrence of silver or Ag-b-NPs.

Figure 6A,B shows the measured concentrations of each
element and Ag-b-NPs with increasing water flow. The given
concentrations represent the respective concentration in each
200 mL water sample portion. As presented in Figure 6A, total
Ag, Ag-b-NP, and total copper concentrations behaved
similarly with increasing tap water runoff: the first 200 mL
sample contained 92.6 + 0.5 ug L' total copper and 56.1 +
0.7 ng L' total silver with a silver proportion based on the
copper content of 0.60%o. In the second sample, concen-
trations even rose to 107.2 + 0.3 ug L™ total copper and 61.5
+ 1.3 ng L' total silver with a silver proportion of 0.57%o.
This was followed by a rapid decrease to concentrations of
approximately 20 g L™" total copper and 17 ng L™" total silver
(with a silver proportion of 0.85%0), which remained constant
after a tap water runoff of 800 mL. On the basis of Table S6,
total copper and silver concentrations never exceeded the
upper limit values recommended by the WHO®" or U.S. EPA*'
guidelines for water quality and European® tap water
regulations. The Ag-b-NP concentration gradient behaved in
a similar manner to the total silver concentration gradient,
starting at 21.2 + 1.0 ng L™' in the first 200 mL sample,
whereas the nanoparticulate fraction of the total silver was
approximately 23—38%. The high correlation among total
copper, total Ag, and Ag-b-NP release from the plumbing
system into tap water is underpinned by their Pearson
correlation coefficients (PCCs), which are listed in Table 2.
A bivariate correlation between the concentrations of two
elements (including nanoparticulate species) in each sub-
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Figure 6. (A) Concentrations of total and particulate silver (red) and
copper (black) and (B) concentrations of total iron, nickel,
chromium, zinc, and lead in subsequent ~200 mL tap water samples
with increasing total tap water runoff. Error bars indicate the
uncertainty calculated via a Gaussian error propagation based on
pipetting uncertainties and the standard deviations of independently
treated and measured subsamples (n = 3).

sample is investigated as a measure of linearity via the PCCs.
The PCC for the Ag/Ag-b-NP correlation is 0.98, 0.99 for the
Ag/Cu correlation, and 0.99 for the Ag-b-NP/Cu correlation.
These results indicate that there is a distinct correlation and
confirms the assumption that both copper and silver (total and
nanoparticulate) are simultaneously leached into tap water
primarily via the pipe material itself, which is made of copper.

We observed no further correlations between the other
examined elements and total copper, total silver, or Ag-b-NPs,
respectively (Figure 6B and Table 2). Thus, silver cannot be
released from components that contain zinc, such as brass
fittings and taps, or components made from steel that contain
iron, chromium, and nickel. Additionally, high PCC values for
the Pb/Cr and Pb/Zn correlation reveal that there is a
combined leaching process between lead and chromium or
between lead and zinc, respectively, from the plumbing system
into tap water.

For the sake of completeness, it has to be noted that
reciprocal proportionalities were also observable, as indicated
by a correlation factor ranging from —1.0 to —0.90. This is
given for the correlation between concentrations of Ag-b-NPs
or Ni and Cr, Pb, or Zn, respectively. This means that Ag-b-NP
or Ni concentrations decrease with increasing tap water runoft,
while the concentrations of Cr, Pb, and Zn increase with
increasing runoff. Current literature and data of the
investigated plumbing systems do neither give any reason for
the increasing amounts of Cr, Pb, and Zn with increasing tap
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Table 2. Pearson Correlation Coeflicients between the
Measured Concentration Gradients of All Examined
Elements and the Ag-b-NPs”

0.69 —0.75

Pb —0.88

Zn —-0.81 0.84 |-0.78 |0.81

“Elements and Ag-b-NPs released from the plumbing system via tap
water runoff show distinct correlations when coefficients extend 0.90
(marked in green for proportionality and marked in orange for
reciprocal proportionality).

094 [-0.90 |0.58

water runoff nor reasons for an assumption that Ag-b-NP and
Ni concentrations are related to concentrations of Cr, Pb, and
Zn. Thus, there is no justified reason to believe that there is a
distinct connection between decreasing Ag-b-NP and Ni
concentrations and decreasing Cr, Pb, and Zn concentrations,
which might be just a consequence of coincidence.

For currently installed water supply systems, the only way to
determine the silver source was to observe potential
correlations between the silver concentrations and the
concentrations of other elements present in the tap water
samples. We consciously discarded any experiments with
model water supply systems since they do not represent
realistic sampling scenarios. Moreover, they are hardly relevant
when discussing realistic Ag-b-NP exposure and the con-
clusions important for risk assessment.

Environmental Impact. In this study, we discovered that
widely used tap water pipes made from copper represent a
hitherto undocumented source of Ag-b-NP release into tap
water. A significant portion of these particles is deposited in
wastewater streams where they contribute to the Ag-b-NP load
that derives from other sources, such as Ag-b-NPs released
from fabrics, cosmetics, or medical products.

Particulate silver species ranging in size from <10 to 80 nm
(96% of the particles exhibit sizes from 10 to 36 nm) were
found in tap water that passes through copper water pipes,
whereas Ag-b-NPs represented an approximately 30%
proportion of the total silver. Total silver and particulate silver
concentrations were in the ng L range (17-62 ng L™ total
silver and $S—21 ng L™ Ag-b-NPs), which pose no risk to
environmental or human health based on current (eco)-
toxicological literature."” However, long-term monitoring of
Ag-b-NPs released into the environment is a crucial step to
perform comprehensive risk assessments of nanomaterials,

especially in the case of tap water that is consumed extensively
throughout the world. Moreover, identifying the sources of Ag-
b-NPs that are released into the environment is essential for
proper risk assessments of nanoparticulate pollution.

The release of copper and, as a consequence, the release of
silver and Ag-b-NPs from copper-based plumbing systems into
tap water depend on a variety of factors. These factors
include local water quality, silver and trace element content of
the copper pipes, and the flow velocity resp. residence time, i.e.
the time period, in which the water stands within the pipes.
Correct predictions concerning the release of Ag-b-NPs into
tap water are also not possible because it is, in many cases, not
clear how many buildings in a specific country or region are
equipped with copper-based plumbing systems.

On the basis of the data obtained in this study and data from
the German Federal Statistical Office,”® we can make a very
rough estimate of the Ag-b-NP release into German drinking
water: the population-related daily drinking water consump-
tion in Germany is 9.8 X 10° L (81 Mio inhabitants X 121 L
inhabitant™"). If we assume that 44% of the plumbing systems
in Germany are made of copper’” with a silver content of 28
mg kg™' and, in the worst-case scenario, that we reach the
maximum tolerable copper concentration of 2 mg L7/, this
indicates that an Ag-b-NP mass of 30 kg (30% of the total
silver released from the plumbing pipes) is released each year
into drinking water in Germany. In reality, only one-tenth or
less of copper may be released, which corresponds to an annual
Ag-b-NP release of 3 kg in Germany, which represents a
possibly more realistic value. Taking the population into
account, this leads to a Ag-b-NP release of 100 ng per person
per day. We might expect similar population-related values for
other highly industrialized countries. The present results and
estimations do not include the contribution of trade,
commerce, and industry that may increase the release of Ag-
b-NPs into drinking water. To put these findings into
perspective, the release of 37 pug Ag-b-NPs per person per
year is correlated to the minimum amount of Ag-b-NPs
released from a commercially available antimicrobial sock,
which is 19 ug Ag-b-NPs each washing cycle.” We can
conclude that the Ag-b-NP amount derived from plumbing
systems per person each year corresponds to approximately
two washing cycles of functionalized socks.

Therefore, we can no longer ignore the fact that Ag-b-NPs
originate, to a significant extent, from conventional copper
water pipes when discussing possible exposure scenarios and
the (eco)toxicological effects of nanomaterials. This observa-
tion could possibly change the prevailing opinion that
consumer and medicinal products, which contain nanosilver
for antimicrobial reasons, are the main contributors of Ag-b-
NPs to environmental samples, such as wastewater, river, and
lake water.
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content, and temperature) (Table S2); cumulative
masses of Ag-b-NPs in tap water from building 1
sampled on different days (Table S3); cumulative
summary of the Ag-b-NP mass in tap water from
buildings 1—4 (Table S4); cumulative masses of Ag-b-
NPs and total silver in tap water from building 3 (Figure
$3); summary of cumulative Ag-b-NP masses and total
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Figure S1. Particle size distribution of commercially available citrate stabilized 10 nm AgNPs
(Sigma Aldrich). A AgNP dispersion containing 4.2 ng L-! Ag was subjected to CPE and the
extract was diluted with UPW and EtOH as described. The diluted extract was then forwarded to
sp-ICP-MS applying a dwell time of 100 pus. Raw data was blank-corrected and transformed in

the presented particle size distribution.
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Table S1. Drinking water characteristics measured by the local water supplier.?

temperature [°C] 9.9
pH 7.54
conductivity [uS cm™! at 25 °C] 544
dissolved organic content [mg L] <0.3
total organic content [mg L™!] 0.3
total water hardness [°dH] 16.2
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Figure S2. 197 Ag mass spectra of the sp-ICP-MS measurement for a blank sample (A) and tap
water samples from building B1 (B) taken on May 19, 2016 (after an accumulation period of

14 days), in the subsample from 67 to 122 mL (Table S2). Dwell time was set to 100 ps.
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Table S2. The cumulative masses of Ag-b-NP and total silver in tap water from building 1

sampled on May 19, 2016 (after an incubation period of 14 days) with a tap water flux of

50 mL min~'. The Ag-b-NP proportion is calculated with respect to the mass of total silver.

Furthermore, pH, redox potential, oxygen content and temperature from all examined samples

are given. Errors indicate the uncertainty calculated via a Gaussian error propagation based on

pipetting uncertainties and the standard deviations of independently treated and measured

subsamples (n = 3).

Ag-b-NP redox
volume mass mass total temperature
proportion pH  potential O, [mg L]
[mL] Ag-b-NP[ng] Ag[ng] [°C]
[70] [mV]
67 2.0+0.3 50+£03 40.5 8.4 89 8.5 23
122 7.1£0.6 25.8+0.3 27.3 8.3 87 8.5 23
166 7.7+0.6 27.8+£0.5 27.5 8.4 85 8.4 23
229 8.8+ 0.7 29.7+£0.5 29.6 8.3 90 8.4 23
283 93+0.8 30.6 £ 0.6 30.3 8.4 89 8.4 23
336 10.1£0.8 32.6 £ 0.6 31.1 8.4 88 8.6 23
403 10.2+0.8 33.1+£0.7 30.7 8.4 87 8.5 23
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Table S3. The cumulative masses of Ag-b-NPs in tap water from building 1 sampled on
different days (after an incubation period of 14 days prior to first sampling) with increasing
relative volume of tap water. The relative volume is calculated on the basis of the minimum tap
water volume required to have no detectable total silver in the water runoff beyond the LOD of
0.2 ng L™!. The total sample volume until no additional silver release was observed is given in
parentheses besides each sampling date. Errors indicate the uncertainty calculated via a Gaussian
error propagation based on pipetting uncertainties and the standard deviations of independently

treated and measured subsamples (n = 3).

May 19 (403 mL) June 02 (1478 mL)
lati I mass ati I mass
re atlv[e(:) A)V]o ume Ag-b-NPs re atlv[eo /Ov]o ume Ag-b-NPs
[ng] [ng]
0 0.00 0 0
16.7 20+£0.3 14.3 4.1+0.6
30.2 7.1+£0.6 28.6 5.6+£0.9
41.2 7.7£0.6 42.8 69+1.1
56.7 8.8+0.7 57.0 7.6+1.3
70.1 9.3+0.8 71.2 89+1.5
83.3 10.1+£0.8 85.7 10.1 £1.7
100 10.2+0.8 100 104+1.7
June 13 (891 mL) June 14 (1087 mL) June 15 (1053 mL)
relative volume fnass relative volume fnass relative volume mass
(%] Ag-b-NPs (%] Ag-b-NPs (%] Ag-b-NPs
[ng] [ng] [ng]

0 0 0 0 0 0
14.0 24+04 14.8 1.5+0.5 13.8 0.3+0.5
28.5 42+0.6 28.5 2.6+0.7 27.4 1.0£0.6
42.8 52+0.8 42.5 32+£0.8 41.1 1.3+0.8
57.2 6.1+1.0 56.7 43+1.0 59.2 1.5+1.0
71.6 7.1+£1.1 70.9 49+1.1 72.7 1.7+1.1
86.0 8.1+1.3 85.2 54+£12 86.2 21+1.2
100 8.6+14 100 54+1.2 100 21+12
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Table S4. The cumulative masses of Ag-b-NPs and total Ag in tap water from buildings 1-4
sampled on June 02, 2016 (after an incubation period of 14 days) with increasing relative volume
of tap water. The relative volume is calculated on the basis of the minimum tap water volume
required to have no detectable total silver in the water runoff beyond the LOD of 0.2 ng L. The
total sample volume, until no additional silver release was observed, is given in parentheses
together with each buildings’ construction year. Errors indicate the uncertainty calculated via a
Gaussian error propagation based on pipetting uncertainties and the standard deviations of

independently treated and measured subsamples (n = 3).

building 1 (1978, 908 mL) building 2 (1997, 1195 mL)

relative mass Ag-b-NP  relative mass Ag-b-NP
mass total ) mass total ]
volume  Ag-b-NP proportion  volume  Ag-b-NP proportion
. Ag [ng] . . Ag [ng] .
[%] [ng] [7] [70] [ng] [70]
0 0 0 0 0 0 0 0
14 41+06 119+1.2 34 12 n.d. 0.2+0.1 0
29 5609 249+1.8 23 27 n.d. 04+0.1 0
43 69+1.1 306+1.9 23 43 n.d. 0.5+0.1 0
57 7613 347+24 22 59 n.d. 0.5+0.1 0
71 8.6+£15 384+£28 22 74 n.d. 0.6+0.1 0
86 10.1£1.7 42.1+£28 24 88 n.d. 0.7+0.2 0
100 104+1.7 42.6+2.8 24 100 n.d. 0.7+0.2 0
building 3 (2002, 776 mL) building 4 (2011, 1834 mL)
relative mass Ag-b-NP  relative mass Ag-b-NP
mass total ) mass total ,
volume  Ag-b-NP proportion  volume  Ag-b-NP proportion
. Ag [ng] o o Ag [ng] .
[7%] [ng] [%] [7] [ng] [70]
0 0 0 0 0 0 0 0
10 1.7+0.1 47+04 36 17 n.d. 03+0.2 0
26 3003 10.2+£0.5 30 32 n.d. 03+0.2 0
42 3003 11.8+£0.6 26 49 n.d. 03+0.2 0
58 3003 148+0.6 20 64 n.d. 1.2+0.2 0
74 3003 185+0.6 16 79 n.d. 1.2+0.2 0
90 3003 21.0+£0.6 14 100 n.d. 1.2+0.2 0
100 30£03  21.5+£0.7 14
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Figure S3. The cumulative masses of released total Ag and Ag-b-NPs from water pipe material
into tap water from building 3 sampled on June 02 and June 15, 2016 (after an incubation period
of 14 days prior to first sampling). The relative volume is calculated on the basis of the minimum
tap water volume required to have no detectable total silver in the water runoff beyond the LOD
of 0.2 ng L™!. Errors indicate the uncertainty calculated via a Gaussian error propagation based
on pipetting uncertainties and the standard deviations of independently treated and measured

subsamples (n = 3).
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Table SS. The cumulative masses of Ag-b-NPs and total Ag in tap water from building 3

sampled on June 02 and June 15, 2016 (after an incubation period of 14 days prior to first

sampling) with increasing relative volume of sampled tap water. The relative volume is

calculated on the basis of the minimum tap water volume required to have no detectable total

silver in the water runoff beyond the LOD of 0.2 ng L™!. Errors indicate the uncertainty

calculated via a Gaussian error propagation based on pipetting uncertainties and the standard

deviations of independently treated and measured subsamples (n = 3).

