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Ich habe diese Dissertation bewusst in deutscher Sprache verfasst. Zum Thema PCB-
Konzentrationen in Grubenwassern gibt es kaum begutachtete Literatur, und die
wenigen vorhandenen Fachartikel sind nicht immer fur alle zuganglich. Zudem liegen
bergbaubezogene Themen haufig im Aufgaben- oder Interessenbereich von
Ingenieurblros, Behdrden oder Interessenverbanden, in denen nicht alle Mitglieder die
englische Sprache sicher beherrschen. Mein Ziel war es daher, die Themen und
Ergebnisse meiner Dissertation so niedrigschwellig wie moglich aufzubereiten, um sie

moglichst vielen Menschen zuganglich zu machen.

Gluck auf!
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Zusammenfassung

Uber Jahrzehnte hinweg wurden persistente organische Schadstoffe (POPs) als
Industriechemikalien produziert oder entstanden als Nebenprodukte bei Fertigungs- und
Verbrennungsprozessen. Insbesondere Hexachlorbenzol (HCB) und polychlorierte Biphenyle
(PCB) wurden vor ihrem Verbot durch die Stockholmer Konvention in zahlreichen
landwirtschaftlichen und industriellen Anwendungen genutzt. Im Bergbau war der Einsatz von
PCB zeitweise sogar gesetzlich vorgeschrieben. Die in technischen Gemischen eingesetzten PCB
enthielten bis zu 130 verschiedene Verbindungen (Kongenere), die bis heute in Bergwerken und

Grubenwassern aus alten Leckagen und zurlickgelassener Ausrustung nachweisbar sind.

Heutige Untersuchungen der PCB-Belastung von (Gruben-)Wassern fokussieren oft nur auf die
sechs Indikator-PCB (,Leit-Kongenere®) sowie PCB 118 (PCBi.115), was haufig zu einer
Unterschatzung der tatsachlichen PCB-Konzentrationen fuhrt. Ziel dieser Studie war es, die
Konzentrationen der am haufigsten vorkommenden PCB-Kongenere in Grubenwassern
umfassend zu bestimmen und daraus die Gesamtfrachten abzuleiten, um Risiken fir Mensch und
Umwelt besser abschatzen zu kdnnen. Zusatzlich wurde ein ressourcenschonendes Konzept zur
Reduktion von PCB angepasst und auf Effizienz gepruft. Ein innovativer Ansatz in der
Wasseraufbereitung ist die katalytische Dechlorierung mit Palladium-(Pd-)Partikeln. Hierbei
konnen POPs unter reduzierenden Bedingungen in Anwesenheit von Elektronendonatoren wie

Wasserstoff dehalogeniert werden.

Fur die Analyse der PCB-Kongenere wurde eine Festphasen-Mikroextraktionsmethode (SPME) in
Kombination mit Gaschromatographie-Massenspektrometrie (GC-MS) optimiert, um PCB direkt
aus unbehandeltemm Grubenwasser Osungsmittelfrei zu extrahieren und empfindlich
nachzuweisen. Zur Untersuchung der Dechlorierungsmechanismen und -pfade wurden zunachst
Experimente mit HCB durchgefuhrt, da es strukturell &hnlich zu PCB ist, aber eine einfachere
Molekulstruktur aufweist. AnschlieBend wurden die Versuche auf grubenwasserspezifische PCB
Ubertragen und unter Laborbedingungen mit dispergierten Pd-Partikeln in Pufferlosung
durchgefuhrt. Weitere Tests folgten mit Pd-Partikeln, die in Silikon eingebettet waren, um den
Katalysator vor Katalysatorgiften zu schitzen und die Tests direkt in unbehandeltem

Grubenwasser durchzufihren.

Die SPME-Methode erwies sich als gut geeignet zur Quantifizierung von PCB in Grubenwassern.
In den Wassern von flinf getesteten Gruben konnten Uber 50 PCB identifiziert werden. Angesichts
der PCB-Konzentrationen von bis zu 120 ng L™ und der erheblichen Wassermengen von bis zu
12 MillionenLa"' pro Grube ergeben sich jahrliche PCB-Frachten, die dringenden
Handlungsbedarf signalisieren. Die Hydrodechlorierung mit Pd-Partikeln erwies sich als
wirkungsvoll, um POPs innerhalb weniger Minuten in leichter abbaubare Strukturen
umzuwandeln, mit spezifischen katalytischen Aktivitadten von bis zu 3350 L g min™. Der Abbau
von HCB erfolgte hauptsachlich durch die Substitution vicinaler Chloratome, beeinflusst durch
einen induktiven Effekt. Bei PCB fuhrte der zweite Phenylring zu bevorzugtem Abbau der meta-

VI
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und para-positionierten Chloratome, wodurch die Bildung toxischer, dioxinahnlicher PCB
minimiert wurde. Die Dechlorierung von PCB konnte durch die Silikon-Einbettung der Pd-
Katalysatoren auch in der katalysatorgiftreichen Grubenwassermatrix erfolgreich durchgefuhrt
werden. Nach Anpassung und Skalierung bietet diese Technologie durchaus Potenzial zur
groB3flachigen Behandlung von HCB und PCB kontaminierter Wasser.

Vil
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Abstract

Over several decades, persistent organic pollutants (POPs) have been produced as industrial
chemicals or emerged as byproducts from manufacturing and combustion processes. In
particular, hexachlorobenzene (HCB) and polychlorinated biphenyls (PCBs) were widely used in
agricultural and industrial applications until they were banned under the Stockholm Convention.
In mining, PCB usage was at times even legally mandated. The technical mixtures used contained
up to 130 different compounds (congeners) of this group, which can still be detected in mining

sites and mine waters due to leakage and abandoned equipment from that era.

Current assessments of PCB contamination in (mine) waters often focus only on the six indicator
PCBs (“marker congeners”) and PCB 118 (PCB:.11s), which frequently leads to an underestimation
of actual PCB concentrations. The aim of this study was to comprehensively determine the
concentrations of the most common PCB congeners in mine waters and to derive the total loads,
enabling a more accurate risk assessment for humans and the environment. Additionally, a
resource-efficient PCB reduction concept was adapted and tested for efficacy. An innovative
approach in water treatment is the catalytic dechlorination using palladium (Pd) particles. In this
process, POPs can be dehalogenated under reducing conditions in the presence of electron

donors, such as hydrogen.

For the analysis of PCB congeners, a solid-phase microextraction method (SPME) combined with
gas chromatography-mass spectrometry (GC-MS) was optimized to sensitively detect PCBs
directly from untreated mine water without solvents. To investigate the mechanisms and
pathways of dechlorination, initial experiments were conducted with HCB due to its structural
similarity to PCBs but simpler molecular structure. These tests were then extended to mine water-
specific PCBs and conducted under laboratory conditions with dispersed Pd particles in buffer
solution. Further tests followed with Pd particles embedded in silicone, to protect the catalyst

from poisons, allowing testing directly in untreated mine water.

The SPME method was found to be well suited for the quantification of PCBs in mine waters. More
than 50 PCBs were identified in the waters of five tested mines. Given the PCB concentrations of
up to 120 ng L™ and the large water volumes of up to 12 million L a” per mine, annual PCB loads
indicate an urgent need for action. The hydrodechlorination with Pd particles proved effective for
transforming POPs within minutes into more easily degradable structures, with specific catalytic
activities of up to 3350 L g' min™. The degradation of HCB occurred mainly through the
substitution of vicinal chlorines, influenced by an inductive effect. For PCBs, the second phenyl
ring influenced preferential cleavage of meta- and para-positioned chlorines, which minimizes
the formation of more toxic, dioxin-like PCBs. The dechlorination of PCBs was successfully
carried out in the catalyst poison-rich mine water matrix by embedding the Pd catalysts in
silicone. With proper adjustments and scaling, this technology offers considerable potential for

the large-scale treatment of HCB and PCB contaminated waters.



Kapitel 1

1 Erweiterte Zusammenfassung

1.1 Einleitung
1.1.1 Allgemeine Einflhrung

Persistente organische Schadstoffe (persistent organic pollutants, POPs) stellen eine Klasse von
Chemikalien dar, die weltweit erhebliche Gefahren fur die Umwelt und die menschliche
Gesundheit bergen [1]. Diese Substanzen wurden entweder gezielt als Pflanzenschutzmittel und
Industriechemikalien produziert oder traten als Nebenprodukte bei industriellen
Fertigungsprozessen auf, bevor sie schlieBlich global gedchtet wurden [2]. Unter diesen
gefahrlichen Verbindungen sind insbesondere Hexachlorbenzol (HCB), ein friher
weitverbreitetes Pestizid, sowie polychlorierte Biphenyle (PCB) hervorzuheben, die primar als
Transformatorendle und Dielektrika Verwendung fanden. PCB bestehen aus einer groBen
Bandbreite von theoretisch bis zu 209 Kongeneren; technische PCB-Mischungen enthielten meist
zwischen 80 und 100 verschiedene Kongenere. In Deutschland und anderen Landern war die
Nutzung von PCB aufgrund ihrer Eigenschaft nicht brennbar zu sein zeitweise im Kohlebergbau

gesetzlich vorgeschrieben.

Bislang gab es kaum Informationen zu PCB-Konzentrationen in Grubenwassern, obwohl
Grubenwésser aufgrund ihrer hohen kontinuierlich anfallenden Volumina weltweit zu den groBten
Schadstoffstromen gehoren [3]. Veroffentlichte Daten zu Konzentrationen stammen groBtenteils
aus behordlichen Berichten und Gutachten [4-11], extern begutachtete Publikationen sind selten.
Die Untersuchung bergbaubeeinflusster Wasser (mining influenced water, MIW) war bisher durch
die Komplexitat der Probenvorbereitung und Analysen, und die begrenzte Empfindlichkeit

bestehender Nachweismethoden erschwert.

Zur Entfernung von POPs aus wassrigen Losungen stehen unterschiedliche Ansatze zur
Verfugung. Ein Verfahren ist die Abtrennung und anschlieBende thermische Zerstorung der
Schadstoffe [12]. Ein weiterer Ansatz fokussiert sich auf die chemische Umwandlung der POPs in
weniger schadliche Verbindungen. Fur diesen Zweck eignhen sich insbesondere Palladium-
(Pd)-Katalysatoren [13]. Die Reaktivitat des Katalysators kann jedoch durch Katalysatorgifte
erheblich beeintrachtigt werden, was die katalytische Effizienz verringern oder sogar vollstandig
aufheben kann [14]. Schutzmechanismen sind daher erforderlich, um eine Deaktivierung des

Katalysators zu verhindern.

Ziel dieser Arbeit ist es, eine schnelle und effiziente Extraktionsmethode zu optimieren, um PCB
in geringen Volumina von Grubenwasser zu quantifizieren. Dabei soll aufgezeigt werden, dass die
PCB-Konzentrationen auch Jahrzehnte nach dem Verbot dieser Substanzen hoher sein kdnnen als
bisher angenommen, was Grubenwasser als relevante Quelle fur PCB-Belastung bestatigt
(Kapitel 2). Weiterhin wird das Reaktionsverhalten von HCB und weiteren Chlorbenzolen (CB)
untersucht, um die Mechanismen, Reaktionswege und Zwischenprodukte der Dechlorierung

chlorierter Substanzen mithilfe von Pd-Katalysatoren aufzuklaren (Kapitel 3). Eine Einbettung der

1



Kapitel 1

Katalysatoren in eine PDMS-Beschichtung ermoglicht deren Wiederverwendung und erhalt die
katalytische Aktivitdt, auch in der komplexen, katalysatorgiftreichen Grubenwassermatrix
(Kapitel 4).