02.06. 15.06.
relative mass Ag-b-NP  relative mass Ag-b-NP
mass total ) mass total )

volume  Ag-b-NP proportion volume  Ag-b-NP proportion

. Ag [ng] o o Ag [ng] o

[70] [ng] [70] [70] [ng] [7]

0 0 0 0 0 0 0 0

10 1.7£0.1 47+04 36 18 04+02 172404 2

26 3003 102+0.5 30 34 1.0£04 194104 5

42 30£03 11.8+0.6 26 51 1.7£0.44 21.5+0.5 8

58 30£03 14.8+0.6 20 67 24405 234+05 10

74 3003 18.5+0.6 16 84 32+06 25.1+0.6 13

90 30£03 21.0+0.6 14 100 34+06 258+0.6 13

100 30+03 21.5+0.7 14
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Table S6. Concentration of Cu, Ag, Ag-b-NPs, Cr, Fe, Ni, Zn and Pb with increasing volume of tap water runoff in each sample portion of

approximately 200 mL supplemented by limits for all elements according to WHO guidelines for drinking water quality,! German drinking water

regulations? and metal contents in drinking water according to the local water supplier. Errors indicate the uncertainty calculated via a Gaussian error

propagation based on pipetting uncertainties and the standard deviations of independently treated and measured subsamples (n = 3).

volume Cu . Ag . Ag-b-NP Cr . Fe . Ni . Zn . Pb .
(mL] concentr_atlon concentr_atlon concentr_atlon concentr_atlon concentr_atlon concentr_atlon concentr_auon concentr_atlon

[wg L] [ng L] [ng L] [ng L] [ng L] [ng L] [mg L] g L]

211 92.6+0.5 56.1£0.7 212+1.0 211.4+3.5 11572+13 54134+123 825.0+£0.7 9.4+0.1
423 107.2+0.3 61.5+1.3 18.2+0.5 422.9+7.7 15929+19  1857.8+1.1 974.0 £ 0.1 10.2+0.5
633 52.0£0.7 27.4+0.6 8.7+0.5 633.0+3.3 22504+1.4  1208.0+1.3 1028.8 + 1.6 10.4+0.5
843 25.7+0.1 19.4+£0.7 4.6+0.5 843.5+3.8 1898.4 £ 1.7 1101.5+ 1.8 1061.1 + 1.1 11.4+£0.3
1053 21.0+04 17.5+1.1 5.1+0.6 1053.0£5.7 1969.9 + 1.7 1059.9+2.0 1052.3 +0.8 11.4+£0.3
1267 20.4+0.7 17.2+0.7 4.6+0.3 12674+63  16982+12  1037.4+23  1060.1 1.1 11.5+0.4

limit according to WHO guidelines (German drinking water regulations)
2,000 (2,000) 10,000 (10,000) 50,000 (50,000) --- (200,000) 70 000 (20,000) 3,000 (5,000) 10 (10)
metal contents according to local water supplier
<200 Not measured <5,000 <20,000 <2,000 <200 <1
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Silver based nanoparticles (Ag-b-NPs) in the environment are of current concern as they may pose risks
to human and environmental health, even at low concentration levels. It is widely known that Ag-b-NPs,
once released from products containing these particles for antimicrobial reasons, can pass through
wastewater treatment plants to some extent. These particles are transported via running waterways and
eventually reach the sea. However, the fate of environmentally relevant ng L~! traces of Ag-b-NPs in
seawater has not yet been sufficiently studied. Analytical techniques capable of determining these
ultratraces of Ag-b-NPs in seawater are scarce and struggle furthermore with the high chloride content in
highly saline matrices, such as seawater. In this study, we extracted Ag-b-NPs from matrices with varying
salinity via cloud point extraction (CPE) and determined concentration and size of Ag-b-NPs in extracts
with single particle inductively coupled plasma mass spectrometry (sp-ICP-MS). Applying this extraction
and measurement technique, we were able to investigate the fate of Ag-b-NPs with different coatings
(citrate and the predominant coatings in nature, silver sulfide and silver chloride) in matrices with
increasing salinity and real seawater. All types of Ag-b-NPs were dissolved in all matrices almost inde-
pendently of the chemical composition of the nanoparticles (NPs), whereas dissolution rates increased
with increasing salinity due to the formation of soluble Ag(I) species and - in the presence of chloride -
AgCly™ (x > 1) complexes. After an incubation time of not more than 72 h, Ag-b-NPs were dissolved
almost completely. During the dissolution process, NP shrinkage could be clearly observed by sp-ICP-MS.
Supplementary electron microscopy measurements revealed that the sulfur content in silver sulfide
nanoparticles (Ag,S-NPs) increased during the dissolution process. Finally, we were able to investigate
the dissolution process of real Ag-b-NPs in wastewater after increasing the salinity to seawater levels.
© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Gopinath et al., 2010; Park et al., 2010; Ribeiro et al., 2015; Wise
et al,, 2010; Zhang et al., 2018). In addition to silver ions gener-

Due to the growing use of silver nanoparticles (Ag-NPs) in
commercially available products and applications, such as food
storage containers, sporting goods, fabrics, food additives in animal
feed, cosmetics, medical devices and many others (Kim et al., 2010;
Peters et al., 2014), these nanoparticles are increasingly released
into the environment. This has intensified the discussion about
concerns regarding environmental compatibility of Ag-NPs. Several
studies have dealt with the toxicity of silver nanoparticles in organs
(Ahamed et al., 2010; Krug, 2014; Kumar et al., 2017; Wiemann
et al, 2017) and metabolic pathways (Foldbjerg et al., 2009;

* Corresponding author.
E-mail address: michael.schuster@tum.de (M. Schuster).
! These authors contributed equally to the present study.

https://doi.org/10.1016/j.watres.2019.115399
0043-1354/© 2019 Elsevier Ltd. All rights reserved.

ated by dissolution of nanoparticles, Ag-NPs themselves are
believed to negatively affect organisms (Asharani et al. 2008, 2009;
Beer et al., 2012; Kim et al., 2009; Qian et al., 2013). Silver in this
particulate form is believed to surpass even the ecotoxicological
hazards of the corresponding bulk material (Hansen and Baun,
2012; Pettitt and Lead, 2013). Therefore, Ag-NPs should be moni-
tored and analyzed in environmental samples in order to under-
stand their fate and distribution in the environment, especially
addressing the question of how environmental matrices influence
particle dissolution and aggregation (Pasricha et al., 2012).

Once released into the environment, Ag-NPs interact readily
with naturally occurring organic and inorganic substances and thus
undergo a broad variety of surface modifications, which include
adsorption of organic molecules present in the environment or
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reactions with, e.g. dissolved species resulting in Ag,S or AgCl
coatings, whereas Ag,S dominates environmentally relevant sur-
face modifications (Kaegi et al. 2011, 2013, 2015). Therefore, Ag-NPs
in the environment are described hereinafter as silver-based
nanoparticles (Ag-b-NPs) so as to take every kind of surface
modification into account.

Li et al. showed that over 94.6% of Ag-b-NPs were removed from
wastewater treatment plant (WWTP) influent, but still resulted in
an Ag-b-NP concentration ranging from 0.7 to 11.1 ng L™! in the
effluent released into the environment (Li et al., 2016).

These nanoparticles are transported in rivers and finally reach
the sea, and the resulting fate of Ag-b-NPs can be characterized by
two main processes: aggregation and dissolution. The Derja-
guin—Landau—Verwey—Overbeak (DLVO) theory describes the
stability of nanoparticle dispersions in aqueous matrices as an
interplay of van der Waals interactions and electrostatic repulsion
(Derjaguin and Landau, 1993; Lodeiro et al., 2016; Quik et al., 2014;
Verwey, 1947). Once nanoparticles (NPs) are dispersed in matrices
of high ionic strength, e.g. seawater, the net charge of the particles
deriving from the corresponding electric double layer surrounding
the particles is reduced. This results in an increase of remaining
attractive forces encouraging attachment and thus aggregation of
NPs (Lodeiro et al., 2016). Consequently, it is believed that Ag-b-NPs
are not transported long distances in seawater. However, Toncelli
et al. observed that the dissolution process dominates the fate of
Ag-b-NPs in seawater at low concentrations (ng L~! range)
completely compensating for a DLVO-type aggregation effect
(Toncelli et al., 2017). In general, the dissolution of Ag-b-NPs is best
described by a widely accepted model established by Liu and Hurt,
(2010). Ag-b-NPs in aqueous matrices undergo a cooperative
oxidation process involving dissolved oxygen and protons forming
peroxide intermediates and eventually water. Simultaneously,
Ag(0) is readily oxidized to dissolved Ag(I), which is encouraged by
a relatively low redox gap of —0.8 V (Liu and Hurt, 2010; Toncelli
et al., 2017). Liu and Hart did not observe Ag-b-NP dissolution in
deoxygenated seawater, and they were able to decrease it at a
reduced pH due to an equilibrium shift (Liu and Hurt, 2010). Based
on their observations and experiments, Liu and Hurt developed the
following equation (Liu and Hurt, 2010):

2Ag(5) +%OZ(aq) +2H" HZAgZEq) + HZO(I) (1)

This dissolution process is furthermore influenced by the con-
centration of Ag-b-NPs and the constituents of natural water bodies
like natural organic matter (NOM) and - in the case of seawater -
high chloride contents. The dissolution rate is accelerated with
decreasing Ag-b-NP concentration (Toncelli et al., 2017). NOM was
reported to facilitate dissolution of Ag-b-NPs in aqueous matrices
by complexation of Ag(I) and shifting of the equilibrium (Loza et al.,
2014). Chloride present in aqueous matrices is able to eventually
trap Ag(I) from the cooperative oxidation of Ag(0) to form soluble
AgClI™ (x> 1) complexes. According to the general rules of reaction
equilibrium, this trapping process might accelerate the dissolution
in seawater. However, Liu et al. reported that an incubation of Ag-b-
NPs at mg L~! range in seawater actually slowed down the disso-
lution process compared to an incubation in UPW. In reality, the
higher pH of seawater in contrast to UPW inverts the equilibrium
shift induced by the complexation of Ag(I) by CI~ (Liu and Hurt,
2010). However, especially for low Ag-b-NP concentrations in
seawater, this may no longer be the case.

There have been several studies focusing on the fate of Ag-b-NPs
in seawater. Teo et al. found that the Ag-b-NP dissolution at an
initial Ag-b-NP concentration of 0.1 mg L~! was much faster in
seawater than in ultra-pure (UPW) water or lake water (Teo and

Pumera, 2014). Additionally, for nanoparticle concentrations of
200 ng L' and 2000 ng L™, a decrease in size and concentration
with increasing time was observed when dispersed in seawater,
with the dissolution rate being influenced by the thickness of the
particles’ coatings (Toncelli et al., 2017). Furthermore, it has been
reported that, albeit to a very little extent, Ag-b-NPs can be freshly
formed from an interaction of dissolved Ag(I) with NOM (Toncelli
et al., 2017). However, the Ag-b-NP concentrations used in those
studies were in the sub pg L~! to upper pg L~ ! range (Lodeiro et al.,
2017; Teo and Pumera, 2014; Toncelli et al., 2017), which by far
exceeds concentrations found in natural samples, which are typi-
cally in the pg L~! to lower ng L~! range (Li et al., 2016; Sun et al.,
2016; Wimmer et al., 2018). Furthermore, previous studies on the
fate of Ag-b-NPs in seawater used >200 ng L~! of poly-
ethyleneimine and polyvinylpyrrilidone coated Ag-NPs for their
experiments (Toncelli et al., 2017), which do not exist in nature. On
the contrary, Kaegi et al. were able to show that Ag-NPs entering a
WWTP are sulfidized to a variable degree independent of their
original coating (Kaegi et al. 2011, 2013).

For our work, we used naturally relevant silver nanoparticle
modifications, such as silver sulfide, silver chloride and core silver
nanoparticles at an environmentally relevant concentration of
50 ng L~ Our goal was to study the fate and stability of the
nanoparticles once they were released into a seawater matrix. The
salinity of seawater, which is the mass fraction of dissolved material
in seawater, is 35.17 g kg~'. The majority of the salinity is repre-
sented by Cl~ at a mass fraction of 19.35 g kg, followed by Na*
with a mass fraction of 10.78 g kg™, SOF~ with a mass fraction of
2.71 g kg ! and Mg?* (1.28 g kg™ 1), Ca®* (0.41 g kg 1), and K*
(0.40 g kg~ 1) (Millero et al., 2008). The contribution of NaCl to the
total CI~ content calculated from this data is 85.9%. Such a high salt
content causes instrumental problems in ICP-MS measurement, e.g.
cone clogging and both spectral and non-spectral interferences.
Dilution of the samples helps to avoid these problems, but it also
leads to a significant loss of detection power.

We therefore used cloud point extraction (CPE), which is a
highly selective separation and enrichment technique enabling Ag-
b-NP extraction from complex aqueous solutions regardless of
particle coating and without changing particle size and chemical
composition (Hartmann et al. 2013, 2014). Dissolved silver, NOM
and other particulate matter are tolerated in concentrations up to
100 pg L1, 100 mg L~ and 0.1 mol L™, respectively. After CPE, the
enriched and separated Ag-b-NPs can be forwarded to ICP-MS
measurement for Ag concentration analysis and/or sp-ICP-MS for
particle number and size determination.

Our experiments were furthermore supplemented by trans-
mission electron microscopy (TEM) and energy-dispersive X-ray
(EDX) spectroscopy to investigate the composition and possible
transformation of the nanoparticles during incubation in seawater.

2. Materials and methods
2.1. Materials

Ag(I) ICP-standard (AgNO3 in 3% HNOs, Bag = 1000 mg L,
acetic acid (glacial), ethanol, ethylenediaminetetraacetate (EDTA)
disodium salt, sodium chloride, sodium acetate anhydrous as well
as ethanol and nitric acid (suprapure, 65%) were purchased from
Merck (Darmstadt, Germany). Indium ICP-standard (In(NOs)s in
2—-3% HNOs, B, = 1000 mg L), sulfur ICP-standard (H,SO4 in
water, s = 1000 mg L™1), dispersions of citrate stabilized silver
nanoparticles (CA@Ag-NPs) (Bag = 20 mg L1, p-penicillamine, and
sodium sulfide (Na,S) were purchased from Sigma-Aldrich (St.
Louis, MO, USA).

CA@Ag-NPs used in this study exhibited two different size
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distributions, whereas sp-ICP-MS measurements (details are given
in the Supporting Information (SI) Figs. S1 and S2) revealed
maximum frequency particle sizes of 24 nm and 58 nm. It should be
noted that throughout the entire study, particle sizes are given as
maximum frequency sizes. We chose to use the maximum fre-
quency sizes in order to enable comparison among widely varying
particle types and size distributions. The maximum frequency size
is the size that the most frequent particles comprising the entire
distribution exhibit on the basis on number frequency. In all
examined cases, this value was identical to the one determined on
the basis of mass frequency. Therefore, particle size distributions
themselves are usually presented as mass frequency unless other-
wise specified.

Since CA@Ag-NP dispersions contain impurities of dissolved Ag,
the stock dispersions were freed from dissolved Ag species by
dialysis (3.5 kDa regenerated cellulose membrane by ZelluTrans,
Carl Roth, Karlsruhe, Germany) prior to use. A citrate stabilized gold
nanoparticle (CA@Au-NP) dispersion (NIST reference material RM
8013, 56 nm, Pay = 52 mg L1, citrate stabilized) was purchased
from the National Institute of Standards and Technology (Gai-
thersburg, MD, USA). Natural organic matter from the Suwannee
River (SRNOM) - a reference material from the International Humic
Substance Society (IHSS) - was used for all experiments investi-
gating the influence of NOM on the stability of Ag-b-NPs in
seawater. Triton X-114 was obtained from AppliChem (Darmstadt,
Germany). All chemicals were at least of analytical grade and
checked for silver contamination by ICP-MS prior to use. UPW
(resistivity of 18.2 MQcm) was obtained by a Milli-Q-Gradient-
System (Millipore GmbH, Schwalbach, Germany). Solely filtrated
natural sea water collected from the Gulf Stream in the Gulf of
Mexico (59148, 0.45 pum membrane-filtered, 3.5% salinity, 35 g L~
salt including 89% NaCl (31 g L™!) and 7% sulfate (2.4 g L)) was
obtained from Sigma-Aldrich.

2.2. Instrumentation

A quadrupole mass spectrometer 7900 ICP-MS (Agilent, Santa
Clara, CA, USA) equipped with an autosampler SPS4 (Agilent) and a
MicroMist nebulizer (Glass Expansion, Melbourne, Australia) was
used for Ag concentration and particle size determination. Argon
4.8 (Westfalen, Miinster, Germany) was used as plasma gas
(nebulizer gas pressure: 4.35-10% kPa). Ag quantification was car-
ried out with the target masses 1°’Ag (analyte) and "®In (internal
standard) in He CCT-mode (kinetic energy discrimination, He flow
rate: 43 mL min~') to reduce isobaric and polyatomic in-
terferences. Integration time for '°’Ag was set to 0.5 s. Data eval-
uation was performed using the Agilent MassHunter Workstation
4.4 software (version C.01.04, build 544.3).

In single particle mode, the dwell time was set to 500 s, which
results in 120,000 data points for an acquisition time of 60 s. 1%7Ag
was chosen as the target mass, and the pump rate was gravimet-
rically determined as 0.310 mL min~. Transport efficiency 1 de-
scribes the proportion of initial particles in the sample which finally
reach the detector. The dispersion containing CA@Au-NP (RM 8103)
at a Au concentration of p = 52 ng L~! was used to determine 1
(~8%) according to a previously approved procedure (Montano
et al., 2016; Peters et al., 2014). Before usage, the nanoparticle
suspensions were ultrasonicated for 1 min in an ultrasonic bath of
Ulsonix Proclean 3.0DSP (Ulsonix, Berlin, Germany) to prevent
particle aggregation. Due to an element-specific signal intensity,
elemental sensitivity was calibrated using an Ag(I) solution with a
concentration of 1 pg L™, Particle size distributions were evaluated
using the Agilent MassHunter Workstation 4.4 software (version
C.01.04, build 544.3) equipped with the Single Nanoparticle
Application Module.

(Scanning) transmission electron microscopy ((S)TEM) and
energy-dispersive X-ray spectroscopy (EDX) measurements were
conducted at 300 kV using a FEI Titan Themis electron microscope
(Thermo Fischer Scientific, Waltham, MA, USA) equipped with a
SuperX EDX detector. STEM was performed in annular dark field
(ADF) mode. TEM samples were prepared on carbon film coated
copper grids (S 162-6, Plano GmbH, Wetzlar, Germany). Before
applying a small droplet of sample dispersion on the TEM grids,
they were treated with a H,/O, plasma for 5 s to make them hy-
drophilic. After an incubation period of 10 min, excess liquid was
blotted away with filter paper. The samples were subsequently
dried and inserted into the TEM.

TOC content of WWTP effluent samples was determined with a
TOC-L-Analyzer (Shimadzu, Kyoto, Japan) following a standard
protocol with potassium hydrogen phthalate as the calibrant.
Therefore, aqueous solutions of potassium hydrogen phthalate
containing 0.5—10 mg L~! TOC were measured for calibration.
Samples were measured without filtration and further acidified and
thoroughly mixed shortly before the measurement started to
ensure sample homogeneity and remove inorganic carbonates.

2.3. Nanoparticle synthesis and characterization

Silver sulfide nanoparticles (Ag,S-NP) were synthesized ac-
cording to a procedure published by Hartmann et al., (2014). For
this purpose, 0.2 mL of a 10 mM Na;S solution were added to 10 mL
of a suspension containing 58 nm CA@Ag-NP (Bag = 10 mg L ). The
mixture was stirred for 3 h in the dark at room temperature (RT).
Silver chloride nanoparticles (AgCl-NPs) were prepared following a
procedure proposed by Zhou et al,, (2017). In this case, 8.5 mg
AgNOs3 and 25 mg TX-114 were added to 50 mL of UPW. The solu-
tion was mixed dropwise with 1 mL of a 50 mM NaCl solution and
was further stirred in the dark at RT for another 30 min. The syn-
thesized Ag,S and AgCl suspensions were dialyzed in the dark for
three days, changing the water twice a day in order to separate the
nanoparticles from the dissolved silver species and matrix con-
stituents. The dialyzed NP suspensions were then stored in the dark
at 5 °C and were stable for weeks. Particle size distribution, shape,
and chemical composition of the synthesized Ag,S-NPs and AgCl-
NPs as well as CA@Ag-NPs were determined by (S)TEM-EDX.

2.4. Incubation and separation of Ag-b-NPs from highly saline
matrices

Artificial seawater with 31 g L~! NaCl and real seawater were
mixed with aqueous dispersions of CA@Ag-NPs (24 nm, 58 nm
maximum frequency size), synthesized AgCI-NPs and Ag,S-NPs to
gain dispersions with a volume of 40 mL and an Ag concentration of
50 ng L. For reasons of comparability, similar NP dispersions were
prepared in UPW. The influence of NOM on the stability of Ag-b-
NPs in seawater was examined by adding 5 mg L~! SRNOM to the
aforementioned samples. WWTP effluent containing real Ag-b-NPs
was collected from a plant in Southern Germany (WWTP Garching,
capacity: 4100 m® day !, building date: 1999) using disposable
500 mL PVC bottles, which were rinsed three times with the sample
matrix prior to sampling. To obtain a final salt concentration of
31 g L1, NaCl was added in small portions while vigorously stirring
to avoid localized salt overconcentration. All incubation experi-
ments were prepared in triplicate, protected from light, shaken, and
incubated for a certain period (1 h, 2 h, 3 h, 24 h, 48 h, 72 h).

During incubation, Ag-b-NPs may be partly or completely dis-
solved. CPE was used for selective enrichment of Ag-b-NPs from
dissolved silver species and the highly saline matrix (Duester et al.,
2016; Hartmann et al., 2013; Hartmann and Schuster, 2013). In
brief, 40 mL of each sample were mixed with aqueous solutions of
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ethylenediaminetetraacetic acid disodium salt, p-penicillamine,
sodium acetate, acetic acid, and the surfactant TX-114 (Hartmann
et al. 2013, 2014; Wimmer et al., 2018). After incubation at 40 °C
for 30 min, separation of the surfactant phase was enhanced by
centrifugation (12 min, 4500 g). The phase-separated mixtures
were cooled (5 min, ice bath) and the aqueous supernatant was
then removed by decanting. Details as well as the trueness and
robustness of the CPE procedure are described by Hartmann et al.
2013, 2014. The remaining surfactant droplets containing the
extracted and enriched Ag-b-NPs were diluted with ethanol
(500 pL) and UPW to a total volume of 10 mL for the ICP-MS and sp-
ICP-MS measurements. Samples are divided into further sub-
samples. Those intended for sp-ICP-MS analysis are forwarded to
measurement without further treatment. Sub-samples intended for
conventional ICP-MS analysis are further mixed with HNO3 yielding
in a final acid concentration of 1.625% (v/v). HNO3 is used to
dissolve NPs in CPE extracts to increase sample homogeneity.

2.5. Determination of concentration and particle size of Ag-b-NPs in
CPE extracts

Conventional ICP-MS was used to quantify total Ag concentra-
tion in the CPE extracts. In most cases, these measurements were
supplemented by sp-ICP-MS measurements, which allow for the
calculation of Ag-b-NP particle size in the CPE extracts by
measuring the total mass of each single Ag-b-NP in the sample and,
eventually, for the calculation of the total concentration of Ag-b-
NPs by summation of each single Ag-b-NP mass. Calibration was
performed with aqueous Ag(I) solutions of known concentration
ranging from 5 to 200 ng L~ (limit of detection, LOD = 0.2 ng L™1;
background equivalent concentration, BEC = 0.5 ng L™!). Since
these solutions underwent no CPE, they were prepared in a UPW
matrix (acidified to 1.625% (v/v) HNO3) including 5% (v/v) of TX-114
10% (w/w) and 5% (v/v) of ethanol (which is, e.g., 2.5 mLTX-114 10%
(w/w) and 2.5 mL EtOH for a total volume of 50 mL) to mimic the
matrix of the samples after CPE.

Quantitative sp-ICP-MS measurements were performed with
non-acidified CPE extracts. Calibration samples (52 ng L°!
CA@AUNP dispersion and 1 pg L1 Ag(I) solution) were prepared in
a UPW matrix including 5% (v/v) of TX-114 10% (w/w) and 5% (v/v)
of ethanol (which is, e.g., 2.5 mLTX-114 10% (w/w) and 2.5 mL EtOH
for a total volume of 50 mL) to mimic the matrix of the samples
after CPE. The calculations are subject to some uncertainties as they
assume a spherical shape for all particles and require knowledge
about the density p of the particulate materials (Peters et al., 2014),
which is derived from the bulk materials Ag (p = 10.49 g cm™3),
AgCl (p =723 g cm~>) and Ag,S (p = 5.56 g cm ) (according to the
GESTIS Substance Database, Dec. 2018). In the case of Ag-b-NPs in
real environmental samples (WWTP effluent), the NP modification
is unknown but very likely Ag,S (Kaegi et al., 2013). Despite its
limitations, sp-ICP-MS is still the only method able to simulta-
neously determine concentration and particle size distribution of
NPs at ng L' concentration levels, so it is the method of choice.

Size detection limit (SDL) for sp-ICP-MS measurement of Ag-b-
NPs was determined to 8 nm. Transient signals deriving from
nanoparticles being atomized in the plasma of the ICP-MS are
registered during the measurement. The signal size corresponds to
the size of the corresponding nanoparticle, i.e. small particles lead
to only very little signals. Signals of smaller particles in the time
resolved sp-mass spectra are not distinguishable anymore from
signals derived from traces of dissolved Ag species or the in-
strument’s background and are thus not applicable for data pro-
cessing. Thus, concentrations measured by sp-ICP-MS represent the
total Ag concentration of all particulate Ag species sized >8 nm.

2.6. Characterization of size, morphology and chemical composition
of Ag-b-NPs incubated in real seawaters

Mass spectrometric analysis was supplemented by electron
microscopy to investigate the fate of Ag-b-NPs in highly saline
matrices. To meet limits of detection for TEM-EDX, Ag-b-NP dis-
persions were mixed 1:10 with real seawater, resulting in a total
volume of 1.5 mL and incubated for 1 h. Afterwards, samples were
filled in 3.5 kDa regenerated cellulose membranes surrounded by
1 LUPW to perform a dialysis for 24 h. UPW was replaced every 4 h.
Dialysis can eliminate both Ag(I) deriving from potentially dis-
solved Ag-b-NPs and the high saline seawater matrix, which would
otherwise cause incrustations on the TEM grid. A droplet of each
prepared sample was examined by TEM-EDX as described in the
“Instrumentation” section and compared to NPs which had not
been in contact with seawater.

2.7. Error calculations

For all measurements, three independent subsamples were
treated and measured individually. Each subsample was measured
with three replicates n (U, n = 3). The uncertainty U was calculated
via Gaussian error propagation based on pipetting uncertainties
and standard deviations of the independently measured sub-
samples. Blank samples were used to correct Ag concentrations in
all incubation experiments.

3. Results and discussion
3.1. Nanoparticle characterization

The chemical composition, shape, and particle size of the
commercially available and synthesized particles were analyzed to
gain information about the pristine state of the particles prior to
any incubation experiments. For this purpose, dispersions of the
freshly synthesized and purified CA@Ag-NPs, AgCI-NPs and Ag,S-
NPs were prepared on copper grids and investigated with STEM
and EDX.

STEM measurement of both types of CA@Ag-NPs showed
spherical, sole particles with a particle size range of approximately
42—120 nm (SI, Fig. S1) and 14-100 nm (SI, Fig. S2). Maximum
frequency particle sizes were determined by sp-ICP-MS as 24 nm
and 58 nm, respectively. An examplary image of a particle sizing
53 nm and the corresponding EDX spectrum are given in Fig. 1. The
particle related signals indicate that the core of the particle consists
of pure silver.

The synthesized AgCI-NPs showed cubic non-aggregated parti-
cles with a broad size range of approximately 18—200 nm (SI,
Fig. S3) with a maximum frequency particle size of 94 nm deter-
mined by sp-ICP-MS. Fig. 2 shows an example of a STEM-ADF image
of a AgCI-NP cube with a side length of 100 nm and the corre-
sponding EDX spectrum. The EDX spectrum reveals a Ag to Cl ratio
of 1:1, which complies with the presence of AgCl particles.

Fig. 3 shows a TEM image of the synthesized Ag,S-NPs and the
corresponding EDX spectrum. In this case, some bridging between
neighboring particles occurred and some particles show small
cavities. A narrow particle size distribution was observed with a
size range of 48—160 nm (SI, Fig. S4) and a maximum frequency
particle size of 82 nm determined by sp-ICP-MS. EDX measure-
ments revealed a Ag to S ratio of 2:1, which indicates the presence
of Ag,S-NPs. Obviously, the reaction of CA@Ag-NPs with sulfide
resulted in the formation of fully sulfurized particles combined
with an increase in the average size of the particles from 58 nm to
82 nm (SI, Fig. S4).
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Fig. 1. STEM-ADF image and corresponding EDX spectrum of a citrate coated silver nanoparticle. Additional Cu-, O- and C-signals in the spectrum result from the sample support

(carbon film on copper grid) and carbohydrate contamination during illumination.

3.2. Dissolution of differently coated and sized Ag-b-NPs incubated
in UPW, artificial seawater, and real seawater

We examined the fate of differently coated and sized Ag-b-NPs
in UPW, artificial seawater, and real seawater. Our preliminary tests
prior to the incubation experiments confirmed the applicability of
CPE to species selectively extract and enrich Ag-b-NPs from saline
matrices. Extraction efficiency for Ag-b-NPs even increased from
88% in the UPW matrix to 94% in the highly saline matrix. More-
over, the co-extraction of soluble Ag(I) species from highly saline
matrices into the organic phase amounted to less than one percent.
Therefore, CPE is suitable to (i) quantitatively extract Ag-b-NPs
from highly saline matrices into the organic phase and to (ii)
perform this process species selectively. In other words, soluble
Ag(I) species deriving from former Ag-b-NPs by means of dissolu-
tion in saline matrices are prevented from being transported into
the organic phase.