1.1.2 Persistente Organische Schadstoffe

POPs sind chemische Verbindungen, die in der Umwelt nur sehr langsam abgebaut werden und
daher weltweit in besorgniserregend hohen Konzentrationen zu finden sind. Urspringlich wurden
POPs fur industrielle, landwirtschaftliche und kommerzielle Zwecke synthetisiert und fanden
Verwendung als Pestizide, Flammschutzmittel und in zahlreichen anderen Anwendungen. Neben
gezielt hergestellten POPs entstanden einige dieser Substanzen jedoch auch als Nebenprodukte
in Produktions- und Verbrennungsprozessen [15]. POPs zeichnen sich durch ihre chemische
Stabilitdt und eine sehr hohe Persistenz in der Umwelt aus, die es ihnen ermdglicht, uber
Jahrzehnte hinweg nahezu unverandert zu bleiben. Diese Eigenschaften, zusammen mit ihrer
Lipophilie, die sich in einem positiven, hohen dekadischen Logarithmus des Octanol-Wasser-
Verteilungskoeffizienten (log Kow) bemerkbar macht, tragen dazu bei, dass POPs in lebenden
Organismen akkumulieren und sich in Nahrungsnetzen anreichern. Dabei werden sie von einem
trophischen Level zum nachsten weitergegeben und dort oft in hoheren Konzentrationen als
ursprunglich aufgenommen gespeichert [16]. Auf diese Weise entfalten POPs signifikante
toxische Effekte Uber alle Ebenen des Okosystems hinweg — von Mikroorganismen bis hin zu
Saugetieren, einschlieBlich des Menschen, bei dem sie mit endokrinen, immunologischen und

krebserregenden Effekten in Verbindung stehen [1,17].

Angesichts ihrer weitreichenden Umweltschaden und schwerwiegenden Auswirkungen auf die
Gesundheit wurde 2001 durch das Stockholmer Ubereinkommen ein umfassendes
internationales Gebot zur Substitution der gefahrlichsten POPs beschlossen [2]. Das ,,Dreckige
Dutzend*, eine Liste von ursprunglich zwolf chemischen Verbindungen oder Stoffgruppen, wurde
als besonders bedenklich eingestuft. Diese Liste umfasste auch HCB und PCB (Tabelle 1). Seit
der EinfUhrung der urspringlichen Liste des ,dreckigen Dutzends“ wurden zahlreiche weitere
Verbindungen identifiziert und dem Abkommen hinzugefugt, da sie ahnliche
Gefahrdungspotenziale fir Umwelt und Gesundheit aufweisen [18]. Trotz weltweiter
Regulierungen, die Produktion und Verwendung dieser Substanzen nahezu vollstandig verbieten,
sind POPs aufgrund ihrer physischen Eigenschaften weiterhin Uberallin der Umwelt nachweisbar.
Selbst in sehr entlegenen Regionen, wie Wusten, Polarregionen und Weltmeeren, kdnnen sie in
relevanten Konzentrationen gemessen werden [19-23]. Diese weite Verbreitung und anhaltende
Prasenz der POPs erklart sich durch atmosphéarische Transportmechanismen [24], die es ihnen
ermoglichen, durch ,,global distillation“ (globale Destillation) oder ,,Fraktionierung“in die Umwelt
zu gelangen. Dieser Effekt fuhrt dazu, dass POPs aus warmeren Regionen in kaltere Klimazonen
transportiert werden [25]. Da POPs in warmen Regionen starker volatilisiert werden, kdnnen sie in

die Atmosphare gelangen und sich im Verlauf wiederholt in kiihleren Gebieten absetzen. Dieser
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Tabelle 1. Ubersicht zu Hexachlorbenzol und ausgewdhliten polychlorierten Biphenylen (PCB)

Struktur Substanz Anwendung CAS-Nr. log Kow
Cl Cl
CAQ—C' Hexachlorbenzol Pestizid 118-74-1 5,732
Cl Cl
cl
PCB 28 Industriechemikalie ~ 7012-37-5 5,60°
Cl Cl
PCB 52 Industriechemikalie 35693-99-3 5,88
Cl Cl
Cl Cl
C' PCB 101 Industriechemikalie 37680-73-2 6,32°
Cl Cl
Cl
CC' PCB 118 Industriechemikalie 31508-00-6 6,72°
Cl Cl
Cl
CICI PCB 138 Industriechemikalie 35065-28-2 6,75°
cl Cl Cl
Cl Cl
CC' PCB 153 Industriechemikalie 35065-27-1 6,76°
Cl cl
PCB 180 Industriechemikalie ~ 35065-29-3 7,28

Cl (o/e]

=]

2 log Kow-Werte aus Bruijn et al. [26]; ® log Kow-Werte aus Wang et al. [27], als MaR fiir die Lipophilie.



Kapitel 1

Mechanismus, der auch als ,Grashupfereffekt“ (engl. grasshopper effect) bezeichnet wird
(Abbildung 1), erlaubt es POPs, in einer Serie von ,,Sprungen® Distanzen von mehreren Tausend
Kilometern zu uberwinden und sogar die Polarregionen zu erreichen, wo sie schlieBlich
akkumulieren [28,29]. Diese Effekte fuhren dazu, dass POPs aus ihren ursprunglichen
Emissionsquellen remobilisiert und in andere Regionen transportiert werden, wo sie oft weiter die

Umwelt und die Gesundheit gefahrden.

Hoher Breitengrad
Deposition > Evaporation

Mittlerer Breitengrad Globale Destillation
Saisonale Zyklen der mit Fraktionierung
nach der globalen Mobilitat

Deposition und Evaporation \

Atmospharischer
Langstreckentransport

Geringe
Mobilitat

\) »,Grashupfereffekt”

Abbildung 1. Schematische Darstellung der globalen Destillation und des ,Grashiipfereffekts”, verdndert nach
Wania und Mackay [28] und Vallack et al. [30] (Bild: ,The Blue Marble”; CCO 1.0 Universell).

Die toxischen Effekte von POPs wurden bereits weltweit durch Monitoringprogramme in den
unterschiedlichsten Okosystemen dokumentiert, die dabei helfen, das AusmaB der
Kontamination zu erfassen [31]. Unter den verschiedenen POPs nehmen PCB aufgrund ihrer
vielseitigen industriellen Anwendungen und groBen Produktionsmengen eine besondere Rolle
ein. Die Charakteristika, Einsatzgebiete und Umweltprobleme dieser Stoffgruppe werden im

folgenden Kapitel detailliert dargestellt.

1.1.2.1 Polychlorierte Biphenyle
PCB sind eine Gruppe von synthetischen organischen Verbindungen, die in der Mitte des 20.
Jahrhunderts weltweit in groBen Mengen produziertwurden und bis zu ihrem Verbot in zahlreichen

industriellen und technischen Anwendungen weit verbreitet waren. PCB bestehen aus zwei
4
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verbundenen Benzolringen, deren Wasserstoffatome mit bis zu zehn Chloratomen in
unterschiedlichen Positionen substituiert sein konnen. Diese Struktur fuhrt dazu, dass PCB in bis
zu 209 verschiedenen Varianten, den sogenannten Kongeneren, existieren, die sich in ihren
chemischen und physikalischen Eigenschaften stark unterscheiden kdénnen [32]. Besonders
hochchlorierte Kongenere sind dabei sehr stabil, was ihre Persistenz die und damit verbundenen

Umweltprobleme verstarkt.

Ein GroBteil der produzierten PCB wurde in Form von technischen Gemischen wie Clophen
(Bayer, Deutschland), Aroclor (Monsanto, USA), Kanechlor (Kanegafuchi, Japan) oder Phenoclor
(Prodolec, Frankreich) verwendet [33]. Sie bestanden jeweils aus PCB-Kongenermischungen mit
festgelegten Chlorierungsgraden. So bezeichnete zum Beispiel ,,Clophen A50“ ein Gemisch mit
etwa 50% Chloranteil, wahrend ,Arochlor 1221“ etwa 21 % Chlor enthielt [34,35]. Diese
Mischungen enthielten in der Regel 80 bis 100 der moglichen Kongenere, die eine fur den
jeweiligen Einsatzzweck optimale Balance aus chemischer Stabilitat und spezifischen

physikalischen Eigenschaften boten.

Die PCB-Industrie profitierte lange Zeit von der Annahme, dass PCB inert seien und keine
negativen Auswirkungen auf die Umwelt hatten. Erst in den 1970er-Jahren wurde bekannt, dass
PCB in der Umwelt sehr persistent sind, sich bioakkumulieren und in Nahrungsnetzen anreichern
kénnen. Nach dem Verbot von PCB im Rahmen des Stockholmer Ubereinkommens wurden PCB
weltweit aus dem Verkehr gezogen, aber viele Altlasten, etwa in Geraten und in kontaminierten

Bdden, bestehen bis heute fort und tragen zur aktuellen Umweltbelastung bei.

Trotz der Verbreitung und Risiken von PCB ist die Analyse aller 209 theoretisch madglichen
Kongenere aufwendig. Deshalb hat sich international die Methode durchgesetzt, nur eine,
idealerweise reprasentative, Untergruppe von sogenannten Indikator-Kongeneren (PCBi.11s) zu
messen. Diese sechs bis sieben reprasentativen Kongenere (PCB 28, 52, 101, 118, 138, 153 und
180) ermoglichen eine vereinfachte Schatzung der Gesamtbelastung, indem ihre
Summenkonzentration mit einem Multiplikationsfaktor von 5 zur Schatzung der Gesamtmenge
herangezogen wird [36]. Diese Anndherungsmethode hat jedoch ihre Grenzen: In Fallen von
hochchlorierten PCB-Kongeneren kann die Summe der Indikatoren die tatsachliche Belastung
Uberschatzen, wahrend sie bei niedrigchlorierten PCB-Kongeneren die PCB-
Gesamtkonzentration oft unterschatzt. Eine vollstandige Analyse aller 209 theoretisch moglichen

PCB-Kongenere ist jedoch aufgrund des hohen Aufwands meist nicht praktikabel.

Insgesamt stellen PCB aufgrund ihrer Bioakkumulationseigenschaften und toxischen Effekte eine
schwerwiegende Gefahr fir die Umwelt und die menschliche Gesundheit dar. Die
Langzeitstabilitat und die nach wie vor bestehende Verbreitung in vielen Umweltmedien, darunter
auch Trink- und Grundwasser in ehemals industriell genutzten Regionen, machen PCB zu einem

zentralen Thema fur das Umweltmanagement und die Schadstoffsanierung.
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1.1.2.2 PCB in der Bergbauindustrie — Verwendung, Verbleib und

Herausforderungen

Vor knapp 100 Jahren wurden PCB aufgrund ihrer vermeintlichen Unbedenklichkeit und
Umweltfreundlichkeit als besonders vielversprechend angesehen. Sie wurden durch ihre
Eigenschaften als nicht brennbare und nicht explosive Stoffe als Kihl- und Isolierflissigkeit
genutzt, weshalb sie vor allem in Kondensatoren, Transformatoren, und Vorschaltgeraten
vorkamen [34]. In Ermangelung des Wissens uber ihre schadlichen Auswirkungen wurde jedoch
oftmals sorglos mit diesen Stoffen umgegangen. So wurden bei der SchlieBung von Gruben haufig
PCB-haltige Ausrustungen zuruckgelassen, was im schlimmsten Fall zu einer Verunreinigung des
Grundwassers flhren konnte [37]. Ende der 1960er Jahre setzten die Hersteller verstarkt auf
niedrigchlorierte PCB (in Deutschland A30 und A40), da diese als ,,umweltfreundlicher” galten
[38]. Bereits 1965 wies Monsanto darauf hin, dass PCB-Gemische aufgrund ihrer toxischen
Eigenschaften auf geschlossene Systeme beschrankt werden sollten [39]. Trotz der spateren
Reduktion der Verwendung von PCB in Kondensatoren, Transformatoren, Warmeubertragungs-
und Hydraulikflussigkeiten in Bergmaschinen kam es weiterhin zu Leckagen [40]. In den USA
wurden PCB und PCB-haltige Produkte frihzeitig verboten [41], wahrend ihre Verwendung im
deutschen Bergbau erst 1992 eingestellt wurde [42]. In Deutschland wurden etwa 12.000 t PCB-
haltige Hydraulikole verwendet. Lediglich 10 % davon wurden recycelt und 5 % entsorgt [4]. Der

Rest verblieb in den Minen.