We applied a dual approach for investigating the fate of Ag-b-
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NPs in UPW and highly saline matrices. First, we quantified the
total concentration of Ag-b-NPs present after a certain incubation
time, whereby these particles were thus able to resist an occurring
NP dissolution process. Concentrations related to Ag for these
remaining Ag-b-NPs in each incubation matrix (UPW, artificial, and
real seawater) with increasing incubation time measured by CPE-
ICP-MS are shown in Fig. 4 and Table S1 (see SI). Table S1 in-
cludes further concentration data measured for the same samples
by CPE-sp-ICP-MS. These concentrations represent the concentra-
tion of particles >8 nm.

Second, we were able to display the change in sizes of Ag-b-NPs
being incubated in the different matrices for increasing incubation
time by CPE-sp-ICP-MS measurements (Fig. 5).

All experiments started with an initial Ag-b-NP concentration of
~50 ng L~ (Fig. 4). As mentioned above, comparison of CPE-ICP-MS
and CPE-sp-ICP-MS allowed differentiation between concentration
of the total amount of particulate Ag species and those <8 nm (SI,
Table S1). In most cases, CPE-sp-ICP-MS was not able to quantify all
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Fig. 2. STEM-ADF image and corresponding EDX spectrum of a silver chloride nanoparticle. Additional Cu-, O- and C-signals in the spectrum result from the sample support (carbon

film on copper grid) and carbohydrate contamination during illumination.
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Fig. 3. TEM image and corresponding EDX spectrum of silver sulfide nanoparticles. Additional Cu-, O- and C-signals in the spectrum result from the sample support (carbon film on

copper grid) and carbohydrate contamination during illumination.

particulate species since low concentrations of particles <8 nm
were present. However, no correlation between the appearance of
particles <8 nm and incubation time, matrix, and NP coating was
detected.

As already described in the literature, cooperative oxidation
processes transforming Ag(0) to soluble Ag(I) species followed by
formation of soluble AgCIL™ (x > 1) in the presence of chloride
(Levard et al., 2012; Liu and Hurt, 2010; Lodeiro et al., 2017) basi-
cally led to dissolution of all types of Ag-b-NPs in the three different
matrices.

UPW establishes massive dilution pressure, readily trans-
forming large parts of particulate Ag(0) into dissolved Ag(I) species
by an equilibrium shift to dissolved Ag species (equation (1)), which
is further promoted by the comparatively low pH of UPW (~5—6)
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compared to non-purified or natural water (~7—8) (Liu and Hurt,
2010). After an incubation period of 3 h in the UPW matrix, only
87% of the initially applied CA@Ag-NPs (58 nm pristine maximum
frequency size) remained as particles. It should be noted that the
sizes in brackets represent the mean pristine particle size before
incubation, which is enclosed for the sake of clarity. After the same
incubation time, only 1% of the initially applied CA@Ag-NPs (24 nm
pristine maximum frequency size) remained. Due to the extremely
large intrinsic surface of these small particles, oxidation to dis-
solved Ag(I) is massively promoted for smaller particles (Zhang
et al, 2011). After 3 h of incubation in UPW, 26% of AgCl-NPs
(94 nm pristine maximum frequency size) remained particulate.
Since the AgCl particles initially exhibited a maximum frequency
particle size of 94 nm, we would suggest a slow dissolution process.
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Fig. 4. Concentration of Ag present as nanoparticles for all four investigated Ag-b-NP types incubated in UPW, artificial seawater, and seawater with increasing incubation time.
Measurements were performed by CPE-ICP-MS and, thus, concentrations correspond to the total amount of Ag-b-NPs (see SI, Table S1 for detailed measured values).
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Fig. 5. Particle size distributions referred to normalized mass or number frequency of CA@Ag-NPs (58 nm pristine maximum frequency size) in UPW (A), CA@Ag-NPs (58 nm
pristine maximum frequency size) in artificial seawater (B), CA@Ag-NPs (58 nm pristine maximum frequency size) in seawater (C), CA@Ag-NPs (24 nm pristine maximum frequency
size) in seawater (D), Ag,S-NPs (82 nm pristine maximum frequency size) in seawater (E), and AgCI-NPs (94 nm pristine maximum frequency size) in seawater (F). The four size
distributions presented in each diagram are related to the pristine state (red), 1 h of incubation (green), 24 h of incubation (blue), 48 h of incubation (turquoise), and 72 h of
incubation (purple). See also SI, Fig. S6 for another perspective of diagram F. Particles <8 nm were not detectable with sp-ICP-MS. Presented results are based on CPE-sp-ICP-MS
measurements. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

process. Citrate coating has already been reported to be able to
reduce Ag(I) to Ag(0), forming either new particles or being inser-

However, we observed quite high dissolution rates for AgCI-NPs,
which can be explained by the fact that Ag in AgCl is already pre-
sent in oxidation state I, accelerating the cooperative oxidation
process responsible for the dissolution (Liu and Hurt, 2010). Since
69% of Ag,S-NPs (82 nm pristine maximum frequency size) resisted
dissolution after 3 h of incubation, the high insolubility of Ag,S
seems to compensate for the Ag oxidation state of I and thus pro-
hibits these particles from fast dissolution. The general trend
continued with increasing incubation time to 72 h, whereby 42% of
the initially applied CA@Ag-NPs (58 nm pristine maximum fre-
quency size), 26% of Ag>S-NPs (82 nm pristine maximum frequency
size), 10% of CA@Ag-NPs (24 nm pristine maximum frequency size),
and 1% of AgCI-NP (94 nm pristine maximum frequency size)
resisted dissolution. Overall, CA@Ag-NPs (58 nm pristine maximum
frequency size) seemed to be the most stable modification of Ag-b-
NPs in UPW, followed by Ag,S-NPs (82 nm pristine maximum
frequency size), CA@Ag-NPs (24 nm pristine maximum frequency
size), and AgCl-NPs (94 nm pristine maximum frequency size). This
is somewhat surprising since silver sulfide is one of the most
insoluble salts. However, CA@Ag-NPs (58 nm pristine maximum
frequency size) exceeded this insolubility, likely due to the fact that
the coating reagent can slow down the oxidative dissolution

ted into already existing particles (Kittler et al., 2010).
The presence of chloride, able to trap Ag(I) and thus shift the

dissolution equilibrium (Liu and Hurt, 2010), leads to increasing
dissolution rates for all types of Ag-b-NPs in artificial seawater.
After an incubation of 3 h, only 3% of the initially applied CA@Ag-
NPs (24 nm pristine maximum frequency size), 5% of AgCl-NPs
(94 nm pristine maximum frequency size), 22% of AgyS-NPs
(82 nm pristine maximum frequency size), and 39% of CA@Ag-NPs
(58 nm pristine maximum frequency size) resisted dissolution and
remained particulate. After 72 h, the dissolution process in
seawater was almost finished, in contrast to incubation in UPW
matrix, where 11% of Ag,S-NPs (82 nm pristine maximum fre-
quency size) and 1—4% of the other Ag-b-NPs were still present as
particulate species. Again, small particle sizes encouraged disso-
lution, as CA@Ag-NPs (24 nm pristine maximum frequency size)
were dissolved significantly faster than CA@Ag-NPs (58 nm pristine
maximum frequency size). Again, CA@Ag-NPs (58 nm pristine
maximum frequency size) and Ag,S-NPs (94 nm pristine maximum
frequency size) were more stable than CA@Ag-NPs (24 nm pristine
maximum frequency size) and AgCI-NPs (94 nm pristine maximum
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frequency size).

Dissolution rates reached their maximum in experiments
involving real seawater as the incubation matrix. This observation
is only partially reflected in the current literature. Liu et al.
described that dissolution rates for Ag-b-NPs in the mg L™! range
incubated in seawater even decreased to some extent because the
comparatively high pH (~8) in seawater shifts the equilibrium of
the dissolution process at the expense of dissolved Ag(I) species
(Liu and Hurt, 2010). However, reducing the Ag-b-NP concentration
to an environmentally relevant level of some ng L~ was reported to
accelerate the dissolution process (Toncelli et al., 2017). In our
experiment, the latter case seems to prevail, and it controls the
dissolution process in real seawater. In general, we observed a
dramatic drop in the concentration of remaining NPs in seawater
within the first 3 h, whereas only 24% of the initially applied Ag,S-
NPs (82 nm pristine maximum frequency size), 9% of AgCl-NPs
(94 nm pristine maximum frequency size), 6% of CA@Ag-NPs
(58 nm pristine maximum frequency size), and 2% of CA@Ag-NPs
(24 nm maximum frequency size) were still present as NPs in
seawater. After incubation for 72 h, only 1-9% of Ag-b-NPs resisted
dissolution in seawater. It is remarkable that some particles of all
types of Ag-b-NPs could still be detected, indicating a certain sta-
bility of particle traces in seawater. This partial dissolution of Ag-b-
NPs in aqueous matrices even after incubating for several days has
also been described by Loza et al., (2014). Again, CA@Ag-NPs (24 nm
pristine maximum frequency size) and AgCI-NPs (94 nm pristine
maximum frequency size) showed only low stability during the
incubation experiment in seawater for the aforementioned reasons.
CA@Ag-NPs (58 nm pristine maximum frequency size) and Ag»S-
NPs (82 nm pristine maximum frequency size) displayed slightly
higher stability. Very interestingly, Ag,S-NPs (94 nm pristine
maximum frequency size) even surpassed the stability of CA@Ag-
NPs (58 nm pristine maximum frequency size) marginally, which
could not be observed in any of the incubation experiments
described above. This observation probably goes along with high
concentrations of sulfate present in real seawater, which was not
the case for UPW and artificial seawater, indicating the stability of
silver sulfide coatings. However, the presence of sulfide coatings
requires the reduction of S(VI) in sulfate to S(-II) in sulfide, which
might take place to a small extent by integrating sulfate into the
aforementioned cooperative oxidation reactions (Liu and Hurt,
2010).

CPE-sp-ICP-MS provides an even more detailed insight into the
NP dissolution process (Fig. 5), as it describes the evolution of
particle size distributions over time. Particle size distributions for
CA@Ag-NPs (58 nm pristine maximum frequency size), Ag,S-NPs
(82 nm pristine maximum frequency size), and AgCI-NPs (94 nm
pristine maximum frequency size) are given as normalized mass
frequency. We chose this kind of presentation because very small
particles <8 nm are present to a varying extent in all samples, but
contribute only very little to the total particle mass. However,
particles <8 nm would misleadingly affect the particle size distri-
butions if presented as normalized number frequency. For CA@Ag-
NPs (24 nm pristine maximum frequency size), presenting
normalized number frequencies was feasible due to the narrow
range of small particle sizes. In depth analysis of sp-ICP-MS data
revealed additional information regarding particle numbers and
their variation after incubation in aqueous matrices (Table 1).

Fig. 5A shows blank corrected particle size distributions of
CA@Ag-NPs (58 nm pristine maximum frequency size) incubated in
UPW for 1 h, 24 h, 48 h, and 72 h. As seen in Fig. 4 (SI, Table S1), the
NP concentration was reduced by dissolution to 42% within 72 h.
However, the NP size distribution did not change during the
observed incubation period, so the maximum frequency size
(Table 1) stayed constant during the experiment, which is due to

Table 1

Compilation of the total number of NPs and numbers within a defined size range as
well as the measured maximum frequency NP size; each measurement addresses a
certain type of Ag-b-NP, incubation matrix and incubation time. Sizes in brackets
represent the pristine maximum frequency size. Presented results are based on CPE-
sp-ICP-MS measurements.

Oh 1h 24h 48 h 72 h

CA@Ag-NPs (58 nm) in UPW
10899 3716 1858 1019 1513

total number

NP <30 nm 8098 988 256 7 86
NP >30 nm 2801 2728 1602 1012 1427
maximum frequency size [nm] 58 62 62 61 59

CA@Ag-NPs (58 nm) in artificial seawater

total number 10899 10374 8380 2433 1548
NP <30 nm 8098 8573 7692 2218 1291
NP >30 nm 2801 1801 688 215 257
maximum frequency size [nm] 58 57 46 10 10

CA@Ag-NPs (58 nm) in seawater

total number 3269 10206 2382 1852 3446
NP <30 nm 608 8977 2333 1801 3390
NP >30 nm 2661 1229 50 50 56
maximum frequency size [nm] 58 59 12 17 10
CA@Ag-NPs (24 nm) in seawater

total number 8695 9425 1879 288 1110
NP <16 nm 195 718 0 59 1077
NP >16 nm 8499 8708 1879 230 32
maximum frequency size [nm] 24 19 9 10 8

Ag,S-NPs (82 nm) in seawater

total number 4929 4936 771 546 1486
NP <30 nm 2341 2446 623 530 1356
NP >30 nm 2588 2490 147 17 130
maximum frequency size [nm] 73 73 69 11 11

AgCI-NPs (94 nm) in seawater

total number 815 9240 2482 5170 4141
NP <30 nm 0 7593 2447 5145 4118
NP >30 nm 815 1647 35 25 23
maximum frequency size [nm] 70 15 12 12 12

the fact that primarily small particles were readily dissolved, thus
not influencing the maximum frequency size of approximately
58 nm. We observed a rapid decrease of the total particle number
within the first hour of incubation (Table 1), whereas
particles <30 nm in particular were dissolved. Due to their high
intrinsic surface, the small particle fraction was dissolved first.
During the following days, almost all particles <30 nm were dis-
solved, whereas the number of particles >30 nm was reduced
slightly, indicating their predominant stability.

Incubation of CA@Ag-NPs (58 nm pristine maximum frequency
size) in artificial seawater (Fig. 5B) led to a reduction of the
maximum frequency size of the particles from 58 nm to 46 nm
within the first day of incubation, which goes along with a decrease
in NP concentration (Figs. 4 and SI, Table S1). Table 1 shows that
particles >30 nm in particular were dissolved, whereas the number
of particles <30 nm stayed constant or increased. However, it is
very likely that particles <30 nm were still dissolved, but the
simultaneous dissolution of particles >30 nm also led to the for-
mation of particles <30 nm. After 48 h of incubation, the maximum
frequency particle size was reduced dramatically to 10 nm because
a large proportion of particles was dissolved. In this case, the
number of particles >30 nm and <30 nm was reduced equally.

In contrast to an incubation of CA@Ag-NPs (58 nm pristine
maximum frequency size) in artificial seawater, the rapid concen-
tration drop for an incubation in seawater occurred earlier after
24 h of incubation (Figs. 4 and SI, Table S1). This goes along with a
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Fig. 6. STEM-ADF image of Ag,S-NPs after incubation in seawater and corresponding EDX spectrum. Additional Cu-, O- and C-signals in the spectrum result from the sample
support (carbon film on copper grid) and carbohydrate contamination during illumination.

strong decrease of the maximum NP frequency size from 58 nm to
12 nm after the same incubation period (Table 1, Fig. 5C). In Fig. 5C,
particles exhibiting a maximum frequency particle size of 58 nm
with a size range of approximately 14—100 nm were only observ-
able until 1 h of incubation. Particles >30 nm were almost
completely dissolved after 24 h of incubation (Table 1). Again,
shrinking of particles >30 nm contributed to a constant number of
particles <30 nm despite the accelerated dissolution of small par-
ticles taking place as well. This fast-shrinking process was
enhanced at an increasing salinity of the incubation matrix.