Diese zurlckgelassenen PCB sind jedoch einem stdndigen Wassereintrag ausgesetzt, da
Grundwasser oder Niederschlage in die Schachte eindringen. Dies macht Arbeiten in aktiven
Minen unmoglich und bedroht sowohl die Grundwasserqualitat als auch die Stabilitat des
Schachtsystems und der dartberliegenden Umwelt [43]. Um dies zu verhindern, wird das
Grubenwasser hochgepumpt und zur Verdinnung in Oberfldchengewasser eingeleitet (Abbildung
2). Trotz ihrer geringen Loslichkeit werden bedeutsame Mengen an PCB vom Grubenwasser
aufgenommen und, teils auch an Partikeln haftend, an die Oberflache transportiert. Begutachtete
Artikel zu den PCB-Konzentrationen in Grubenwassern und MIW fehlen jedoch. Ein moglicher
Grund hierfur ist, dass die gefundenen PCB-Konzentrationen oft unterhalb der Bestimmungs-
(LOQs) oder Nachweisgrenzen (LODs) liegen. Werte unterhalb des LOD bedeuten jedoch nicht
zwangslaufig, dass keine bedenklichen Mengen an PCB vorhanden sind. Aufgrund der hohen
Persistenz von PCB kdnnen diese selbst bei niedrigsten Konzentrationen uber Jahrzehnte hinweg
von Organismen aufgenommen werden. Ein bekanntes Beispiel ist der Schwertwal Lulu, dessen
Tod 2017 ein internationales Medienecho ausldste [44]. Selbst Konzentrationen von 0,071-
1,7 pg L in den Ozeanen [45] kbnnen zu einer derartigen Anreicherung im Nahrungsnetz fuhren,
dass im Fettgewebe eines Orcas eine PCB-Konzentration von 957 mg kg' nachgewiesen werden
konnte [46]. Dieser Wert war tber 100 Mal hoher als der Grenzwert von 9 mgkg', ab dem
bekanntermaBen Gesundheitsschaden bei Meeressaugern auftreten [47]. Ein weiterer Grund fir
das Fehlen von Studien konnte der hohe Aufwand bei der Analyse von Grubenwasser auf PCB

sein. FUr aussagekraftige Messungen sind haufig 100-Liter-Proben fur Extraktionen oder die
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Verwendung von Passivsammlern uber mehrere Wochen hinweg erforderlich [8]. Die
Messmethoden fur PCB sind also oft eingeschrankt, entweder durch hohe Nachweisgrenzen, wie
im vorherigen Abschnitt erwahnt durch die Analyse auf lediglich PCBi.115, oder durch den
erheblichen Aufwand der Probenahme- und Extraktionsmethoden. Bisher fehlte eine geeignete

Methode mit niedrigen Nachweisgrenzen, die eine umfassende Analyse moglichst vieler PCB-

Verbindungen in Grubenwassern und MIW ermaglicht.

Abbildung 2. Schematische Darstellung der Grubenwasserhaltung mit daraus folgendem PCB-Eintrag in die
Oberflichengewdsser (Abbildung angelehnt an Wiltschka et al. [48], CC-BY 4.0.; Foto: K. Wiltschka,

Grubenwassereinleitung in den Fischbach, Saarland).

Verbesserungsbedarf besteht jedoch nicht nur beim Nachweis von PCB in Grubenwaéassern,
sondern auch beim Umgang mit diesen, um Mensch und Umwelt nicht weiter zu belasten. Da es
sich bei Grubenwassern um Punktquellen handelt, bieten sich hier gezielte Verfahren zur

Reduzierung der PCB-Konzentrationen an, bevor diese Stoffe weiter in der Umwelt verteilt werden.

1.1.3 Analytische Methoden

1.1.3.1 Festphasenmikroextration — Definition und Vorteile

Die Festphasenmikroextraktion (solid-phase microextraction, SPME) basiert auf der Verteilung
der Analyten zwischen einer Probe und einer polymerbeschichteten Quarzfaser [49]. Sie ist eine
l6sungsmittelfreie, miniaturisierte Extraktionsmethode, und bietet damit eine vielversprechende
Grundlage fur die auf griner Chemie basierenden Forschung [50]. Die Faser wird entweder direkt
in die flussige Probe eingetaucht (,immersed“ SPME) oder in den Gasraum Uber der Probe
(»,headspace®, HS-SPME) positioniert [49,51-54] (Abbildung 3), wobei Zweiteres die Lebensdauer
der Faser erhoht [49]. Die Extraktion ist dabei nicht erschopfend, allerdings werden die Analyten
von der Faser anndhernd vollstandig in den Injektor ubertragen. Die Auswahl der

Polymerbeschichtung richtet sich nach den physikochemischen Eigenschaften der zu

7
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analysierende Stoffe. SPME wurde bereits fiir die Analyse von PCB eingesetzt [55-58], jedoch

bisher nicht fir deren Nachweis in kontaminierten Grubenwassern oder MIW.

"/ C.**y\‘a.

Abbildung 3. Schematische Darstellung von SPME. a) Verschiedene SPME-Fasern mit unterschiedlichen

Beschichtungen und Beschichtungsmengen, erkennbar an der Kopffarbe; b) Gegeniberstellung von immersed
SPME und HS-SPME; c) GC-MS mit einem Autosampler fir SPME-Messungen.

Die Probenmatrix spielt bei der Extraktion eine entscheidende Rolle. Matrixkomponenten wie
geloste Salze und Metalle, der pH-Wert, sowie Schwebstoffe kdonnen zu Matrixeffekten fuhren, die
die Analyse erschweren oder die Lebensdauer der Fasern verklrzen. Fur solche komplexen
Matrizes bietet die HS-SPME erhebliche Vorteile, da die Faser nicht direkt mit der Probenmatrix in
Kontakt kommt, wodurch eine aufwendige Probenvorbereitung entfallt. Im Gegensatz zu anderen
Methoden, die oft zwischen adsorbierten und frei gelésten Konzentrationen differenzieren,
ermoglicht SPME die Bestimmung der PCB-Gesamtkonzentration in unbehandelten MIW-Proben,

was durch den Einsatz eines geeigneten Internen Standards (IS) gewahrleistet ist.

Die SPME bietet im Vergleich zur Festphasenextraktion (solid-phase extraction, SPE) und der
Flussig-Flussig-Extraktion (liquid-liquid extraction, LLE) mehrere Vorteile, insbesondere
hinsichtlich Umweltfreundlichkeit, Effizienz und Anwendungsmaglichkeiten. Ein groBer Vorteil
der SPME ist der Verzicht auf organische Losungsmittel, die bei der LLE in groBen Mengen und bei
der SPE fur die Konditionierung der Kartuschen und Elution der Analyten erforderlich sind [59,60].
Daruber hinaus ist die SPME weniger arbeitsintensiv, da sie ohne komplexe Vorbereitungsschritte
wie Konditionierung, Waschen und Elution auskommt, die fur die SPE typisch sind. Ein weiterer
Vorteil der SPME ist ihre Vielseitigkeit. Mit HS-SPME konnen flichtige Analyten effektiv extrahiert
werden, die bei der LLE leicht verloren gehen. Im Vergleich zur SPE bietet die SPME zudem eine
groBere Optimierungsmoglichkeit durch eine groBe Auswahl an Polymerbeschichtungen,
Moglichkeit zur Temperatureinstellung, Sammeldauer, Rotationsgeschwindigkeit und
Desorptionszeit. Ein potenzieller Nachteil der SPME ist allerdings ihre begrenzte Kapazitat,
wodurch sie besser flr Spurenanalyse geeignet ist. Allerdings ist dies bei Grubenwasser- und
MIW-Proben meist unproblematisch, da hier ohnehin sehr geringe Analytkonzentrationen
vorliegen. In Fallen hoherer Analytkonzentrationen kann die SPE aufgrund ihrer groBeren
Beladungskapazitat von Vorteil sein. Dennoch Uberwiegen die Effizienz und Vielseitigkeit der

SPME invielen Anwendungen, insbesondere bei komplexen Matrizes.
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1.1.3.2 Gaschromatographie-Massenspektrometrie

Die Gaschromatographie-Massenspektrometrie (GC-MS) ist eine bewahrte Methode zur
qualitativen und quantitativen Analyse komplexer organischer Verbindungen. Die Probe wird in
den Gaschromatographen eingefuhrt, wo sie verdampft und anhand ihrer physikochemischen
Eigenschaften aufgetrennt wird [61]. Eine Kapillarsdule dient als stationare Phase, wahrend das
Tragergas als mobile Phase dient. AnschlieBend gelangen die getrennten Substanzen in das
Massenspektrometer, wo sie ionisiert und fragmentiert werden. Anhand der resultierenden
Massenspektren und Zeiten (Retentionszeiten, RT), die sie von der Injektion bis zum MS brauchen,
kénnen die Analyten bestimmt werden. Dies macht die GC-MS zu einer unverzichtbaren Technik
in der Umweltanalytik, beispielsweise bei der Untersuchung von Schadstoffen wie PCB. Gerade
fur Proben mit komplexen Matrizes wie Grubenwasser oder MIW ermoéglicht die Methode die
empfindliche und selektive Analyse von vielen PCB-Kongeneren in Spurenkonzentrationen.
Neben ihrer Vielseitigkeit, die sich durch Anpassungsmadglichkeiten an unterschiedlichste
Substanzen auszeichnet, bietet die GC-MS den Vorteil einer prazisen Identifikation und
Quantifizierung. Herausforderungen bestehen allerdings bei thermolabilen Substanzen, die bei
der Verdampfung zerfallen kdénnen [62]. Trotz dieser Einschrankung gilt die GC-MS als
Standardmethode fur die Analyse flichtiger und semi-flichtiger organischer Verbindungen und

bleibt in der chemischen und Umweltanalytik von zentraler Bedeutung.

1.1.4 Verschiedene Verfahren zur Reduzierung von chlorierten Stoffen

POPs stellen eine erhebliche Gefahr flr die Gesundheit von Mensch und Umwelt dar. Daher
wurden zahlreiche Methoden entwickelt, um ihre Konzentrationen in der Umwelt du reduzieren.
Eine relativ einfache und weit verbreitete Methode ist die Filtration von POPs und der Partikel, an
die sie adsorbiert sind [63-66]. Haufig wird dabei Aktivkohle eingesetzt, die durch ihre feinkornige
Struktur und hohe Porositat eine groBe innere Oberfldche bietet. Vor allem dreifach- und
vierfachchlorierte PCB sorbieren an Aktivkohle [67], wodurch ihre Bioverfigbarkeit stark reduziert
wird [68]. Allerdings bleiben die adsorbierten POPs chemisch stabil und kdnnen prinzipiell wieder
mobilisiert werden. Deshalb ist eine sichere Entsorgung, thermische Zerstérung oder die
Kombination mit mikrobiellen Abbauverfahren notwendig, um die Schadstoffe langfristig zu
eliminieren. Letzteres bietet den Vorteil, dass POPs adsorptiv akkumuliert und gleichzeitig
biologisch abgebaut werden [69-71].

Die Nutzung von mit Biofilm Uberzogener Aktivkohle wurde bereits in den 1970er Jahren intensiv
untersucht [72] und hat sich seither in der Abwasserbehandlung etabliert [73]. Mikroorganismen
bauen die Schadstoffe entweder durch Umwandlung oder vollstdndige Entfernung ab [74].
Hochchlorierte POPs werden dabei zunachst unter anaeroben Bedingungen zu niedrigchlorierten
Verbindungen dechloriert, die anschlieBend aerob weiter abgebaut werden kénnen [75,76]. Der
biologische Abbau von PCB ist jedoch zeitaufwandig und kann mehrere Monate in Anspruch

nehmen [65,77]. Zudem ist es nicht immer madglich, alle PCB vollstandig zu Biphenyl zu
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dechlorieren [78]. Ein weiteres Hindernis ist die Schaffung geeigneter Umweltbedingungen fur die
Mikroorganismen, was insbesondere bei stark kontaminierten Proben mit Mischbelastungen

problematisch sein kann.