For CA@Ag-NPs (24 nm pristine maximum frequency size), only
traces of Ag-b-NPs were detectable after 24 h of incubation in
seawater (Fig. 4, Table S1). The maximum frequency particle size
was reduced from 24 nm to approximately 10 nm during the entire
incubation period (Fig. 5D). Moreover, a fast drop in the NP number
was observed after an incubation time of 24 h, whereas particles
<16 nm accounted for the predominant particulate species
(Table 1).

Particle size distributions of Ag,S-NPs (82 nm pristine
maximum frequency size) became narrower within the first 24 h of
incubation (Fig. 5E), whereby maximum frequency particle sizes
were hardly reduced from initially 73 nm to 69 nm. However, we
observed a rapid drop in concentration (Fig. 4, Table S1) and par-
ticle number (Table 1), whereas NPs <30 nm and >30 nm were
dissolved equally. As expected, smaller particles were dissolved
faster due to their high intrinsic surface. Dramatically shrunk Ag,S-
NPs, formerly exhibiting sizes >30 nm, contributed as additional
particles <30 nm. With decreasing proportion of particles >30 nm
and the almost complete dissolution of initial 82 nm particles
during the days of incubation, the concentration of smaller particles
increased in Fig. 5E. Thus, particles of all sizes were affected by
dissolution in seawater, whereas the dissolution of initial 82 nm
particles resulted in a large number of remaining particles <30 nm.

After only 1 h of incubation, the mean particle size of AgCl-NPs
(94 nm pristine maximum frequency size) incubated in seawater
massively decreased from 94 nm to 15 nm, whereas the initial
broad particle size distribution (approximately ranging from
60—150 nm) was completely reversed after 1 h (Fig. 5F; see also SI,
Fig. S6 for another perspective). The experiment started with
approximately 800 particles >30 nm (Table 1) and no measurable
particles <30 nm. But, after only 1 h of incubation in seawater, the

number of particles <30 nm increased dramatically to approxi-
mately 7’000, and the number of particles >30 nm doubled. This
indicates that AgCl-NPs >30 nm were dissolved or even broken up,
forming thousands of smaller particles with a broad size range from
8—120 nm. With an increasing incubation time of 24 h or longer,
the concentration of particles >30 nm as well as the total concen-
tration of AgCI-NPs still present in seawater was reduced to mar-
ginal values. Thus, NPs >30 nm were dissolved quickly in seawater
in favor of residual smaller particles, which contribute only very
little to the total concentration of NPs present in seawater.

Overall, CPE-sp-ICP-MS allows for the determination of particle
sizes of Ag-b-NPs incubated in aqueous matrices at environmen-
tally relevant concentration levels. Particle sizes were reduced,
while this process depended on the particle coating and was
accelerated by increasing salinity of the incubation media.
Regarding long-term incubation of >72 h, no relevant Ag-b-NP
concentrations sustained the most extreme conditions seawater
constitutes for all kinds of investigated particles. For a short-term
observation, however, our results show that larger Ag-b-NPs of
>30 nm freshly released into seawater are transformed within 72 h
to small particles <30 nm. This may lead to a short-term increase in
the environmental (eco)toxicity and bioavailability of these parti-
cles, which are believed to be more critical in this respect than
larger particles (Kittler et al., 2010).

In addition to the concentration and particle size of Ag-b-NPs,
their surface modification and chemical composition influence
the (eco)toxicology of these contaminants in the aqueous envi-
ronment. As a result, we supplemented our examination of Ag-b-
NPs in saline matrices with STEM-EDX measurements. No
changes in the chemical composition of CA@Ag-NPs and AgCl-NPs
after incubation for 1 h in sea water were detected by STEM-EDX.
Rather small (d<20 nm) Ag>S-NPs were detected using STEM af-
ter incubation in seawater (Fig. 6). Furthermore, TEM images show
that Ag,S-NP aggregate and form Ag,S bridges to neighboring
particles when being incubated in seawater (SI, Fig. S5, which is not
the case for freshly prepared nanoparticle suspensions. This is a
fully expected result based on the DLVO theory (Derjaguin and
Landau, 1993; Lodeiro et al.,, 2016; Quik et al.,, 2014; Verwey,
1947): Increasing ionic strength in sea water reduces particles’
stability and thus promotes aggregation. Some of the particles also
have cavities. EDX measurement showed that a ratio of Ag:S of 1:1



10 A. Wimmer et al. / Water Research 171 (2020) 115399

_—

oo

T

o]

o
]

T
3
normalized number frequency [%

Wity

ity

o
s =
‘Qnete, lrrry S

Fig. 7. Particle size distribution of Ag-b-NPs in WWT effluent before (red) and after
incubation with (blue) and without (green) added NaCl. Incubation time was set to
72 h. Particles <8 nm were not detectable with sp-ICP-MS. Presented results are based
on CPE-sp-ICP-MS measurements. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

occurred in such particles. The signals arising from Mg, Si, among
others, came either from the seawater matrix or TEM grids. The
changing ratio of Ag:S from the initial 2:1 (Fig. 3) to 1:1 indicates
that silver is dissolved while sulfur is accumulating around the
particles when incubated in seawater.

3.3. Influence of incubation temperature and natural organic
matter

Beyond the influence of nanoparticle coatings and matrix
composition on the fate of Ag-b-NPs in seawater, we investigated
the effect of increasing incubation temperature on the stability of
Ag-b-NPs in real seawater (see SI, Table S2 for detailed measured
values). Starting again with 50 ng L~! CA@Ag-NPs (58 nm pristine
maximum frequency size), we found that 55% of the initial NPs
remained in the solutions after 1 h of incubation at a temperature of
23 °C and 61% at a temperature of 60 °C. After increasing the in-
cubation time to 2 h, 49% of the initial NPs remained at a temper-
ature of 23 °C, and 44% remained at a temperature of 60 °C.
Comparable concentrations of remaining NPs independent of the
applied incubation temperature indicates that there is no signifi-
cant temperature effect on the dissolution of Ag-b-NPs in seawater.
Similar observations were made for all other types of Ag-b-NPs.

NOM plays an important role in Ag-b-NP transformation pro-
cesses in aqueous environments. On the one hand, NOM is able to
decelerate Ag-b-NP dissolution effects in natural water bodies by
blocking potential Ag oxidation sites of the NPs after adsorption, by
serving as an oxidative sink in the cooperative redox system by
NOM-oxidation, and, finally, by allowing a reversible reaction of
formed Ag(I) to Ag(0) with NOM as the reductant (Liu and Hurt,
2010). The last point in particular is crucial for an environmen-
tally relevant system containing dissolved Ag(I) species, since they
are readily reduced to Ag(0) by NOM forming new Ag-b-NPs.
Wimmer et al. have already reported on evidences that this

process takes place in nature and is responsible for the existence of
naturally formed Ag-b-NPs in the aqueous environment (Wimmer
et al., 2018). As a result, we compared dispersions of CA@Ag-NPs
(58 nm pristine maximum frequency size) and Ag,S-NPs (82 nm
pristine maximum frequency size) incubated in seawater for 1 h
and 72 h with NOM (5 mg L") and without NOM (see SI; Table S3
for detailed measured values). For CA@Ag-NPs (58 nm pristine
maximum frequency size) after 1 h incubation, we found 74% (83%
with NOM) remaining particles, which were reduced to 16% (4%)
after 72 h. In the case of Ag>S-NPs (82 nm pristine maximum fre-
quency size), 87% (91% with NOM) of initially inserted NPs
remained as particles after 1 h of incubation, whereas only 13% (2%)
were left after 72 h. As these values illustrate, NOM did not protect
Ag-b-NPs from dissolution in seawater. Within the first hour of
incubation, there is no distinct effect of NOM observable, but, after
72 h, NOM increased the dissolved number of NPs for both types of
Ag-b-NPs dramatically. In contrast to common expectations, NOM
did support Ag-b-NP dissolution. The most likely explanation for
this suprising behavior is that NOM forms complexes with dis-
solved Ag(I) species, removes them from the Ag(0)-Ag(I) equilib-
rium, and therefore accelerates the dissolution process (Liu and
Hurt, 2010).

3.4. Dissolution of Ag-b-NPs in WWTP effluent

The main contamination source, respectively the main entry
phase for Ag-b-NPs into the aquatic environment is wastewater
released, e.g.,, by WWTPs. Ag-b-NPs in waste water are usually
sulfidized to a large degree and most likely consist of Ag,S (Kaegi
et al., 2013). In addition to experiments with synthesized parti-
cles of known composition, we also investigated the fate of real
particles in freshly sampled WWTP effluent with and without the
addition of sodium chloride, which was added to the solutions prior
to incubation to obtain a final salt concentration of 31 g L~! NaCl.
The initial total Ag-b-NP concentration in the effluent was
1745 + 119 ng L' measured with CPE-ICP-MS and
9.19 + 0.02 ng L~! measured with CPE-sp-ICP-MS, indicating that
the solutions contained significant quantities of small particles
<8 nm. The mean particle size (based on number frequency) for
particles > 8 nm measured by CPE-sp-ICP-MS was 22 nm (pristine
maximum frequency size; see Fig. 7). After incubation for 72 h, the
solutions contained a total Ag-b-NP concentration of
4.60+0.41 ngL~'and 3.70 + 0.27 ng L~ for particles >8 nm, with a
mean particle size of 14 nm (16 nm maximum frequency size).
Obviously, Ag-b-NPs contained in the effluent solutions were not
stable in this matrix even under dark conditions and the data reveal
that mainly small particles were dissolved. The addition of sodium
chloride prior to incubation increased particle dissolution
dramatically. After an incubation time of 72 h, a total Ag-b-NP
concentration of 2.86 + 042 ng L™! and 1.51 + 0.06 ng L™ for
particles >8 nm with a mean particle size of 11 nm (10 nm
maximum frequency size) was observed. Ag-b-NPs that are present
in real environmental samples obviously share the fate of particles
investigated in the model experiments described above: Ag-b-NPs
dissolve within 72 h to a large extent, whereas the dissolution is
accelerated in the presence of chloride. Particle dissolution goes
along with the reduced particle sizes presented in Fig. 7. However,
dissolution took place more slowly than in the model experiments.
A complex interrelation between NOM present in the WWTP
effluent (TOC = 2.3 mg L") trapping Ag(l) and shifting the equi-
librium towards enhanced dissolution (Loza et al., 2014) and the
ability of NOM to protect Ag-b-NP from dissolution by reduction of
Ag(I) to Ag(0) forming new particles (Toncelli et al., 2017) is, among
other things, responsible for decreased dissolution rates. Never-
theless, Ag-b-NPs initially contained in WWTP effluent and
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transported by rivers to the sea can be expected to be dissolved
within a short period of time.

4. Conclusion

All types of Ag-b-NPs were largely dissolved within a reasonable
amount of time, whereby dissolution rates increased with the
salinity of the incubation matrix. CA@Ag-NPs (24 nm pristine
maximum frequency size) were dissolved significantly faster than
CA@Ag-NPs (58 nm pristine maximum frequency size) due to their
higher intrinsic surface. Additionally, we particularly examined
environmentally more relevant Ag-b-NPs, namely Ag,S- and AgCl-
NPs because these particles are believed to be the most predomi-
nant species in the environment (Kaegi et al., 2013; Ma et al., 2014;
Nowack et al., 2012; Sharma et al., 2015). Ag,S-NPs (82 nm pristine
maximum frequency size) displayed higher stability compared to
AgCI-NPs (94 nm pristine maximum frequency size). All four
examined particle types were dissolved almost completely in real
seawater within three days.

Ag-b-NPs as a potential threat to marine environmental health
is extensively discussed in the literature. However, our results
confirm that CA@Ag-NPs in environmentally relevant concentra-
tions are not stable in seawater for more than three days. AgCI-NPs
and even Ag,S-NPs share this fate despite the low solubility of the
corresponding salts. Locally arising increased concentrations of
soluble Ag(I) species caused by the dissolution of Ag-b-NPs may
affect the health of the environment, but only for a limited time,
and it may be compensated by a massive dilution effect of Ag(I) in
the oceans. Once Ag-b-NPs reach the sea, they are dissolved and no
longer constitute a significant risk to environmental health.
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Figure S1: Particle size distribution based on particle number frequency of CA@Ag-NPs obtained from sp-
ICP-MS measurement. The maximum frequency particle size is 58 nm.
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Figure S2: Particle size distribution based on particle number frequency of CA@Ag-NPs obtained from sp-
ICP-MS measurement. The maximum frequency particle size is 24 nm.
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Figure S3: Particle size distribution based on particle number frequency of synthesized AgCI-NPs obtained
from sp-ICP-MS measurement. The maximum frequency particle size is 94 nm.
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Figure S4: Particle size distribution based on particle number frequency of synthesized Ag.S-NPs obtained
from sp-ICP-MS measurement. The maximum frequency particle size is 82 nm.