Ein weiteres passives Verfahren zur PCB-Entfernung ist die Phytoremediation. Dabei nutzen
Pflanzen und Bdden Sorption, Aufnahme (unterstutzt durch pflanzliche Tenside [79]) oder
mikrobiellen Abbau, um PCB zu entfernen [80-82]. Feuchtgebiete wurden bereits erfolgreich flr
die Behandlung von Regenwasser, kommunalem Abwasser und bergbaubedingten Abwéassern
eingesetzt. Aufgrund der hohen log Kow-Werte der PCB ist die direkte Aufnahme von Pflanzen
jedoch begrenzt [83], sodass der Beitrag der Phytoremediation in der Regel indirekt Uber die
Stimulierung mikrobieller Aktivitat erfolgt [84]. Der vollstdndige Abbau kann zudem viel Zeit
erfordern [85].

Daruber hinaus ist die chemische Dechlorierung von PCB eine weitere Option, die jedoch oft hohe
Temperaturen und Dricke erfordert [86]. Niedervalente Metalle wie Alkalimetalle in alkoholischen
Losungen oder Magnesium und Zink in sauren oder basischen Medien haben sich dabei als
effektiv erwiesen [87,88]. Bei diesen Prozessen werden PCB durch aromatische nukleophile
Substitution in weniger chlorierte Verbindungen umgewandelt [89]. Chemische Verfahren sind im
Vergleich zu biologischen Methoden deutlich schneller (Minuten bis Stunden) [89-91], gehen
jedoch mithohen Kosten einher und werden deshalb meist gezielt fur besonders belastete Proben

eingesetzt.

1.1.4.1 Metallkatalysatoren: Losungen fur belastete Umweltproben

Um die theoretisch extremen Reaktionsbedingungen bei der Dechlorierung von POPs zu
vermeiden, konnen Katalysatoren eingesetzt werden. Metallnanopartikel katalysieren dabei die
Bildung von Wasserstoffradikalen aus Elektronendonatoren wie molekularem Wasserstoff (H,).
Diese Radikale ermdglichen die Substitution von Halogenatomen im POP-Molekil. Besonders
haufig kommen Ubergangsmetalle wie Nickel oder Pd zum Einsatz. Pd-Katalysatoren zeigen im
Vergleich zu anderen Metallen eine hohere Aktivitat und Selektivitat sowie eine geringere Toxizitat
und verbesserte Stabilitat unter Laborbedingungen. Daher gelten sie als vielversprechend flur die
Behandlung von PCB-kontaminierten (Ab-)Wasser und Boden-Wasser-Systemen [13,92-99].

Pd-katalysierte Hydrodechlorierungen zeichnen sich durch ihre Effizienz aus, da die Reaktionen
oft bei Raumtemperatur und innerhalb von Minuten bis Stunden ablaufen [92,94,100]. Trotz
dieser Vorteile kdnnen hohe Kosten fir die Herstellung von Ubergangsmetallkatalysatoren die
Anwendung einschranken. Zudem sind viele Katalysatoren nicht wiederverwendbar, was die
Wirtschaftlichkeit und Nachhaltigkeit der Verfahren beeintrachtigt. Auch eine Freisetzung von
Metallnanopartikeln in die Umwelt konnte potenzielle Risiken bergen [101,102]. Ein weiteres
Problem sind die sogenannten Katalysatorgifte, also Substanzen in den zu behandelnden Medien,

die die Aktivitat der Katalysatoren hemmen kénnen [103].

10



Kapitel 1

Um diese Herausforderungen zu adressieren, kdnnen Metallnanopartikel in Silikon, wie zum
Beispiel Polydimethylsiloxan (PDMS), eingebettet und als diinne Schicht auf Oberflachen in
ReaktionsgefaBen aufgetragen werden. Solche Beschichtungen verhindern Agglomeration [104]
und reduzieren die Exposition gegenuber katalytischen Giften, wodurch die Stabilitat und
Langlebigkeit der Katalysatoren verbessert wird [105]. Studien zeigen, dass Pd-PDMS-
Verbundstoffe einen zuverldssigen Schutz vor ionischen Storsubstanzen bieten [14,105],
allerdings geht dies mit einer leicht verringerten katalytischen Aktivitat einher [105]. Eine hohe

Stabilitat der Katalysatoren ist jedoch entscheidend fur nachhaltige Anwendungen.

Da die Strukturen von HCB und PCB ahnliche Eigenschaften aufweisen - HCB besteht aus einem
chlorierten Benzolring, PCB bestehen aus zwei, Uber eine C-C-Bindung verknupften,
Benzolringen — wird angenommen, dass ihre Dechlorierungsmechanismen vergleichbar sind.
Hochchlorierte PCB konnen jedoch durch partielle Dechlorierung toxischere, dioxinahnliche
Zwischenprodukte bilden. Ein Verstandnis der zugrundeliegenden Mechanismen ist daher
entscheidend, um solche unerwunschten Produkte vorherzusagen, beziehungsweise im besten

Fall auszuschlieBen.

1.1.5 Forschungsziele

Die Hauptziele dieser Dissertation lauten:

Eine hochaufgeldste Quantifizierung von PCB in Grubenwéssern und darauf aufbauend eine
Erarbeitung von Anséatzen zur Reduktion der PCB-Belastung vor der Einleitung in

Oberflaichengewaésser.

Die Forschungsziele gliedern sich in drei zentrale Aspekte, die jeweils in einem eigenen Kapitel

behandelt werden:

i) Anpassung und Optimierung einer analytischen Methode: Anpassung und
Optimierung einer SPME-GC-MS-Methode zur effizienten Extraktion und Analyse von
58 PCB-Kongeneren aus Grubenwassern. Ziel ist es, prazise Gesamtkonzentrationen
und jahrliche Frachten von PCB zu berechnen (Kapitel 2)

i) Beschreibung der Dechlorierungsmechanismen: Aufklarung der Dechlorierungs-
mechanismen, Reaktionspfade und Intermediate bei PCB-ahnlichen, aber strukturell
einfacher aufgebauten Analyten, mittels Pd-Katalysatoren (Kapitel 3)

iii) Entwicklung wiederverwendbarer geschiitzter Katalysatorensysteme: Einbettung
von Pd-Katalysatoren in eine PDMS-Schicht, um deren Wiederverwendbarkeit
sicherzustellen und ihre Aktivitat gegenuber Katalysatorgiften in komplexen

Grubenwasser-Matrizes zu schitzen (Kapitel 4)

Die Ergebnisse dieser Arbeit sollen bestehende Wissensliucken hinsichtlich der PCB-Belastung in
Grubenwassern, MIW und anderen Umweltmedien schlieBen. Zudem wird ein Beitrag zur
Entwicklung nachhaltiger Technologien geleistet, die es ermoglichen, auch nicht vorbehandelte,

11
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komplexe und mit halogenierten Stoffen belastete Wasser ressourcenschonend und effektiv zu
reinigen. Diese Technologie kdnnte zuklnftig dazu beitragen, den Eintrag toxischer Verbindungen
in die Umwelt 2zu reduzieren. Diese strukturierte Vorgehensweise verbindet
grundlagenwissenschaftliche Untersuchungen mit anwendungsorientierten Technologien und

soll langfristig zur Losung drangender Umweltprobleme beitragen.

1.2 Forschungsansatz — Methoden

1.2.1 Quantifizierung von PCB in Grubenwassern

Um die analytischen Herausforderungen bei der Spurenanalyse von PCB zu bewaltigen und eine
zuverlassige Methode zur Extraktion und Analyse zu entwickeln (i), wurden geeignete
Extraktionsmethoden aus der Literatur ausgewahlt und optimiert [55-58]. Der Schwerpunkt lag
auf der Analyse von niedrigchlorierten PCB sowie Biphenyl, allerdings ist die Methode mit kleinen
Anderungen auch fiir hochchlorierte PCB geeignet. Insgesamt wurden finf verschiedene
Grubenwasser an verschiedenen Standorten untersucht. Die Standorte Walsum und Zollverein
(einschlieBlich Strang Stinnes) befinden sich im Steinkohlerevier des Ruhrgebiets (Nordrhein-
Westfahlen (NRW), Deutschland), wahrend die Zechen Reden und Camphausen im Saarland
(Deutschland) liegen (Abbildung 4).

Die Grubenwasserin NRW wurden Uber einen Zeitraum von 26 Monaten an vier Terminen beprobt,
um mogliche zeitliche Schwankungen der PCB-Konzentrationen zu erfassen. Am Standort Reden
erfolgt vor der Ableitung des Grubenwassers Uber den Mosesgang in den Nebelbach eine
thermische Nutzung. Der Nebelbach, ein kinstlicher Bachlauf mit einer Lange von etwa 500 m,
wird ausschlieBlich aus Grubenwasser gespeist. Zur Untersuchung des Remediationspotenzials
des damit verbundenen Feuchtbiotops wurden Wasserproben entlang des Bachverlaufs

entnommen.

Fur die Handhabung organischer Verbindungen wurden Glasbehéaltnisse verwendet, um
Adsorptionsverluste an Kunststoffoberflachen zu vermeiden. Die Probenahmeflaschen (0,5- oder
1-L-Schottflaschen, Duran®, mit Schraubverschlussdeckeln und PTFE-beschichteter
Silikondichtung) wurden vor Gebrauch grindlich mit Aceton und Reinstwasser (mQ-Wasser)
gereinigt. Vor der Probenahme im Saarland wurden die Flaschen dreimal mit dem jeweiligen
Grubenwasser gesplult, bevor die eigentliche Probe entnommen wurde. Um Kontakt mit
Luftsauerstoff und eine mogliche Volatilisierung der PCB zu vermeiden, wurden die
Probenflaschen vollstandig befillt. Die Proben wurden bis zur Analyse bei 4 °C gelagert, um

chemische Umwandlungsprozesse zu minimieren.

Fur die Messung wurde jeweils ein Aliquot von 10 mL der Grubenwasserproben in ein 20 mL-
SPME-Flaschchen Uberfliihrt und mit IS versetzt. Der IS enthielt sowohl vier deuterierte (B-do,
PCB 3-ds, PCB 9-ds, PCB 18-ds) als auch acht *C-markierte ("*C-PCB9, '*C-PCB 28, ™C-
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. Zechengebiet Walsum, Zollverein und Stinnes
. Zechengebiet Reden und Camphausen

dy AR
B e e e T

Abbildung 4. Ubersicht der Probenahmestandorte fiir Grubenwasser. a) Ubersicht der beprobten Zechengebiete
in NRW und im Saarland (Deutschland); b) Standort Reden, Mosesgang (Foto: K. Wiltschka); c) Standort Zollverein,

mit den Strdngen Zollverein und Stinnes (Foto: M. Dittmar); d) Standort Camphausen, Einleitung in den Fischbach
(Foto: K. Wiltschka).

PCB 52, "*C-PCB 101, *C-PCB 118, *C-PCB 138, '*C-PCB 153, *C-PCB 180) Isotope, um eine
groBe Ahnlichkeit zwischen den jeweiligen Kongeneren und entsprechenden IS zu gewéhrleisten.
Die Analyten wurden mit dem IS korrigiert, der die ahnlichste RT besaB. Die Arbeitsschritte

erfolgten unter inertem Stickstoff-Kohlendioxid-Gemisch (80:20) in einer Anaerobbox, um
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Sauerstoffeintrag zu vermeiden und Veradnderungen in der Probenzusammensetzung zu

verhindern.

Die Grundlagen der SPME-Methode wurden auf Basis mehrerer Studien zur PCB-Analytik [55-58]
entwickelt. Da die Faserbeschichtungen kontinuierlich weiterentwickelt werden und die
Extraktionseffizienz der Fasern stark von Matrixeigenschaften, Temperatur und weiteren
Parametern abhangt, wurden die wichtigsten SPME-Bedingungen systematisch optimiert. Zu den
untersuchten Parametern gehorten die Faserbeschichtung (sechs verschiedene
Beschichtungstypen: 50/30 um Divinylbenzol/Carboxen/PDMS (DVB/CAR/PDMS), 7 und 100 pm
PDMS, 65 pm DVB/PDMS sowohl mit StableFlex™ als auch mit Nitinolkern, und 85 um Polyacrylat
(PA)), die Extraktionstemperatur (40-90 °C in 10 K-Schritten), die Equilibrierungsdauer (die Zeit,
die die Probe braucht, um die gewilnschte Extraktionstemperatur zu erreichen), die
Extraktionszeit (10-50 min in 10 min-Schritten), die Durchmischungsintensitat wahrend der
Extraktion (250-700rpm, sechs Intensitaten), die Desorptionszeit (1-3min) und die

Faserreinigungszeit (0-21 min in 3 min-Schritten).

Die PCB-Analytik erfolgte mittels GC, gefolgt von MS. Dabei wurden die PCB zunachst nach ihren
physikochemischen Eigenschaften chromatographisch getrennt und anschlieBend auf Basis
ihres Masse-zu-Ladung-Verhaltnisses detektiert. Zur Trennung wurde eine 60 m lange TraceGOLD
TG-XLBMS Saule mit einem Durchmesser von 0,25 mm und einer Beschichtungsdicke von
0,25 pm verwendet, die aufgrund ihrer guten Trennleistung besonders fur die PCB-Analyse
geeignet ist. Basierend auf Literaturdaten zu Ofentemperaturprogrammen [55,57,58] wurde ein
angepasstes Temperaturprogramm entwickelt, um moglichst viele der 58 analysierten PCB-

Kongenere (JPCBss) basisliniengetrennt zu separieren.

1.2.2 Dechlorierung von chlorierten organischen Verbindungen

Zur Untersuchung des Dechlorierungspotenzials von Metallkatalysatoren sowie der zugrunde
liegenden Dechlorierungsmechanismen und -pfade (ii) wurde HCB, dessen Struktur PCB ahnelt,
zusammen mit anderen Chlorbenzolen (CB) in umweltrelevanten Konzentrationen durch Pd(0)-
Nanopartikel dechloriert. Um die Reaktionswege umfassend zu analysieren, war es notwendig,
die Bildung und den Abbau potenzieller Zwischenprodukte zu verfolgen. Dabei stellt sich die
Herausforderung, zu differenzieren, ob die Konzentration eines Zwischenproduktes auf eine hohe
Entstehungsrate oder auf dessen Charakter als sogenanntes Dead-End-Produkt (chemische
Verbindung, die keine weiteren Reaktionsprozesse eingeht) zurlckzufuhren ist. Aus diesem
Grund wurden in den Dechlorierungsexperimenten zusatzlich die elf moglichen
Dechlorierungsprodukte - Pentachlorbenzol (PeCB), drei Tetrachlorbenzole (TeCB), drei
Trichlorbenzole (TCB), drei Dichlorbenzole (DCB) und Monochlorbenzol (MCB) - als
Ausgangsverbindungen untersucht. Auch hier wurden mehrere Isotope als IS eingesetzt (*C-
HCB, '*C-PeCB, '*C-1,2,3,4-TeCB, '3C-1,2,3-TCB, '*C-1,4-DCB, C-MCB und B-ds), um die

Genauigkeit der Analyse zu verbessern.
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Um den Reaktionsverlauf bis zum Endprodukt Benzol (B) prazise zu verfolgen und Ressourcen
effizient zu nutzen, wurden die Experimente direkt in den 20 mL-Flaschchen durchgefuhrt, die
spater fur die Analyse verwendet wurden. Die Versuche fanden in einer anaeroben Umgebung
statt, um eine Deaktivierung des Katalysators durch Luftsauerstoff zu verhindern. Zunachst
wurden die Pd(0)-Dispersion und die Pufferlésung (9 g L' Natriumhydrogencarbonat, NaHCOs,
und 2.94 g L Trinatriumcitrat Dihydrat, CsHsNazO; * 2 H,O) mit Wasserstoff (H,) angereichert, um
optimale Bedingungen fur die Dechlorierung zu schaffen. Hierflir wurden die beiden Flissigkeiten
30 min lang mit H, durchstromt. Danach wurden 10 mL einer Mischung aus Pufferlosung und
Pd(0)-Dispersion in ein 20 mL-Fldschchen Uberfihrt. Um noch mehr Wasserstoff als
Elektronendonatoren zur Verfliigung zu stellen, wurde 1 mL des Gasraums mit einer Spritze durch
1 mL H, ersetzt. Nach der Zugabe von HCB oder einem anderen Chlorbenzol (3 pg L', oder
6 pg L fir MCB) startete die Reaktion, und die Flaschchen wurden auf einem Horizontalschttler

zur besseren Durchmischung platziert.

Die Dechlorierung wurde nach definierten Zeitintervallen (1, 3, 6, 12, 30 oder 60 min) durch
Zugabe eines Katalysatorgifts (Natriumsulfit, Na,SO;) gestoppt. AnschlieBend wurde IS
hinzugeflgt. Fur die Zeitstufe ,,0 min“, sowie die Kalibrierstufen wurde das Katalysatorgift bereits
zu Beginn zusammen mit der Pufferlosung in die Fldschchen gegeben, um eine identische Matrix
ohne Dechlorierungsreaktion zu erhalten. Jedes Zeitintervall wurde in vierfacher Wiederholung
durchgefuhrt. Die Proben wurden anschlieBend mittels SPME-GC-MS gemessen.

Die katalytische Hydrodechlorierung folgt einer Reaktion pseudoerster Ordnung. Die spezifische
Pd-Aktivitat des Nanokatalysators fir die Substanz ,,i“ (Aps) wurde mit folgender Gleichung
berechnet [100]:

C .

v, In )
A -[L _1min_1] — Wasser — tx,i 1
pail™d Mpq* Ty N2+ cpg - (tx — to) )

Dabei stehen

® Viasser [L] fUr das Volumen der Reaktionslésung

* mpy Und cpy fur die Masse bzw. Konzentration des Pd-Katalysators

* 1,2 flr die Halbwertszeit des Reaktanten

* to und t, fur die Start- bzw. Endzeit (wobei x = der Zeitpunkt der Katalysatorvergiftung, 1-60 min)

* ¢ und cy fur die Konzentration der Substanz i zu den entsprechenden Zeitpunkten

1.2.3 Einbettung von Katalysatoren in eine Beschichtung

Um die spezifische katalytische Aktivitat von Pd-Katalysatoren auch in Gegenwart
katalysatorgiftreicher Grubenwasser aufrechtzuerhalten (iii), wurden Pd/Al,O3-Partikel in eine
PDMS-Schicht eingebettet. Die Einbettung soll die Katalysatoren fixieren und gleichzeitig eine

hohe katalytische Effizienz sicherstellen.
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Zur Untersuchung der Dechlorierungsmechanismen und der katalytischen Aktivitdt wurden HCB-
Dechlorierungsexperimente mit Pd(0)-Partikeln und vier grubenwasserspezifischen PCB-
Kongeneren (PCB4, 18, 28, 52) durchgeflihrt. Diese Experimente erlaubten sowohl die
Uberpriifung der Dechlorierungswege als auch die Quantifizierung der katalytischen Aktivitaten
unter optimalen Bedingungen (dispergierter Katalysator in Pufferlosung). Es zeigte sich jedoch,
dass dispergierte Pd(0)-Partikel ungeeignet fur die Einbettung in eine PDMS-Schicht sind.
Vorangegangene Untersuchungen haben gezeigt, dass Pd/Al,O3-Partikel im Vergleich zu anderen
Pd-basierten Katalysatoren die katalytische Aktivitdt am effektivsten aufrechterhalten konnen
[14]. Daher wurden diese Partikel fur die Einbettung in die PDMS-Schicht verwendet.

Fuar die Beschichtung kam SilGel® 612 A/B (Silgel) zum Einsatz, das zur besseren Verarbeitbarkeit
mit Hexan verdiinnt wurde. Unterschiedliche Silgelmengen (75, 375 oder 750 mg) wurden mit
0,3 mg Pd/Al,Os-Partikeln in 20 mL-Flaschchen gegeben. Um eine gleichmaBige Beschichtung der
Innenwande der Flaschchen zu erreichen, wurden diese in einen Uberkopfschittler (Abbildung 5)

eingespannt und Uber Nacht rotiert, sodass das Hexan vollstandig abdampfen konnte und sich

ein dunner Silgel-Film auf der Innenseite bildete.

Abbildung 5. a) Uberkopfschiittler fiir das Auftragen der Beschichtung an die Innenseiten der Fldschchen, b) In
PDMS eingebettete Pd-Nanopartikel [105].

Die spezifischen katalytischen Aktivitaten der Katalysatoren wurden unter drei verschiedenen
Bedingungen verglichen: dispergierte Pd(0)-Partikel, suspendierte Pd/Al,Os-Partikel und in PDMS
eingebettete Pd/Al,Os-Partikel. Die Experimente wurden sowohl in einer Pufferlosung als auch in
drei reprasentativen Grubenwassern (Walsum, Stinnes, Reden) durchgefuhrt. Der Abbruch der
Dechlorierungsreaktion wurde bei dispergierten Katalysatoren durch Zugabe eines
Katalysatorgifts erreicht, wahrend er bei suspendierten und eingebetteten Katalysatoren durch
Aliquotentnahme und anschlieBende Zugabe des Katalysatorgifts erfolgte. Wahrend die
dispergierten und suspendierten Katalysatoren fir Reaktionszeiten von bis zu 60 min getestet
wurden, wurden die eingebetteten Katalysatoren unter Langzeitbedingungen bis zu 48 Stunden
untersucht. Diese Vorgehensweise erlaubte eine umfassende Bewertung der Stabilitat und

Effektivitat der eingebetteten Katalysatoren im Vergleich zu den nicht eingebetteten Varianten.
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1.3 Zusammenfassung der Ergebnisse

1.3.1 PCB-Belastung von Grubenwassern

Die getesteten SPME-Fasern zeigen deutliche Unterschiede in ihren Extraktionseigenschaften fur
PCB-Kongenere und Biphenyl. Fur niedrigchlorierte PCB erwiesen sich zwei Fasern mit einer
65 uym PDMS/DVB-Beschichtung als besonders effizient. Dabei fuhrte die Variante mit einem
Nitinol-Kern (anstelle von StableFlex™) zu stabileren und weniger schwankenden
Extraktionsraten. Mit steigendem Chlorierungsgrad nahm jedoch die Extraktionseffizienz ab. Eine
Faser mit einer 100 pm-dicken PDMS-Beschichtung war am besten fur hochchlorierte PCB

geeignet, zeigte jedoch eine geringere Eignung fur niedrigchlorierte Kongenere.

Die optimale Extraktionstemperatur variierte zwischen 60 °C und 90 °C. Niedrigchlorierte PCB
und Biphenyl wurden bei niedrigeren Temperaturen effizienter extrahiert, wahrend
hoherchlorierte PCB bei hoheren Temperaturen eine bessere Extraktion zeigten. Die Zeit, die
erforderlich war, um die Proben auf 95 % der Zieltemperatur zu bringen, betrug bis zu 8 min - ein
kritischer Parameter angesichts der temperaturabhangigen Extraktionsleistung. Eine intensivere
Durchmischung verkurzte die Extraktionszeit; jedoch brachten Intensitaten tber 500 rpm keine
weiteren Verbesserungen und kdnnten die Fasermechanik beeintrachtigen. Daher wurde eine
Intensitat von 500 rpm mit einer Extraktionszeit von 30 min gewahlt. Die optimale Desorptionszeit
wurde auf 3 min festgelegt, um die vollstandige Freisetzung der Analyten von der Faser zu
gewahrleisten. Letztendlich wurden fur die PCB-Extraktionen aus den Grubenwdassern zwei
verschiedene Methoden gewahlt. Flr eine optimale Extraktion von niedrigchlorierten PCB wurde
eine PDMS/DVB-Faser bei 75 °C verwendet, wahrend fiir hochchlorierte PCB eine PDMS-Faser bei
80 °C genutzt wurde. Durch diese Methodenoptimierungen konnten sehr niedrige LODs (0,004-
0,58 ng L") und LOQs (0,01-1,9 ng L") erzielt werden.