Table S1: Compilation of measured Ag concentrations of total Ag-b-NPs (conventional ICP-MS) and Ag-b-
NPs > 8 nm (sp-ICP-MS) after incubation in ultra-pure water, artificial sea water and real sea water for a
defined period of time supplemented by corresponding uncertainties U, the proportion of Ag-b-NPs <8 nm in
each sample and the proportion of remaining Ag-b-NPs in each incubation experiment. Given particle sizes
represent the pristine maximum frequency particle sizes without incubation in the investigated media. “---
indicates measurements, in which no concentration beyond the limit of detection (LOD = 0.2 ng L) could be
detected.

incubation Ag concentration U conceﬁ‘tgration U proportion propor_ti(_Jn of
time [h] of total Ag_-lb-NPs ng L7 | of Ag-b-NPs | [ng L] Ag-b-N(I)Ds remammg
[ng L] >gnm [ng L] <8 nm [%] Ag-b-NPs [%]

CQ%)QQ ultra-pure water
0 49.13 0.78 47.07 1.21 4.2 100
1 37.76 0.61 34.00 0.95 10.0 77
2 28.93 0.45 26.64 3.55 7.9 59
3 0.35 0.22 0.13 0.17 62.7 1
24 7.14 0.17 6.16 3.98 13.8 15
48 6.97 0.55 7.53 3.15 0.0 14
72 5.03 0.62 5.36 1.38 0.0 10

CSABC%)QQ ultra pure water
0 51.62 1.09 51.11 1.45 1.0 100
1 45.35 2.15 45.46 2.75 0.0 88
2 41.08 1.04 40.55 3.03 1.3 80
3 45.15 0.59 45.26 0.35 0.0 87
24 30.24 1.00 29.49 6.66 2.5 59
48 20.76 1.39 20.93 5.04 0.0 40
72 21.61 0.63 21.62 2.19 0.0 42

Qfgr(l:rL ultra pure water
0 52.15 1.35 51.74 1.68 0.8 100
1 23.63 1.74 19.47 0.99 17.6 45
2 17.01 1.10 13.71 1.19 194 33
3 13.38 1.87 10.93 1.32 18.3 26
24 8.10 1.00 4.37 0.66 46.0 16
48 1.47 0.54 1.22 0.44 16.9 3
72 0.28 0.16 0.07 0.03 75.6 1
ségrifn ultra pure water

0 65.27 1.45 65.82 2.04 0.0 100
1 51.60 9.34 56.19 4.56 0.0 79
2 63.32 9.34 56.52 4.96 10.7 97
3 4471 5.17 51.18 8.68 0.0 69
24 24.91 4.65 16.18 1.47 35.0 38
48 19.91 6.21 14.58 3.71 26.7 30
72 17.00 0.79 14.29 0.20 16.0 26




artificial sea water

24 nm
0 53.37 1.02 50.53 1.45 5.3 100
1 22.49 1.45 20.15 0.27 10.4 42
2 17.39 1.12 13.56 1.92 22.0 33
3 1.36 1.18 0.00 0.00 100.0 3
24 2.83 0.14 2.55 1.23 10.2 5
48 1.93 0.21 1.34 0.16 30.7 4
72 1.52 0.40 1.02 0.13 33.3 3
CA@Ag artificial sea water
58 nm
0 55.25 2.45 54.74 0.67 0.9 100
1 27.76 0.70 27.02 1.81 2.7 50
2 22.06 0.78 20.28 0.68 8.1 40
3 21.46 1.69 20.15 1.59 6.1 39
24 8.49 1.06 7.21 2.98 15.1 15
48 2.33 0.56 1.91 0.91 17.8 4
72 2.41 0.34 1.91 0.91 20.7 4
AgCl artificial sea water
94 nm
0 46.02 1.45 39.19 3.47 14.8 100
1 9.05 0.99 8.98 1.92 0.8 20
2 6.79 1.32 6.46 0.61 49 15
3 2.34 0.59 2.88 1.54 0.0 5
24 5.31 0.85 0.74 0.61 86.1 12
48 0.86 0.24 2.34 1.57 0.0 2
72 0.41 0.34 0.88 0.52 0.0 1
AgzS artificial sea water
82 nm
0 59.23 1.33 59.11 1.05 0.2 100
1 22.99 1.54 28.76 1.80 0.0 39
2 17.39 3.25 16.17 4.43 7.0 29
3 13.02 1.18 14.04 1.38 0.0 22
24 4.29 0.09 0.88 0.72 79.5 7
48 2.88 0.42 0.50 0.19 82.7 5
72 6.44 0.32 3.99 0.57 38.1 11
Cﬁ%ﬁg sea water
0 52.04 1.56 50.23 1.23 35 100
1 16.21 0.34 13.12 0.64 19.1 31
2 12.98 0.24 10.54 1.34 18.8 25
3 0.98 0.12 0.42 0.52 56.9 2
24 0.14 0.06 0
48 0.25 0.07 0
72 0.17 0.07 0
Cég(%gg sea water
0 47.50 1.21 47.92 1.59 0.0 100
1 20.37 4.32 22.50 0.57 0.0 43
2 14.00 2.95 12.59 1.74 10.0 29
3 2.86 1.15 5.98 0.76 0.0 6
24 1.81 0.30 1.33 0.11 26.9 4




48 4.90 0.44 8.19 0.73 0.0 10
72 0.62 0.25 1.78 0.22 0.0 1
Q_g;:r:] sea water
0 47.98 0.92 47.34 1.34 13 100
1 8.99 0.82 5.60 0.62 37.7 19
2 6.29 0.99 0.29 0.22 95.4 13
3 4.14 0.73 0.11 0.08 97.3 9
24 2.09 0.79 0.43 0.19 79.5 4
48 1.01 0.18 0.26 0.07 74.2 11
72 0.96 0.50 0.26 0.07 72.8 2
SAZ\grzlrSn sea water
0 52.67 1.01 50.58 1.36 4.0 100
1 26.26 3.12 19.61 1.03 25.3 50
2 18.47 2.79 16.61 0.45 10.1 35
3 12.65 2.45 9.29 2.05 26.5 24
24 2.67 0.83 2.62 1.00 1.8 5
48 2.03 0.65 2.18 0.83 0.0 4
72 2.77 1.06 2.12 0.46 23.2 5




Figure S5: TEM image of an Ag.S-NP aggregate after incubation in seawater for 1 h.



ency %)

Figure S6: Particle size distributions of pristine (red) AgC1-NPs and incubated in seawater for 1 h of
incubation (green), 1 day of incubation (blue), 2 days of incubation (turquiose), and 3 days of incubation

(purple) presented as normalized mass frequency. Presented results are based on CPE-sp-ICP-MS

measurements.



Table S2: Compilation of measured Ag concentrations of total Ag-b-NPs (conventional ICP-MS) after
incubation in real sea water for a defined period of time at 23 °C and 60 °C supplemented by corresponding
uncertainties U and the proportion of remaining Ag-b-NPs in each incubation experiment. Given particle sizes
represent the pristine maximum frequency particle sizes without incubation in the investigated media.

Ag

incubation| concentration proportion of remaining

-1
time [] | of total Ag-b- |V N9 L] Ag-b-NPs [%]
NPs [ng L]
CA@Ag o .
58 nm 23 °C incubation temperature
0 48.45 0.33 100
1 26.59 0.44 55
2 23.64 0.21 49
CA@Ag o .
58 nm 60 °C incubation temperature
0 49.62 0.82 100
1 30.19 1.05 61
2 22.05 0.45 44




Table S3: Compilation of measured Ag concentrations of total Ag-b-NPs (conventional ICP-MS) after
incubation in aqueous solutions of NOM for an increasing incubation time supplemented by corresponding
uncertainties U and the proportion of remaining Ag-b-NPs in each incubation experiment. Given particle

sizes represent the pristine maximum frequency particle sizes without incubation in the investigated media.

incubation time | Ag concentration of proportion of
[h] total (,:Aog-%e-le Paslt[gg E'l] Ulng L] remﬁg;n[% /ﬁg-b-
CA@Ag 58 nm 0mg LLNOM
0 51.34 0.56 100
1 37.80 0.33 74
72 8.32 0.56 16
CA@Ag 58 nm 5 mg L NOM
0 49.88 0.41 100
1 41.54 0.65 83
72 1.98 0.09 4
Ag2S 82 nm 0 mg L NOM
0 52.05 0.38 100
1 45.38 0.56 87
/2 6.93 0.11 13
Ag2S 82 nm 5 mg L":NOM
0 47.79 0.36 100
1 43.65 0.26 o1
12 1.08 0.08 2

10
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For the first time, the natural formation of silver-based nanoparticles (Ag-b-NPs) was studied in field
investigations of two pre-alpine lakes in Germany that contain geogenic silver traces in the sub-ng L~
range. Light-sensitive microorganisms most likely accumulate and transport these silver traces from
deeper water layers to the surface. At the surface of the eutrophic lake, approximately 40% of total silver
(5.7ngL") consisted of Ag-b-NPs, whereas in the oligotrophic lake with similar enrichment of silver
species, no Ag-b-NPs were detected. Additional lab experiments with nature-related Ag(I) concentrations
in the lower-ng L' range and natural organic matter with total organic carbon values of <5mgL™!
revealed that, contrary to common interpretation in the literature, Ag-b-NPs are also or even preferably
formed in the dark. Particle size increases gradually with increasing reaction time, showing that Ostwald
ripening occurs even at such low particle concentrations. When sulfide ions are present, smaller Ag-b-
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NPs with a narrower size distribution are formed.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Numerous studies on sources of engineered silver nanoparticles
(EAgNPs) and their possible release and distribution in the envi-
ronment have already been reported (Benn et al., 2010; Colman
et al., 2014; Kim et al., 2010; Li et al. 2013, 2016; Mittelman et al.,
2015). Because of a lack of analytical techniques with sufficient
selectivity and detection power, most of these studies were per-
formed by spiking natural or semi-natural samples with EAgNPs,
typically in the mg L~ and pg L~ ranges, and by modeling based on
dynamic probabilistic material flow analysis (Gottschalk et al. 2009,
2013; Sun et al. 2014, 2015; Tan et al., 2017). In a recent study, the
lower (Qo15) and upper (Qp.g5) concentrations of EAgNPs present in
surface waters were estimated to be 0.40 and 2.78 ng L~ (Sun et al.,
2016). These values are consistent with the findings of our previous
study in which we described, for the first time, the distribution of
real silver-based nanoparticles (Ag-b-NPs) in representative
wastewater treatment plants (WWTPs) that use different input and
treatment technologies.

Additionally, we clarified the extent to which the effluent of

* Corresponding author.
E-mail address: michael.schuster@tum.de (M. Schuster).

https://doi.org/10.1016/j.watres.2018.05.015
0043-1354/© 2018 Elsevier Ltd. All rights reserved.

WWTPs influences the concentration of Ag-b-NPs along a river. A
gradual progressive increase in the Ag-b-NP level of the river over a
distance of 150 km with a final Ag-b-NP concentration of 1.7 ng L™}
was found (Li et al. 2013, 2016). More importantly, we further
observed that surrounding lakes, which do not receive WWTP
effluent, also showed measurable Ag-b-NP concentrations, with
levels ranging from 0.5 to 1.3 ng L™, indicating that Ag-b-NPs might
be formed naturally via the reduction of Ag(I) species by natural
organic matter (NOM).

It has already been demonstrated that both humic and fulvic
acids from different sources (river, sediment and soil) can reduce
Ag(l) to Ag-b-NPs at elevated temperatures (e.g., at 90°C)
(Adegboyega et al., 2013; Akaighe et al., 2011). Also, irradiation with
artificial sunlight was reported to be a key factor for reduction of
Ag(1) to Ag-b-NPs by NOM in the aquatic environment (Hou et al.,
2013; Lu et al., 2016; Yin et al. 2012, 2014). However, these labo-
ratory studies were performed at NOM concentrations as high as
100mgL~! and Ag(l) concentrations as high as 200mgL~!
(Adegboyega et al., 2013; Akaighe et al., 2011; Hou et al., 2013; Lu
et al., 2016; Sharma et al.,, 2015; Yin et al. 2012, 2014), strongly
exceeding the concentrations of silver (pg L~ to ng L!) and NOM
(typically < 10 mg L~ 1) in natural waters (Silvestry-Rodriguez et al.,
2008).
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Robust and extensively validated analytical methods recently
developed by our group (Duester et al., 2016; Hartmann et al. 2013,
2014; Li et al. 2013, 2016) enable the measurement of Ag-b-NPs
even in complex matrices such as WWTP influents, ensuring high
species selectivity and a limit of detection (LOD) as low as
0.2ng L. In combination with single-particle inductively coupled
plasma mass spectrometry (spICP-MS), size-selective measure-
ments with a LOD of 0.25 ng L™! for particles as small as 10 nm can
also be performed, paving the way for a more comprehensive un-
derstanding of the formation of Ag-b-NPs under natural conditions.

For this purpose, we studied the natural formation of Ag-b-NPs
in lakes with different eutrophication degrees, which do not receive
silver from anthropogenic sources. These results are compared with
the results of similar measurements performed in a lake located in
the same area that is polluted with Ag-b-NPs from WWTP effluent.

The measurements in the natural environment are supple-
mented by laboratory experiments with nature-related silver and
NOM concentrations. The effects of light irradiation, NOM content,
incubation time as well as temperature and the presence of sulfide
on the formation and size distribution of Ag-b-NPs are studied in
detail.

In this study, we use the term Ag-b-NPs to reflect the fact that
silver can form a confusing diversity of nanosized particles with
different sizes, morphologies, compositions, and surface coatings,
which usually cannot be fully characterized at environmentally
relevant concentrations with current analytical techniques. More-
over, Ag-b-NPs exhibit very dynamic behavior, such as Ostwald
ripening, even at very low naturally occurring particle
concentrations.

2. Material and methods
2.1. Materials

All chemicals were at least of analytical grade and were used
without further purification. Ultra-pure water (UPW) with a re-
sistivity of 18.2MQcm~! was obtained from a Direct-Q system
(Millipore, Billerica, USA). NOM from the Suwannee River (SRNOM)
— a reference material from the International Humic Substance
Society (IHSS) — was used for all experiments involving NOM-
induced Ag-b-NP formation. We prepared a NOM stock solution
with a TOC concentration of 20 mg L~! by dissolving the dry pow-
der in UPW. ICP-MS measurements revealed trace impurities of
3ngL~! Ag in this NOM stock solution, which did not affect the
experiments and conclusions. An AuNP dispersion (particle size:
56 nm; NIST reference material 8013) used for spICP-MS calibration
was obtained from the National Institute of Standards and Tech-
nology (Gaithersburg, MD, USA). AgNP dispersions (particle size:
60 nm; cAgNP =20mgL!) used for ET-AAS calibration were ob-
tained from Sigma-Aldrich (St. Louis, MO, USA). The used dissolved
Ag(l) standard (1000mgL~') was based on AgNO; in 3% HNOs.
Triton TX-114 was used as a surfactant for the nanoparticle
extraction procedure, p-penicillamine and disodium ethylenedi-
aminetetraacetate were used as complexing agents, and acetic acid
(glacial) and sodium acetate (anhydrous) were used for pH buff-
ering. All glassware was thoroughly cleaned by being rinsed with
6.5% HNO3 solution, followed by steaming with HNO3 vapor for 4 h
and triplicate washing with UPW prior to use.

2.2. Lake water collection

We sampled lake water from two natural lakes in Bavaria, Ger-
many. Sampling sites are shown in Fig. A1; Table A1 contains the
corresponding coordinates (GPS data). The lakes were carefully
chosen to represent a typical oligotrophic lake (Lake Konigssee) and

a eutrophic lake (Lake Waginger See). Table A1 gives more detailed
information about the lakes. For each site, we collected samples at
different depths (to at least 10 m depth) using a LIMNOS water
sampler (Hydro-Bios, Kiel, Germany). Lake Waginger See was
sampled to the ground (max. 23 m), which was not possible for
Lake Konigssee with a maximum depth of 190 m. All water samples
were collected in new, one-way polyvinyl chloride (PVC) containers
(500 mL), which were rinsed threefold with the sample before they
were filled to volume. Immediately after collecting each sample, we
measured its temperature and pH using a pH 110 handheld mea-
surement system (VWR, Darmstadt, Germany).

2.3. Instrumentation

For ET-AAS measurements, we used an AAnalyst 800 instrument
(Perkin Elmer, Waltham, MA, USA) equipped with a transversally
heated graphite atomizer THGA 800 and an AS-72 autosampler. A
silver hollow-cathode lamp (Maasen GmbH, Reutlingen, Germany)
as the light source for AAS measurements was operated at the
recommended current of 10 mA. We integrated the AAS signal over
5s at the absorption line A =328.1 nm to quantify the silver in the
samples. High-purity argon (99.998%) was used as an inert gas
during the measurements.

We measured the total silver concentration and AgNP size dis-
tribution in single-particle mode (target mass °’Ag) with a 7900
ICP-MS instrument (Agilent Technologies, Santa Clara, CA, USA)
equipped with an autosampler (ASX-520). The Agilent MassHunter
Workstation 4.4 software (version C.01.04, build 544.3) was used
for data evaluation. The dwell time was set to 100 ps, resulting in
600,000 data points for an acquisition time of 1 min. The pump rate
was gravimetrically determined as 0.316 mL min~". For calibration,
we followed the recently published protocol (Peters et al., 2014). In
brief, we determined the transport efficiency, i.e., the part of all
sample particles finally reaching the detector, for the spICP-MS
measurement using AuNP NIST reference material 8013. The
transport efficiency for Au and Ag are identical; however, AuNPs are
more stable than AgNPs and are available as a certified reference
material. We carried out a second calibration using a 1 pg L' dis-
solved silver standard solution (AgNO3 in HNOs3) in single-particle
mode to determine element sensitivity. All optimized system pa-
rameters for spICP-MS mode are given in Table A3.