Die PCB-Konzentrationen in den untersuchten Grubenwassern lagen zwischen 19,0 und
120 ng L, wobei insbesondere di-, tri- und tetrachlorierte Kongenere nachgewiesen wurden. Die
PCB-Zusammensetzung variierte je nach Herkunft der Grubenwasser, blieb jedoch innerhalb der
einzelnen Gruben Uber den Beobachtungszeitraum von 26 Monaten konstant. PCB 18 war in allen
Proben mit Konzentrationen von bis zu 25,9 ng L' am haufigsten vertreten. Von den PCBi.11s
wurden lediglich PCB 28 und PCB 52 in relevanten Mengen gefunden. Die Summierung der
PCBi.11s-Werte und deren Multiplikation mit einem Faktor von 5 lieferte fir die saarlandischen
Grubenwasser akzeptable Ergebnisse, war jedoch fur die Proben aus NRW ungeeignet (Tabelle 2).
Besonders im Grubenwasser von Zollverein fuhrte diese Methode aufgrund des hohen Anteils

niedrigchlorierter PCB zu einer starken Unterschatzung der Gesamtkonzentration.

Zur besseren Charakterisierung der PCB-Belastung wurden elf haufig vorkommende Kongenere
(2PCBwp11: PCB 16,17,18,19, 28, 31, 32, 44, 49, 52 und 53) identifiziert, die in allen Gruben zu den
haufigsten 15 PCB gehdren. Ihr Anteil an der PCB-Gesamtmenge schwankte zwischen 37 % und
83 %, wodurch sie als geeigneteres MaRB fur die Belastung durch aus dem Bergbau stammende

PCB-Kontamination betrachtet werden konnen.
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Tabelle 2. Konzentrationen fiir PCBi:11s, PCBs3 und entsprechende Multiplikationsfaktoren

Grube >PCB:s; YPCBi.11s Faktor
Walsum 20,4-56,4 2,5-6,7 8,2-8,4
Zollverein 82,1120 5,8-10,8 11,1-14,2
Stinnes 19,0-42,9 2,8-6,2 6,8-6,9
Reden 53,7 10,4 5,2
Camphausen 51,8 10,7 4,8

Um die Gemeinsamkeiten und Unterschiede zwischen unterschiedlichen Grubenwassern zu
verdeutlichen, sowie zwischen diesen Grubenwassern und verschiedenen Clophen-Mixturen,
wurden die homologen PCB-Kongenere der Grubenwasser zusatzlich mit den homologen
Kongeneren der Clophen-Mixturen A30, A40 und A50 verglichen (Abbildung 6). Die Ahnlichkeit vor
allem zu Clophen A30, aber auch A40 ist dabei besonders deutlich. Clophen A50 weist dagegen
eine ganz andere Zusammensetzung auf als die in den Grubenwassern gefundenen Kongenere.
Dies bestatigt die Angaben aus alteren Berichten, dass in deutschen Steinkohlegruben
vorwiegend A30 und A40 verwendet wurden [4].

100 -

20 B Y octa-chloro-B
m 5 hepta-chloro-B

60 > hexa-chloro-B
B ) penta-chloro-B

40 B 5 tetra-chloro-B
| ) tri-chloro-B

20 B > di-chloro-B

0
& & o ® P
A

3 e e e
Abbildung 6. Vergleich der Verteilung der PCB-Homologe in Grubenwdissern und technischen Gemischen.

Gewichtsanteil [%]

Zechen Technische Gemische

Far eine fundierte Risikoabschatzung sind nicht nur die PCB-Konzentrationen, sondern auch die
jahrlichen Frachten entscheidend. Obwohl die Konzentrationen im Bereich von pg-ng L™ liegen,
fuhren die hohen Grubenwasservolumina (je Grube 1,7-12 Mio. m® a”) zu einer PCB-Fracht von 1-
2 kg pro Jahr in die angrenzenden Oberflachengewasser. Zwei der groBten Bergwerksbetreiber in
Deutschland geben zusammengerechnet einen Gesamtgrubenwasserbestand von insgesamt
mehr als 134 Mio. m®*a™ an [106,107]. Davon ausgehend, dass andere Grubenwasser ahnlich
stark belastet sind wie die der funf untersuchten Zechen, ergibt sich hochgerechnet eine
potenzielle jahrliche PCB-Fracht von ca. 6-9 kg. Jedoch miissen diese Mengen in Relation
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betrachtet werden. Im Vergleich dazu emittiert die Stadt Zurich etwa 16 kg PCB jahrlich in die
Atmosphare [108], wahrend fiir die Stadt Toronto die Schatzungen bis zu 190 kg betragen [109].
Dennoch durfen diese PCB-Freisetzungen aus Grubenwassern nicht unterschatzt werden, da

selbst geringe Mengen schwerwiegende Umweltwirkungen haben konnen.

Am Standort Reden flieBt das Grubenwasser zunachst durch einen klnstlichen Bachlauf, bevor
es in einen Vorfluter gelangt. Hier fuhren Prozesse wie Partitionierung oder Degradation zu einer
Abnahme der PCB-Konzentrationen (Abbildung 7).
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Abbildung 7. a) Ein Ausschnitt des kiinstlichen Bachlaufs in Reden; b) Konzentrationsverringerung der >PCBitop11

entlang des kiinstlichen Bachlaufs am Standort Reden, die Fehlerbalken zeigen die relative Standardabweichung.

Nach einer Strecke von 500 m haben sich die PCB-Konzentrationen im Durchschnitt um 32 %
verringert. Dadurch wird die jahrliche Fracht von 0,64 kg auf 0,44 kg gesenkt und ein wesentlicher
Teil der PCB gelangt nichtin den Vorfluter. Dennoch ist eine vollstandige Eliminierung der PCB auf
diesem Wege nicht moglich. Zudem wird die PCB-Belastung lediglich in andere Umweltsysteme
verlagert. Da der Austritt von Grubenwassern als Punktquellen gelten, bieten sie eine Maglichkeit
far gezielte Behandlungsansatze, wie Dechlorierungsverfahren, bevor sich die PCB weiter in der

Umwelt verteilen.

1.3.2 Aufklarung der Reaktionsmechanismen und -pfade bei der Dechlorierung

von HCB mit Pd-Katalysatoren

Die Hydrodechlorierung von HCB und anderen CB wurde Uber einen Reaktionszeitraum von
60 min untersucht (Abbildung 8). Im Allgemeinen nahm die Reaktionsgeschwindigkeit mit
abnehmendem Chlorierungsgrad der CB zu. Ausnahmen bildeten jedoch Verbindungen wie
1,2,4,5-TeCB oder 1,2,4-TCB, bei denen die Reaktion langsamer verlief. Fur diese Verbindungen
sowie fur HCB wurde zudem eine anfangliche Verzogerung bei der Bildung von B beobachtet. Die
Entstehung von Zwischenprodukten deutet auf einen schrittweisen Dechlorierungsprozess hin,

bei dem jeweils ein Chloratom gegen ein Wasserstoffatom ausgetauscht wurde. Eine parallele
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Abbildung 8. Dechlorierungsverldufe von allen CB. Auftretende Intermediate mit dem gleichen Chlorierungsgrad

angegeben als Summe. Die Linien wurden inkludiert, um den Blick des Lesers zu fiihren. Grafik angelehnt an

Wiltschka et al. (2020) [110].
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direkte Dechlorierung zu B konnte jedoch nicht ausgeschlossen werden. Die Dechlorierung von
POPs erfolgt Uberwiegend durch Wasserstoff- [111] oder Elektronentransfermechanismen [112].
In diesem Fall dominierte der Wasserstofftransfer, da im System durch Pd(0) aktivierter
Wasserstoff vorlag, der elektrophil an den aromatischen Ring addiert werden konnte [113].
Adsorbierte polychlorierte aromatische Verbindungen neigten dazu, eine
Doppelbindungscharakteristik in der Kohlenstoff-Chlor-Bindung (C=Cl) zu entwickeln [114]. Dies
ermoglichte die Abspaltung mehrerer Chloratome ohne vorherige Desorption von der
Katalysatoroberflache. Elektrophile Substituenten entzogen dem aromatischen Ring Elektronen
und beschleunigten die katalytische Hydrodechlorierung [115]. Die Starke der C=Cl-Bindung war
dabei von der Anzahl der Chloratome im Molekil abhéngig. Die Elektronen wurden teilweise aus
den d-Orbitalen entfernt, was zu einer zusatzlichen Stabilisierung fihrte. Dies beglnstigte die
Bildung zweier C=Cl-Bindungen und die Abspaltung von zwei Chloratomen ohne Desorption von

der Katalysatoroberflache [116].

Die Experimente zur Dechlorierung von CB identifizierten haufig auftretende Zwischenprodukte,
darunter die Isomere 1,2,3,4-TeCB, 1,2,3-TCB und 1,2-DCB. Bevorzugt wurden dabei benachbarte
(vicinale) Chloratome substituiert. Zwischenprodukte, die bei der Dechlorierung von HCB in
groBeren Mengen entstanden, zeigten selbst rasche Abbaureaktionen. Dies belegte, dass es sich
nicht um Dead-End-Produkte handelte, sondern um bevorzugte Intermediate, aus denen der
bevorzugte Abbauweg von HCB abgeleitet werden konnte (Abbildung 9).

Cl Cl Cl

/1,2,4,5—TeCB 1,2,4-TCB
cl cl cl cl
Cl Cl Cl Cl f >
e el
cl ¢l ol cl cl >
cl cl cl

HCB PeCB \,2,3,4—TGCB 1,2,3-TCB 1,2-DCB / MCB B
Cl Cl cl
cl
e Dzchlorierungsweg Pdi0)
— e
ci ¢l ci ci cl = Dechlorierungsweg

Mikroorganismen / Photolyse

1,2,3,5-TeCB 1,3,5-TCB 1,3-DCB

Abbildung 9. Dechlorierungswege von HCB. Blaue Pfeile = bevorzugter Abbauweg mithilfe von Pd(0)-
Nanopartikeln; violette Pfeile = bevorzugter Abbauweg mithilfe von Mikroorganismen [76] oder Photolyse [117],
angelehnt an Wiltschka et al. 2020 [110].

Ein Vergleich mit der mikrobiologischen [76] oder photolytischen Dechlorierung [117] zeigte, dass
dort die Reaktionswege grundlegend anders verlaufen. Vicinalchlorierte CB stellen in diesen

Prozessen energetisch unglinstigere Zwischenprodukte dar [118]. Eine mogliche Erklarung fur die
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hier beobachteten Reaktionswege ist die Bildung einer ,abschirmenden Wand* aus negativen
Teilladungen durch die elektronenziehende Wirkung der Chloratome. Diese Schutzwirkung nimmt
mit der Entfernung zwischen benachbarten Chloratomen ab, wodurch die Substitution erleichtert
wird (Abbildung 10). Bei PCB haben die Ortho-Substituenten durch den benachbarten Phenylring

zusatzlichen Schutz. Dies erschwert die Substitution von Chloratomen an den Ortho-Positionen.

a) Cl Cl b)
Cl
Cl Cl Cl
—OH-
Cl Cl Cl /
Cl Cl

Abbildung 10. Schematische Darstellung zu den induktiven Effekten. a) Geschlossener Ring bei HCB, bei dem
einzelne Chloratome nur schwer substituiert werden kénnen. Bei 1,2,3,4-TeCB gibt es eine grofe Liicke, in der
benachbarte Chloratome bevorzugt abgespalten werden. b) Zusdtzlich zu dem induktiven Effekt der Chloratome

(blau) wird ein abschirmender Effekt durch die Phenylringe (hier nur fiir den linken dargestellt, violett) vermutet.