We performed total silver concentration measurements by ICP-
MS with 197Ag as the target mass driven in helium collision mode.
As internal standards, we chose ®'Eu and °In. The measured lake
water samples were not filtered but were stabilized by the addition
of 3.25% (w/w) HNOs. For calibration, we applied a properly diluted
Ag(1) stock solution (1000mgL~! in HNO3) to obtain calibration
solutions in the upper pg L~ and lower ng L~! range.

We conducted TOC measurements of all real environmental
samples, which were measured undiluted without filtration, using
a TOC-L CSH/CSN analyzer (Shimadzu, Kyoto, Japan). All samples
were mixed thoroughly seconds before the TOC analysis started. For
calibration, we prepared standard solutions containing 10 and
100 mg L' TOC based on potassium hydrogen phthalate solutions
in UPW.

2.4. Selective enrichment of Ag-b-NPs from water samples

We used cloud point extraction (CPE), a robust and thoroughly
validated method developed by our group (Duester et al., 2016;
Hartmann et al. 2013, 2014; Li et al., 2016), to separate and enrich
Ag-b-NPs from environmental and artificial samples. Dissolved
Ag(I) species and matrix components are efficiently retained by this
procedure, paving a way to an undisturbed and highly sensitive
measurement of Ag-b-NPs, e.g., by CPE-ET-AAS or CPE-spICP-MS.
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For CPE, we mixed 40-mL samples containing Ag-b-NPs and Ag(I)
species with 3.0 mL of saturated ethylendiaminetetraacetic acid
disodium salt (EDTA) solution, 1.0 mL of saturated p-penicillamine
solution, 400 puL of 1M sodium acetate solution, 100 puL of 1.25M
acetic acid, and 1 mL of 10% (w/w) TX-114 in 50-mL tapered poly-
propylene sample tubes. The mixtures were incubated at 40 °C for
30 min. After centrifugation (12 min, 4500 g) the samples were
cooled for 5min in an ice bath; the aqueous supernatants were
subsequently removed by decanting. The remaining viscous sur-
factant droplets containing the enriched and separated Ag-b-NPs
were diluted either with ethanol for ET-AAS measurement or
with ethanol and UPW for ICP-MS measurement.

2.5. Determination of Ag-b-NPs by ET-AAS

ET-AAS is very sensitive for silver and requires a sample volume
of only 20 pL. Organic matrix constituents can be easily eliminated
with an appropriate furnace temperature program, which has
already been described in our previous publications (Hartmann
et al. 2013, 2014; Hartmann and Schuster, 2013; Li et al., 2013).
ET-AAS uses a high-precision pipetting system for sample appli-
cation, which can handle small solvent volumes with higher vis-
cosity. Therefore, we diluted the surfactant droplet obtained by CPE
with only 100 pL of ethanol, allowing for a high enrichment factor
of 80 and an LOD for silver as low as 0.2 ng L~ L. We calibrated the
system identically to the CPE procedure used for ET-AAS mea-
surement. For this purpose, we applied particle stock solutions of
60 nm citrate-coated AgNPs, which were freed from impurities of
dissolved silver species by dialysis prior to use.

2.6. Determination and size distribution of Ag-b-NPs by spICP-MS

ICP-MS uses nebulizers for sample introduction, which cannot
handle highly concentrated surfactant solutions. Therefore, we
diluted the surfactant droplet obtained by CPE with 400 uL of
ethanol and UPW to a total volume of 10 mL. Additionally, we
prepared all calibration solutions and dispersions in the same
uniform manner. Because of the almost complete separation of
particles from dissolved silver species by the CPE procedure, the
limit of detection for particles measured by spICP-MS was
improved substantially and the smallest detectable particle size
was reduced, leading to a hitherto unequaled LOD of 0.25 ng L~ for
particles as small as 10 nm.

2.7. Sample preparation for NOM- and sulfide-induced formation of
Ag-b-NPs under semi-natural conditions

To observe potential Ag-b-NP formation from dissolved Ag(I)
species under the influence of NOM, we added a solution of dis-
solved Ag(I) (AgNOs in 3% HNOs3) to 40 mL of aqueous SRNOM so-
lutions representing TOC concentrations of 0, 1, and 5mgL~,
yielding in a final Ag(I) concentration of 50 ng L~'. One-way poly-
propylene vials were used as reaction vessels, which were wrapped
with several layers of aluminum foil to prevent the incidence of
light. Control experiments allowing the incidence of light were also
performed. For these experiments, we used glass vessels, which
allow better light transmission. In addition to reaction samples
containing dissolved Ag(I), we prepared reference samples con-
taining NOM but no Ag(I) to observe potential silver backgrounds
related to the NOM material. Furthermore, we added 1 mL of HOAc/
NaOAc pH buffer (8.203 g NaOAc in 3.29 mL of HOAc and 36.71 mL
of UPW) to each reaction mixture. We prepared all NOM/Ag(I)
combinations in triplicate to assess the reproducibility of NOM-
induced formation experiments. The mixtures were incubated for
24hat 7 and 23°C. Afterwards, we added 50 pL of a 0.1 M NH3

solution to adjust the pH of the sample and the mixtures were then
subjected to Ag-b-NP concentration analysis by CPE-ET-AAS and
CPE-spICP-MS for determination of their particle concentrations
and size distributions, respectively. In a second experimental setup,
we investigated the influence of dissolved sulfide. We prepared all
NOM/Ag(I) model mixtures as previously described, whereas
160 pL of 4 mM NayS solution, which was obtained by dissolving
0.6632 g of NayS in 5 mL of UPW, was added to all samples. Sulfide
was added ultimately to ensure identical reaction times for all
samples.

3. Results and discussions
3.1. Formation of Ag-b-NPs in natural lakes

In this study, we investigated two dimictic, mainly
groundwater-fed, natural lakes located within the pre-alpine area
in southern Germany. The lakes with different eutrophication de-
grees (see Table A1) were investigated with respect to the pro-
portion of Ag-b-NPs as a part of the total silver concentration at
various water depths. Both lakes showed similar total silver con-
centrations of 0.84+0.52 (lowest value) to 5.69+0.33ngL”!
(highest value) within the upper water layers (see Table A2). The
lakes as well as their small tributaries do not receive WWTP
effluent, which might contain silver species from anthropogenic
sources. The oligotrophic fjord-like Lake Konigssee (volume:
5 x 108 m>; max. depth: 190 m) exhibits a high water quality (total
phosphorus (TP): 5 ug L~1; visibility depth: 10.5 m). Motor boats are
not allowed, and there are no agricultural influences. The eutrophic
Lake Waginger See (TP: 24 pg L~ visibility depth: 2.8 m; volume:
9 x 107 m?; max. depth: 27 m) is protected from WWTP effluent by
a perimeter sewerage system, whereas the lake clearly shows
agricultural influences. Nevertheless, fertilization with sewage
sludge, a potential source for the introduction of Ag-b-NPs or other
silver species into the lake, is not applied around the lake and
tributaries.

Unfortunately, very little is known about natural silver con-
centrations in the hydrosphere. The estimated silver concentration
in the oceans is 0.04ngL™! (Schutz and Turekian, 1965); other
authors (Ranville and Flegal, 2005) have reported oceanic silver
concentrations ranging from 0.02 to 10.5 ng L™, depending on the
location where the samples were collected. The silver concentra-
tions measured in the pre-alpine lakes lie within this concentration
range. We therefore anticipate that the measured silver concen-
trations are of geogenic origin.

Total organic carbon (TOC) as a measure of NOM concentration
in the lakes is consistent with the eutrophication degree ranging
from an average of 1.32mgL™' (Lake Kénigssee) to 510 mgL™!
(Lake Waginger See), whereby only negligible variations of the TOC
values were observed with increasing water depth (see Table A2).
This consistency also applies to the weakly basic pH values, which
range from 7.7 to 8.3.

We examined Lake Waginger See in April 2017 during the
beginning of thermal stratification. Lake Konigssee was examined
in September 2016 and showed a pronounced thermal stratification
with a distinct thermocline between the epilimnion and the met-
alimnion. In the case of Lake Waginger See, we collected samples
from the surface of the lake to its bottom. Lake Konigssee is very
deep (100 m—190 m); we therefore only collected samples to the
upper metalimnion, which was identical with the visibility depth at
this time.

In both lakes, the highest total silver concentrations were always
observed near the water surface and the concentrations gradually
decreased with increasing water depth. In Lake Konigssee, we could
not detect any silver (<0.77 ng L™!) in the transition zone between
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the epilimnion and the metalimnion or in the metalimnion to the
visibility depth of approximately 10 m. This observation is inter-
esting because it implies that there must be a mechanism that
transports silver species from lower water layers to the surface of
the lake. The most likely explanation for this unexpected observa-
tion is that light-sensitive microorganisms, e.g., cyanobacteria,
which are omnipresent in the pre-alpine lakes, accumulate silver
and transport it to the surface of the lake, where the light intensity
for photosynthesis is highest.

In natural and in contaminated water bodies, microorganisms
can serve as a major sink for heavy metals (Acharya and Apte, 2013;
Anjana et al., 2007; Awasthi and Rai, 2004; Blanco et al., 1999; Cain
et al., 2008; Markou et al., 2015). Cyanobacteria, for example, can
bind heavy metal species via a metabolically mediated active up-
take (bioaccumulation) and/or a passive biosorption process via
their exopolysaccharide (EPS) coating (De Philippis et al., 2011).
Bioaccumulation requires living cells and is a comparatively slow
process. Biosorption, which does not necessarily require living cells,
follows faster kinetics, reaching a sorption maximum within hours
(De Philippis et al. 2003, 2011; Demirel et al., 2009; Kadukova,
2016; Vannela and Verma, 2006). Crystalline Au(0) nanoparticles
(AuNPs) can be observed in cyanobacteria within the first minutes
of incubation with dissolved Au(Ill) species present in high con-
centrations (mg L~! range) (Rosken et al., 2014). Obviously, cya-
nobacteria can bind and immediately reduce Au(lll) species to
AuNPs, suggesting a biosorption more than a bioaccumulation
process. Ag(I) also shows a strong tendency for reduction to Ag(0),
so bioaccumulation and/or biosorption might be a pathway for the
formation of Ag-b-NPs in natural waters from geogenic Ag(I)
sources (Kang et al., 2014; Yin et al., 2016). This does not necessarily
exclude that (dissolved) NOM also plays a major role in the natural
formation of Ag-b-NPs. In our investigations Ag-b-NP formation
was only observed in the samples collected from Lake Waginger
See, which, compared with Lake Konigssee, provides an approxi-
mately five times higher NOM concentration (see Table A2) but also
approximately twice as much of chlorophyll a, which is a measure
of the number of cyanobacteria and/or phototrophic eukaryotes
(see Table A1) present in the lake. The data given in Fig. 2 and
Table A2 indicate that the comparatively high NOM and local total
silver concentrations are the most likely explanation for Ag-b-NP
formation at the surface of Lake Waginger See. Approximately
40% (2.35+0.08 ng L") of the near-surface silver was transferred
to Ag-b-NPs, as demonstrated by spICP-MS measurements showing
that Ag-b-NPs in the surface sample from Lake Waginger See
exhibited a particle size ranging from 10 to 30 nm, whereas 75% of
all of the detected nanoparticles from Lake Waginger See were
10—15 nm in size (Fig. 1). With spICP-MS, an Ag-b-NP concentration
of 0.98+0.12ngL~" was determined. The discrepancy compared
with  the  concentration  measured by  CPE-ET-AAS
(2.35+0.08ng L™, Table A2) suggests that particles smaller than
10 nm, which cannot be detected by spICP-MS, were also formed.
Thus, a substantial mass fraction of Ag-b-NPs smaller than 10 nm
might exist.

Even though thermal stratification in Lake Waginger See was
not in a fully developed state, we could observe a concentration
gradient for total silver ranging from a depth of 10m
(1.76 £0.89ng L™ 1) to the surface of the lake with the highest
observed total silver concentration of 5.69 + 0.33ngL~! and a cor-
responding Ag-b-NP concentration of 2.35 +0.08 ngL~! (Table A2,
sampling site SS1). With increasing depth (1—23 m, SS1), the Ag-b-
NP concentration decreased to a constant level of 0.7—0.8 ng L™
This uniform depth-independent distribution of Ag-b-NPs is most
likely a remnant of the turnover cycles of the lake, and it shows that
Ag-b-NPs, unlike dissolved silver species, are not accumulated by
light-sensitive microorganisms and are therefore not transported
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Fig. 1. Particle size distribution of naturally formed Ag-b-NPs (cAg-b-
NP =0.98 +0.12 ng L") in surface water of Lake Waginger See, Germany, as measured
using CPE-spICP-MS. Sampling site is SS1 (details see Table A1). Particles <10 nm are
not detectable by CPE-spICP-MS.
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Fig. 2. Influence of daylight and dark conditions on the NOM-induced formation of Ag-
b-NPs from 50ngL~"' Ag(l). All samples were incubated for 24 hat 7 °C. Error bars
indicate standard deviation of three independent replicates (n = 3). Limit of detection
(LOD) for Ag-b-NPs is 0.2 ng L.

to the surface of the lake.

The fact that Ag-b-NPs were also observed in deeper water
layers, where daylight is scarce, is a strong indication that Ag-b-NP
formation does not necessarily require light. We were able to clarify
some of the aspects of NOM- and sulfide-mediated Ag-b-NP for-
mation under dark conditions (see following sections).

An increase in the total silver concentration was also observed
near the bottom of Lake Waginger See (Table A2, SS1). This increase
in silver concentration is most likely caused by the release of silver
species from the sediment/detritus of the lake.

Ag-b-NPs formed and concentrated at the surface of the lake
during summer stratification can be reasonably assumed to be
partly or completely dissolved during the turnover cycles of the
lake. Because of the more uniform distribution of Ag-b-NPs within
the lake during these cycles, the state of equilibrium between Ag-b-
NP formation and Ag-b-NP dissolution (Sigg and Lindauer, 2015;
Zook et al., 2011) shifts toward Ag-b-NP dissolution because of the
comparatively low Ag-b-NP and total silver concentrations at these
times. During summer stratification with accumulated silver con-
centrations at the surface of the lake, Ag-b-NPs are obviously
rebuilt in higher concentrations.
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A completely different behavior was observed in the mesotro-
phic Lake Chiemsee (TP: 8 ug L~!; visibility depth: 5.1 m; volume
2 x 10° m?; max. depth: 73 m), another dimictic pre-alpine lake,
which was investigated in our previous work (Li et al., 2016). Lake
Chiemsee receives effluent from several WWTPs along its main
tributary, Tiroler Achen. Here, we observed a uniform distribution
of Ag-b-NPs over the lake and negligible differences in Ag-b-NP
levels (0.3—0.5 ng L™!) within a depth of 0—10 m during summer
stratification. In this lake, water exchange occurs within 1.26 years;
thus, the lake is obviously a reservoir for WWTP-based Ag-b-NPs
submitted by its tributaries.