Die Bildung von Zwischenprodukten ist von erheblicher Bedeutung flir den Einsatz in
Reinigungsanlagen. Reaktionen verlaufen haufig nicht vollstdndig, und Storungen im
Reaktionssystem kodnnen verhindern, dass alle Verbindungen vollstandig abgebaut werden.
Wahrend HCB und andere CB eine vergleichbare Toxizitat aufweisen, konnen bei anderen
Ausgangstoffen, wie hochchlorierten PCB, dioxin-ahnliche Verbindungen entstehen, deren
Toxizitat deutlich hdher ist. Die Versuche mit HCB zeigten, dass vorzugsweise vicinale Chloratome
substituiert werden. Bei PCB fuhrt die sterische Hinderung durch den zusatzlichen Phenylring
dazu, dass insbesondere Chloratome an meta- und para-Positionen bevorzugt abgespalten
werden, was nicht zur Bildung von toxischeren Zwischenprodukten flhrt. Die spezifischen
katalytischen Aktivitaten Apq; der Pd(0)-Katalysatoren wurden gemaB Formel (1) berechnet und
lagen im Bereich von 110-3380Lg" min?'. Fur HCB wurde eine Aktivitdt von 150 L g" min”
(Tabelle 3).

Tabelle 3. Spezifische katalytische Aktivititen der Pd(0)-Katalysatoren fiir die Dechlorierung von CB. Daten aus
Wiltschka et al. 2020 [110]

Edukt HCB PeCB TeCB TCB DCB MCB
Apgi[L 8" min”] 150 2120 440-1160 110-770 1060-3380 3210

Die Ergebnisse zeigen, dass die katalytische Aktivitdt mit abnehmendem Chlorierungsgrad
zunimmt. Die insgesamt hohen katalytischen Aktivitdten deuten darauf hin, dass Pd-
Katalysatoren eine effektive Entfernung von POPs aus wassrigen Losungen ermoglichen.
Insbesondere bei Grubenwassern, die groBe Volumina aufweisen und meist niedrigchlorierte CB
enthalten, erscheinen Pd-Katalysatoren unter Laborbedingungen besonders geeignet.

Einschrankungen bestehen jedoch durch die Neigung dispergierter Pd(0)-Nanopartikel zur
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Agglomeration oder Deaktivierung durch Katalysatorgifte [100,119]. Studien belegen, dass eine
Einbettung in eine PDMS-Beschichtung die Aktivitat von Pd-Katalysatoren zwar verringert, aber in
Anwesenheit von Katalysatorgiften erhalten kann [14,105,120]. Das Potenzial von Pd-
Katalysatoren sollte weiter erforscht werden, um ihre Anwendung auch unter realen Bedingungen,

wie bei stark mit Katalysatorgiften belasteten Grubenwassern, zu optimieren.

1.3.3 Aufrechterhaltung der katalytischen Aktivitat von Metallkatalysatoren in

Anwesenheit von Katalysatorgiften

Die Hydrodechlorierung ausgewahlter PCB durch dispergierte Pd(0)-Nanopartikel sowie die
Bildung der Hauptintermediate und des Endprodukts B wurden lber einen Zeitraum von 60 min
untersucht (Abbildung 11). In einer reinen Pufferlésung konnte die Reaktion erfolgreich
beobachtet werden. In Grubenwasser hingegen trat, wie erwartet, keine Reaktion auf, da die in

der Losung enthaltenen Katalysatorgifte die Katalysatoren deaktivierten.
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Abbildung 11. Dechlorierung ausgewdhliter PCB durch dispergierte Pd(0)-Nanopartikel. Zur besseren Ubersicht
werden nur die Hauptintermediate gezeigt. Die Linien sollen den Blick des Lesers fiihren. Abbildung entnommen
aus Wiltschka et al. (2024) [121].

Ahnlich wie bei der Dechlorierung von HCB zeigte sich auch hier, dass bevorzugt Chloratome ohne

benachbarte Substituenten ersetzt wurden, insbesondere solche in meta- oder para-Positionen.
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Dies fuhrte zur Bildung von Intermediaten, die hauptsachlich ortho-substituiert sind und daher

nicht zu den dioxinahnlichen PCB gehoren.

Die katalytischen Aktivitdten wurden zundchst fur dispergierten Pd(0)-Nanopartikel sowie
suspendierte und in PDMS eingebettete Pd/AlL,Os-Partikel in Pufferlésung bestimmt. Ziel war es,
die Unterschiede in der Aktivitat zwischen den Katalysatoren zu quantifizieren und den Einfluss
der PDMS-Beschichtung auf die Aktivitat zu bewerten (Tabelle 4).

Tabelle 4. Spezifische katalytische Aktivitdten von Pd(0)- und Pd/Al:0s-Katalysatoren fiir die Dechlorierung
ausgewdhlter PCB in Pufferlésung; disp = dispergiert, susp = suspendiert, eingeb = eingebettet. Daten aus
Wiltschka et al. (2024) [121]

Edukt Pd(0) Pd/ALOs Pd/Al,O4
Apagisp[L g7 min™] Apasusp[LE MIN™]  Apdeingen [ML g7 Min™]
PCB 52 2740 =190 860+ 100 610+ 90
PCB 28 3350 + 300 1130110 830100
PCB 18 2600 +410 720+ 30 610+ 70
PCB 4 850+ 20 260+ 50 200+ 30

Im Gegensatz zu HCB und CB nahmen die spezifischen katalytischen Aktivitaten nicht immer mit
abnehmendem Chlorierungsgrad zu. PCB 4 zeigte stets die geringste katalytische Aktivitat. Dies
deutet darauf hin, dass die Dechlorierungsgeschwindigkeit eher von der Position der Chloratome

abhangt als von ihrer Anzahl.

Die katalytischen Aktivitaten der dispergierten Pd(0)-Nanopartikel und der suspendierten
Pd/Al,Os-Partikel waren in etwa vergleichbar. Allerdings wiesen die suspendierten Pd/Al,Os-
Partikel durchgehend eine um den Faktor 3,0-3,6 niedrigere Aktivitdt auf. Dies ist darauf
zuruckzufuhren, dass die dispergierten Pd(0)-Nanopartikel durch ihre bessere Verteilung in der
Pufferldsung einen effizienteren Kontakt zu den PCB hatten. Trotz des Einsatzes eines
Uberkopfschiittlers war der Kontakt der suspendierten Partikel zu den PCB weniger effektiv.
Zudem mussten die PCB bei diesen Partikeln erst die aktiven Stellen des Pd-Clusters erreichen,

was zu einer langsameren Reaktion und geringeren spezifischen Aktivitaten flhrte.

Die zusatzliche Einbettung in eine PDMS-Schicht fuhrte zu nochmals niedrigeren spezifischen
Aktivitaten, die bis zu 1000-fach geringer waren als bei den suspendierten Pd/Al,Os-Partikeln.
Hierbei mussten die PCB zunachst durch die Silikonschicht diffundieren, bevor sie die katalytisch
aktiven Stellen des Pd/ALOs-Clusters erreichen konnten. Zusatzlich war auch in diesem Fall

Wasserstoff notwendig, um die Chloratome zu substituieren.

Unter natlrlichen Bedingungen sind ideale Voraussetzungen fur die Katalysatoren
unwahrscheinlich. Die Aufbereitung von Grubenwassern, um Katalysatorgifte zu entfernen, ist
ressourcenintensiv. Um die Leistungsfahigkeit der Katalysatoren unter realistischen Bedingungen

zu bewerten, wurden verschiedene Grubenwasser als Reaktionsmatrix anstelle der Pufferlosung
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getestet. Die dispergierten Pd(0)- und die suspendierten Pd/Al,O;-Katalysatoren wurden durch die
in den Grubenwassern enthaltenen Katalysatorgifte deaktiviert, wodurch keine nachweisbare
Dechlorierung stattfand. Anders verhielt es sich mit den eingebetteten Pd/Al,Os-Partikeln. In zwei
von drei untersuchten Grubenwassern konnten sie alle getesteten PCB dechlorieren. Allerdings
waren die katalytischen Aktivitaten mit 20-210 mL g’ min™ nochmals deutlich geringer als in der
Pufferlosung (200-830 mL g" min™). Im Stinnes-Grubenwasser, das die hochste Konzentration an

Chlorid und Metallen aufwies, wurde jedoch keine Dechlorierung festgestellt.

Das getestete PCB 18 war auch das am haufigste in den Grubenwassern der Zechen Walsum,
Zollverein, Stinnes, Reden und Camphausen vorkommende PCB. Diese Gruben erzeugen pro
Minute etwa 1-10 m® min™ Grubenwasser. Bei einer spezifischen katalytischen Aktivitat von 100-
170 mL g" min™ fir PCB 18 wirde jede dieser Gruben 6-100 kg Pd/Al,Os-Katalysator benétigen,
um das Grubenwasser zu reinigen — vorausgesetzt, die Grubenwasser enthalten nicht so viele
Katalysatorgifte wie das Stinnes-Grubenwasser und die Katalysatoraktivitat bleibt erhalten. Um
die spezifische Katalysatoraktivitdt weiter zu steigern, konnte ein verbesserter Schutz vor
Katalysatorgiften implementiert werden. Dies konnte beispielsweise durch die Verwendung einer
dickeren PDMS-Schicht erreicht werden, oder durch eine zuséatzliche PDMS-Schicht mit
»ochwefel-Fangern“ (wie Calciumoxid, Natriumhydroxid, oder Magnesiumdioxid) uber der
Pd/Al,O3;-PDMS-Schicht, die nichtionische Gifte wie H,S binden konnen [14,122].

1.4 Schlussfolgerungen und Ausblick

Eine SPME-GC-MS-Methode wurde erfolgreich optimiert, die sich sehr gut zur Quantifizierung von
PCB in kleinen Mengen von unbehandelten Grubenwassern und MIW eignet. Die Konzentrationen
einzelner PCB-Kongenere in den untersuchten Grubenwéassern liegen bei bis zu 25,9 ng L. Die
PCBi.11s machen jedoch nur einen kleinen Anteil der am in groBten Konzentrationen
nachgewiesenen Kongenere aus. Die Analyse der PCBi.11s, einschlieBlich der Multiplikation mit
einem Faktor 5, ist insbesondere fir die Grubenwasser aus NRW ungeeignet, um die
Gesamtkonzentrationen der PCB zu bestimmen. Bei bergbau- oder Clophen-A30-bedingten PCB-
Kontaminationen sollte die Analyse generell auf die in dieser Studie definierten YPCBiopi1

basieren.

Es ist problematisch, dass viele Analysen niedrigchlorierte PCB nicht berlicksichtigen, da flir eine
prazise Bestimmung der PCB-Gesamtkonzentrationen groBere Korrekturfaktoren erforderlich
sind. Dies fuhrt dazu, dass die tatsachlichen Mengen in globalen Bilanzierungs- und
Uberwachungsprogrammen  systematisch unterschatzt werden. Obwohl die PCB-
Konzentrationen im Bereich von ngL™ liegen, summieren sie sich aufgrund der enormen

Pumpvolumina zu Frachten im kg-Bereich.

Das Umweltprogramm der Vereinten Nationen (UNEP) betont die Notwendigkeit, PCB-

Freisetzungen aus dem Bergbau zu verhindern [123]. Diese Forderung wird auch durch das UN-
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Nachhaltigkeitsziel (SDG) Nr. 6 (,Sauberes Wasser und Sanitaranlagen) unterstiitzt. SiBwasser
sollte als wertvolle Ressource behandelt und vor PCB sowie anderen Schadstoffen geschutzt
werden, insbesondere angesichts des Klimawandels und der Zunahme von Durreperioden in
vielen Regionen [124]. Grubenwasser sind lokale Schadstoffquellen, deren Schadstoffeintrag
jedoch globale Auswirkungen hat. Kinstlich angelegte Feuchtgebiete, wie im Beispiel Reden
demonstriert, kdnnen dazu beitragen, Schadstoffe zu reduzieren und den Eintrag in natlrliche
Oberflachengewasser teilweise zu verhindern. Allerdings bieten sie keine vollstandige Reduktion
der PCB-Konzentrationen und keine Zerstorung der PCB-Kongenere. Dadurch wird die

Problematik lediglich in andere Systeme verlagert, ohne sie endgultig zu l6sen.