3.2. Formation of Ag-b-NPs under semi-natural conditions

There is some evidence that NOM and sulfur play a key role in
the formation of Ag-b-NPs from dissolved Ag(I) species in natural
waters. Analytical techniques developed in our group enable not
only the measurement of Ag-b-NP concentrations in the sub-ng L~!
range with high selectivity and accuracy but also the observation of
particle formation via size-selective measurements of particles as
small as 10 nm in the same concentration range. Therefore, the
measurements in the natural environment were supplemented by
laboratory experiments with nature-related silver concentrations
in the ng L' range and with TOC concentrations <5mgL~! ob-
tained by the preparation of appropriate NOM reference material
solutions. Therefore, we studied the effects of daylight and dark
conditions, NOM content, incubation time, temperature, and the
presence of sulfide on the formation and size distribution of Ag-b-
NPs in detail to achieve a more comprehensive understanding of
the natural formation of Ag-b-NPs in the aquatic environment.

At ultra-trace levels in the ng L~! range, reproducibility and
accuracy of experiments is a major issue. Effects such as the loss of
analyte by sorption, e.g., to vessel walls, or contamination of sol-
vents and reagents become more dominant and can lead to serious
errors. For this reason, all experiments involving NOM- and sulfur-
induced formation of Ag-b-NPs from Ag(I) were performed under
the strict rules of ultra-trace analysis to avoid systematical errors to
the extent possible.

3.3. NOM-induced formation of Ag-b-NPs from Ag(l) under daylight
and dark conditions

Because Ag(]) is a very photosensitive species, the effects of light
irradiation on the formation of Ag-b-NPs from Ag(I) are assumed to
play a key role. However, we observed only negligible differences in
the NOM-induced formation of Ag-b-NPs from Ag(I) under daylight
and under dark conditions (Fig. 2). The experiments were per-
formed with an initial Ag(l) concentration of 50 ngL~! and with
NOM solutions with a TOC of 0, 1, or 5mgL~" over a time span of
24 hat a temperature of 7 °C. Substantial formation of Ag-b-NPs
was only observed in solutions with a TOC of 5mgL~’. In this
case, approximately 10% of the initial Ag(I) content was transferred
to Ag-b-NPs with a slightly higher conversion rate under dark
conditions. Apparently, light irradiation is not a key factor for NOM-
induced formation of Ag-b-NPs at environmentally relevant con-
centrations. Numerous studies with non-natural Ag(I) and NOM
concentrations have indicated that the reduction of Ag(I) to Ag-b-
NPs is enabled through the formation of photo-induced radical
species formed by NOM under the influence of light irradiation,
preferably at elevated temperatures (Adegboyega et al., 2013;
Akaighe et al., 2011; Hou et al., 2013; Lu et al., 2016; Yin et al., 2014).
Our experiments indicate that other light-independent mecha-
nisms that enable the formation of Ag-b-NPs at ultra-trace levels
under dark conditions and at low temperatures must also exist.
Low-molecular-weight quinones, which are usually contained in

NOM, are principally capable of reducing dissolved metallic species
to form clusters and, finally, nanoparticles under dark conditions
(Jiang et al., 2015; Yuan et al., 2016). However, there might also exist
other unknown NOM-related mechanisms that trigger the forma-
tion of Ag-b-NPs from dissolved Ag(I) species under natural
conditions.

3.4. Formation of Ag-b-NPs from Ag(I) in the presence of NOM and
sulfide

Sulfur is omnipresent in the aquatic environment (Kaegi et al.,
2013; Kent et al., 2014) and shows a strong binding affinity to sil-
ver if it is present in lower oxidation states. Sulfide ions, for
example, immediately form Ag,S in the presence of Ag(l), a very
stable compound with a solubility product Ks, as low as
5 x 107> mol® L3 (Levard et al. 2011, 2012) (25 °C). Ag,S formation
can also occur in natural waters, e.g., in anaerobic zones of eutro-
phic lakes. Thus, the formation of Ag-b-NPs not only in the presence
of NOM but also in the presence of sulfide, a final product of the
anaerobic digestion of sulfur-containing compounds, warrants
investigation. In one of our previous publications, we demonstrated
that the applied CPE procedure is independent of the composition
with respect to the coating of extracted Ag-b-NPs. For Ag,S@AgNPs,
an extraction efficiency of approximately 90% has been observed
(Hartmann et al., 2014). Therefore, the coatings/chemical compo-
sition of extracted Ag-b-NPs cannot be extinguished using CPE.
Nonetheless, substantial changes in the conversion rate of Ag(I) to
Ag-b-NPs were observed in the presence of sulfide. Compared with
the results obtained when NOM was used as reducing agent (see
previous section), the conversion of Ag(I) to Ag-b-NPs (dark con-
ditions, cAg(1)=50ngL~!, TOC 5mgL~", 7°C, 24h) was dramati-
cally increased from 10% to 46% when sulfide (160 uM) was added
to the solutions (Figs. 2 and 3). At 23 °C, the conversion rate of Ag(I)
to Ag-b-NPs (TOC 5 mg L~!) reached 70%. Even without the addition
of NOM, 11% (7 °C) and 23% (23 °C) of the initial Ag(I) was trans-
ferred to Ag-b-NPs. Moreover, the conversion rate was linearly
dependent (R*> = 0.84 at 7 °C, R> =0.87 at 23°C) on the NOM con-
centration (TOC 0—5mgL™').

The size of particles formed from Ag(I) (50 ngL™") in the pres-
ence of NOM (TOC 1 mg L~ and 5 mgL~!) and sulfide (160 pM) was
also investigated. We observed a pronounced effect of incubation
time on the particle size distribution under dark conditions. Fig. 4
shows that the increase of incubation time from 1 to 24 h led to a
substantial shift of the particle size distribution from smaller to
larger particles, especially in the size range from 15 to 25nm.

50 | m7°c ma23°Cc

40
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0 1 5
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Fig. 3. Effects of NOM concentration and incubation temperature on the Ag-b-NP
formation from 50 ngL~! Ag(l) in the presence of 160 uM sulfide. The mixtures were
incubated at 7 °C and 23 °C for 24 h. All experiments were conducted in the absence of
light. Error bars indicate standard deviation of three independent replicates (n=3).
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Fig. 4. Influence of incubation time and NOM concentration on the size distribution of Ag-b-NPs formed at 23 °C from 50 ng L' Ag(l) in the presence of 160 uM sulfide: (a) NOM:
1mgL~; (b) NOM: 5mgL~". All experiments were conducted in the absence of light. Particles <10 nm are not detectable using CPE-spICP-MS.

Apparently, Ostwald ripening occurs even at such low metal con-
centrations, leading to the growth of larger particles at the expense
of smaller ones (Hansen et al.,, 2013). In this context, we also
investigated the particle size distribution obtained in the presence
of NOM (TOC 5 mgL~!) with and without sulfide (160 and 0 pM).
Obviously, incubation without sulfide led to a substantially broader
particle size distribution (Fig. 5a) compared with the size distri-
bution obtained after incubation with sulfide (Fig. 5b). The most
likely explanation for this observation is that the extraordinarily
low solubility product constant of Ag,S, which is the species most
likely formed in the solutions with added sulfide, hinders Ostwald
ripening.

In the literature, a lower size limit of 20 nm has been reported
for Ag-b-NPs whose size can be determined by spICP-MS (Lee et al.,
2014). We lowered this size limit dramatically by application of the
CPE procedure, which eliminates the background caused by dis-
solved silver species; thus, particles as small as 10nm can be
measured reliably via CPE-spICP-MS. Nevertheless, even smaller
particles are reasonably assumed to be formed from Ag(I) in the
presence of NOM and/or sulfide. The size of such small particles can
currently not be determined at sub-ng L~! levels with modern
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analytical techniques, particularly if NOM, a colloidal suspension
with a broad particle size distribution, is present in higher
concentrations.

4. Conclusions

We discovered that Ag-b-NPs can be formed naturally from
geogenic silver traces in water bodies if NOM and/or other ubiqg-
uitous reducing agents such as sulfide ions are present in sufficient
concentrations. Moreover, light-sensitive microorganisms can
collect dissolved silver species and transport them to the surface of
natural water bodies, leading to a considerable local enrichment of
silver. If some necessary but not fully known conditions are met,
nanoparticle formation occurs in natural waters even at silver
concentrations in the sub-ng L~! range. Our lab experiments with
nature-related silver and NOM concentrations revealed that parti-
cle formation is not necessarily photocontrolled. It can occur under
dark conditions and at low temperatures, such as in deep water
layers, in pores, or even in groundwaters. Because of the extraor-
dinary chemical affinity between silver and sulfur, Ag-b-NP for-
mation is enhanced in the presence of traces of sulfide. In addition,
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Fig. 5. Effect of sulfide addition on the particle size distribution of Ag-b-NPs formed from Ag(I) (50 ngL™') in the presence of NOM (5 mg L' TOC). All mixtures were incubated at
23°C for 1h: (a) O uM sulfide; (b) 160 uM sulfide. All experiments were conducted in the absence of light. Particles <10 nm are not detectable using CPE-spICP-MS.
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this exceptional affinity leads to the formation of smaller particles
that are obviously less prone to Ostwald ripening. Even though
sulfide dominates particle formation, NOM concentration also plays
a major role if present in substantial concentrations. The lab ex-
periments as well as the observations in the natural lakes show that
higher NOM concentrations with TOC values of approximately
5mgL~! substantially increase the formation of Ag-b-NPs from
traces of dissolved silver species. Generally, the lab investigations
reflect the observations made in the natural lakes remarkably well.
Even the sizes of Ag-b-NPs measured in surface water of the
eutrophic lake are very similar to particle sizes observed in the lab
experiments.

A currently much debated question is whether and to what
extend the increasing production of EAgNPs influences the con-
centration of Ag-b-NPs in surface waters. Moreover, the answer to
this question is very important for estimating the influence of
transformed engineered Ag-b-NPs released by, for example,
WWTPs on the biological balance in natural water bodies. Our
findings show that the concentration of naturally formed Ag-b-NPs
at the surface of an eutrophic pre-alpine lake in southern Germany
is similar to WWTP-based Ag-b-NP concentrations measured in a
river originating in the same region (Li et al.,, 2016). The river Isar
receives effluents from a series of WWTPs, including effluents from
the city of Munich with 1.43 million inhabitants (Li et al., 2016).
Final clarification of the influence that Ag-b-NPs of different origin
might have on the biological balance in natural waters requires
knowledge of the chemical composition of the particles rather than
their concentration. We are currently working on techniques that
will enable a highly efficient species-preserving enrichment of Ag-
b-NPs from natural and contaminated waters. We are confident
that these investigations will enable high-resolution transmission
electron microscopy and energy-dispersive X-ray spectroscopy
measurements, which will provide new insights into the compo-
sition and shape of natural and transformed engineered Ag-b-NPs
in the aquatic environment.
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Fig. Al. Location of sampling sites (SS1 to SS4) in the investigated lakes (source: Google Maps).
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Table Al
Characteristic data of the examined lakes.
Surface Area Max. Depth Volume Total Phosphorus Chlorophyll-A  Visibility Depth  Circulation  Eutrophication

Lake [km?] [m] [millionm®] (TP, pg/L) [Hg/L] [m] Type Status
Waginger See 6.6 27 90 24 7 2.8 dimictic eutrophic
Kdnigssee 5.2 190 512 5 3 10.5 dimictic oligotrophic

Source : Protection and Management of Surface Waters, Water Protection of Lakes, Bavarian Environmental Protection Agency (LfU), 2006.

Table A2

Summary of all measured parameters of the examined lake water samples (LOD (limit of detection) Total Silver =0.77 ng L™, LOD Ag-b-NP = 0.2 ng
L™1). Sampling was carried out on April 29, 2017 (SS1) and September 29, 2016 (SS2 — SS4). Standard deviation is based on three independent replicates
(n=23).

SS1 (Lake Waginger See, Coordinates: 47°56'29.2"'N 12°46'24.4"'E)

Depth [m] Temperature [°C] pH TOC[mgL™] Total Silver Concentration [ng L] Ag-b-NP Concentration [ng L]
0 10 8 4.78 £ 0.04 5.69£0.33 2.35+0.08
1 9.9 7.9 5.19 £ 0.08 4.61+0.31 0.77£0.12
3 9.8 7.8 5.56 £0.04 2.49+£0.36 0.75+£0.05
6 8.8 7.9 4.90 +0.04 1.68 +0.15 0.67 £0.03
10 8.3 8 5.04 £0.06 1.76 £ 0.89 0.71+£0.08
13 7.8 8.3 4,72 £0.02 <DL 0.75+0.14
16 7.2 8.2 5.07 £0.07 <DL 0.83 £0.07
18 7 7.9 5.18 £ 0.08 <DL 0.78 £ 0.07
23 6.9 8.3 5.24 +£0.01 3.29+0.15 0.68 £ 0.09

SS2 (Lake Konigssee, Coordinates: 47°34'34.8"'N 12°59'31.9"E)




Depth [m] Temperature [°C] pH TOC [mgL™] Total Silver Concentration [ng L™] Ag-b-NP Concentration [ng L]
0 16.1 8 1.26 +0.01 2.25+0.53 <DL
3 15.3 7.8 1.20 £ 0.03 0.67 £0.25 <DL
6 12.1 8.3 1.33+0.04 1.08 + 0.26 <DL
10 8.6 7.9 1.42 +0.03 <DL <DL
SS3 (Lake Konigssee, Coordinates: 47°33'14.5""N 12°58'35.9"'E)
Depth [m] Temperature [°C] pH TOC [mgL™] Total Silver Concentration [ng L™] Ag-b-NP Concentration [ng L]
0 18.2 1.7 1.25+0.04 0.84 £ 0.52 <DL
3 16.2 7.9 1.35+0.03 <DL <DL
6 12.6 8.3 1.39 £0.01 <DL <DL
10 9.6 7.9 1.33+0.04 <DL <DL
SS4 (Lake Konigssee, Coordinates: 47°31'53.0""'N 12°58'04.1""E)
Depth [m] Temperature [°C] pH TOC [mgL™]  Total Silver Concentration [ng L™] Ag-b-NP Concentration [ng L™
0 16.5 8.2 1.25+£0.01 1.95+0.49 <DL
3 15.8 8.1 1.36 £0.01 0.90 £0.37 <DL
6 12.4 7.9 1.36 £ 0.01 <DL <DL
10 8.9 8 1.33+0.03 <DL <DL

S4



Table A3

System parameters for sp-ICP-MS measurements.

Pump rate

Dwell-time

Helium mode

Reference material

Reference element mass (Au)
Reference material concentration
Reference material density

lonic standard concentration (Ag®)
Target element mass (Ag)

Target material density (AgNP)
Analyte mass fraction

Sample and calibration matrix

Rinsing step 1

Rinsing step 2

Rinsing step 3

0.346 mL min*

100 us

Off

AuNPs (NIST Reference Material 8013), 56 nm
197 ue™

52.0 ng/L

19.32 g/cm?®

1.0 pg/L

107 ue™

10.5 g/cm?®

1.0

5% (v/v) EtOH, 5% (v/v) TX-114 (10% (w/w))
surfactant matrix (2.5 mL EtOH, 2.5 mL TX-114
(10% (w/w)), 38 mL UPW)

HNO3 (1%)

UPW

S5
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