Im Gegensatz zu diffusen Schadstoffquellen kénnen hier Reinigungsverfahren viel einfacher
implementiert werden. Zur globalen Reduktion von POP-Konzentrationen stellt die hier
eingesetzte Hydrodechlorierung mittels Pd-Katalysatoren eine vielversprechende Methode dar.
Unter optimalen Bedingungen kann eine vollstandige Dechlorierung innerhalb weniger Stunden
oder sogar Minuten erfolgen, mit spezifischen katalytischen Aktivitdten von bis zu
3350 L g' min™. Bevorzugt entstehen vicinal-chlorierte oder ortho-chlorierte POPs, da sterische

Hinderungen durch andere Chloratome oder den zweiten Phenylring eine Rolle spielen.

Dispergierte Pd(0)-Nanopartikel sind jedoch nicht wiederverwendbar und nicht vor in der Umwelt
vorkommenden Katalysatorgiften geschutzt. Die Einbettung des Katalysators ermoglichte
hingegen nicht nur dessen Wiederverwendung, sondern auch die Dechlorierung von PCB in
unbehandelten, katalysatorgift- und matrixreichen Grubenwassern. Obwohl die katalytische
Aktivitat durch diese Einbettung deutlich reduziert wurde, blieb sie ausreichend hoch, um weitere
Forschungsarbeiten zur Optimierung zu rechtfertigen. Die katalytische Aktivitdt kann durch
zusatzliche SchutzmaBnahmen weiter gesteigert werden, beispielsweise durch eine zusatzliche
Schutzschicht mit ,,.Schwefel-Fangern®. Dies wirde den Katalysatorbedarf reduzieren und die
Methode kostenglinstiger machen. Weitere Anpassungen, wie eine GroBenskalierung, die
VergroBerung der Kontaktfldche zwischen Beschichtung und Wasser oder geeignete
Vorbehandlungen zur Vermeidung von Salz- und Metallablagerungen, kdonnten die Effizienz und
Praktikabilitdt der Katalysator-PDMS-Beschichtung weiter erhohen. Dieses System hat das

Potenzial, als umweltentlastende Technologie auch auBerhalb des Labors Anwendung zu finden.

Zukunftige Forschung sollte jedoch nicht nur den Katalysator selbst weiter optimieren, sondern
auch die globalen PCB-Eintragsquellen besser untersuchen. Eine erweiterte Analyse von MIW aus
Kohlenabbaugebieten in GroBbritannien, Polen, den USA, China, Indien und Australien konnte zu
einem umfassenderen Verstandnis der PCB-Vorkommen weltweit beitragen und helfen, gezielte
MaBnahmen zur Reduktion dieser Schadstoffe zu erarbeiten. Es ist entscheidend, geeignete
Technologien zu entwickeln und anzuwenden, um die PCB-Frachten global zu reduzieren und

somit unseren Planeten vor weiteren Umweltbelastungen zu schutzen.
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ABSTRACT: Polychlorinated biphenyls (PCBs) were used as
industrial chemicals due to their beneficial physicochemical
properties in many applications until the recognition of their
adverse effects. Although being banned for decades, PCBs are still
ubiquitous in the environment due to their congener-specific high
persistence and their ongoing remobilization from contaminated
sites. While mining influenced water (MIW) was generally known
to be a potential source of PCB contamination, hardly anything
was known about concentrations, congener patterns, or PCB loads.
For further elucidation of environmental risks, 14 MIW samples
from five mine water effluents were analyzed for a set of 58 PCB
congeners and biphenyl by a specifically optimized SPME-GC-MS$
method (LOD 0.004—0.58 ng L7'). As a result, 53 mono- to
heptachlorinated congeners could be detected in concentrations of 0.01-25.9 ng L™ per congener, of which mainly tri- but also di-
and tetrachlorinated PCBs were identified in higher concentrations. Total PCB concentrations (0.02—0.12 mg m™*) and annual
loads (0.1—0.7 kg PCBs a™' per mine) show the relevance of MIW as an additional point source for PCB release to the environment.
Implementation of water treatment is recommended to achieve a decrease in these contaminant loads in agreement with worldwide
efforts to eliminate PCBs.

KEYWORDS: persistent organic pollutants (POPs), legacy contaminants, solid-phase microextraction (SPME), PCB congeners, Clophen,
planetary boundaries, novel entities, sustainable development goals (SDGs)
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B INTRODUCTION leaving behind entire machinery, mines can be polluted with
PCBs until today. This has been reported by mine operators,
authorities, and public media, but to the best of our knowledge,
peer-reviewed studies have still been lacking until now. As a
result of precipitation or groundwater inflow, mine workings
are constantly subjected to water flow. Rising water levels
during mine flooding can result in the release of PCBs from
abandoned machinery and contaminated surrounding areas.
Consequently, PCBs either get dissolved in mine water or are
sorbed to and transported with suspended matter. This mining
influenced water (MIW) is permanently pumped and dis-
charged to surface waters to prevent flooding of active mines,
or to prevent its uncontrolled surface discharge, or entry to
groundwater in abandoned mines.'”"® Due to high dissolved
salt and metal concentrations or rather reductive conditions,
the composition of MIW can be extreme compared to that of

Persistence, mobility with widespread distributions, and
potential effects on earth-system processes were identified as
key criteria raising major concern for substances if introduced
to the environment."” All of this is true for the group of
polychlorinated biphenyls (PCBs), former industrial chemicals,
which belong to the group of persistent organic pollutants
(POPs) that have been banned worldwide by the Stockholm
Convention since 20017 but are still ubiquitously found in the
environment, including the deep sea.*”’ As bioaccumulative
substances, they concentrate in the adipose tissue of organisms
and can harm entire marine predatory populations, even
leading to their extinction.*”"! PCBs are discussed to be high-
impact POPs based on hazard and production volumes'*"* for
which an environmentally sound management is requested by
2028."*"* Due to fire protection regulations, PCBs were also
used in mining activities according to local health and safety

regulations. Electrical equipment containing PCBs was used in Received:  April 6, 2023
both open-cast mining and underground. PCBs are found in Revised:  October 1, 2023
transformers, drums that used transformer oil, in capacitors, Accepted:  October 2, 2023

and in ballasts for fluorescent lamps.'® Typical places of use are Published: November 2, 2023

transformer stations, mine cars, electric locomotives, extraction
. 16 .
machines, and conveyer belts. ” Because of leak accidents and
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surface water, which can cause adverse environmental effects in
receiving water courses.'” Surveys of mine water and surface
water in the vicinity of MIW discharges have been initiated by
authorities and revealed low concentrations of dissolved
indicator PCBs, reported in non-English gray literature such
as reports and expert opinions.”””" Although mainly technical
mixtures with lower chlorination degrees have been used in
mines, PCB analyses in the previously mentioned reports have
been mainly limited to the six indicator PCBs. Analysis of these
PCBs was based on either indirect determination of
concentrations in rivers near discharge points® or highly
laborious solvent extraction from 100 L samples.”’ The use of
miniaturized and solvent-free solid-phase microextraction
(SPME)™ ™ seems promising for PCB extraction from
MIW. Coupled with gas chromatography-mass spectrometry
(GC-MS), it can provide simple and fast extraction and
analysis. However, because sample matrix can play a particular
role in extraction by SPME, the analysis of PCBs in MIW can
be highly challenging due to matrix effects caused by pH,
dissolved salts, metals, sulfate, and suspended matter, which
are specific to different mines.'*® Although previously used
for the analysis of PCBs,”” > SPME was not yet applied for
the detection of PCBs in MIW. Generally, peer-reviewed
studies that related PCBs to mining investigated river water’"
and sediments® near mine water discharges. Therefore, data
on PCB concentrations in MIW are still missing in the
scientific literature. Furthermore, data on the occurrence of
additional PCB congeners, their concentrations, relative
patterns, and loads in MIW are still lacking. Consequently,
the aims of the present study were (i) to optimize an SPME
method with regard to low detection and quantification limits
(LOD/LOQ) that can be applied to the analysis of PCB
congeners in MIW and MIW-influenced streams; (ii) to
elucidate total PCB concentrations in discharged MIW and to
estimate their total annual loads; and (iii) to elucidate
congener-specific PCB patterns in discharged MIW with
respect to different mines as well as time-dependent changes
within specific mines. Hence, the presence of biphenyl and 58
selected PCB congeners was investigated at five different sites,
of which three were sampled four times within 2 years.

B MATERIALS AND METHODS

Chemicals. Congener selection for PCB analysis was based
on a prescreening of MIW on PCB-specific masses and
chlorine patterns combined with the comparison of relative
retention times (RTs) given in the literature. Standards of
biphenyl and 58 PCB congeners were purchased (neat, purities
>96.9%, Dr. Ehrenstorfer brand, LGC, U.K.) and prepared as
stock solutions of single substances in methanol and mixed to
working solutions. For the internal standard (IS) mix,
biphenyl-d,, (neat, purity >96.5%, LGC), deuterated PCB
congeners (neat, purity >97%, CDN Isotopes, Pointe Claire,
Canada), and '*C labeled PCB congeners (purity >98% in
nonane, redissolved in methanol, Wellington Laboratories,
Canada) were combined and diluted in methanol. Further
details can be found in the Supporting Information (SI), before
Table S1.

HS-SPME-GC-MS Method Optimization. Following
previouﬂslg reported SPME methods for the analysis of
PCBs,”” ™" we have made efforts on further optimization
and refinement that aimed at the specific MIW matrix and
specific congener composition, available fiber coatings
including newly produced fiber types, and further on the

optimization of extraction yields regarding extraction param-
eters as given below. For optimization, we relied on basic
descriptions in the literature®~*** as well as experience from
our own previous research.”> ® With sufficient volatilization
of target analytes under elevated temperatures, the extraction
of analytes from the gas phase above the aqueous sample by
headspace (HS)-SPME is advantageous over direct immersion
(DI)-SPME, where the fiber is in direct contact with the
aqueous sample. Extraction by HS-SPME better preserves the
fiber from wear and aging and reduces the parallel extraction of
matrix components, which can further lead to a better signal-
to-noise ratio. Therefore, method development for the
simultaneous extraction of biphenyl and 58 PCBs included
the optimization of HS-SPME extraction parameters, i.e., fiber
coating (seven different fiber types, see below), extraction
temperature (40—90 °C in 10 K steps), extraction time (10—
50 min in 10 min steps), intensity of sample stirring during
extraction (250—700 rpm, six intensities), desorption time (1—
3 min), and fiber cleaning time (0—21 min in 3 min steps).
These were modified aiming at extraction efficiency,
considering the highly varying physicochemical properties of
all PCBs but with a focus on low-chlorinated PCBs and
biphenyl. Investigated fibers (Supelco/Merck, Darmstadt,
Germany) were 50/30 pm mixed phase of divinylbenzene,
carboxen, and polydimethylsiloxane (DVB/CAR/PDMS); 7
and 100 pgm PDMS; 65 um mixed phase of DVB/PDMS as
both StableFlex and nitinol core fiber; and 85 ym polyacrylate
(PA). The following procedure gives the optimized conditions
for lower-chlorinated PCBs (biphenyl and mono- to
trichlorinated congeners): samples were equilibrated in the
agitator at 75 °C for 11 min at 500 rpm and afterward
extracted in the agitator for 30 min with a 65 um nitinol core
fiber with DVB/PDMS coating. Subsequently, the fiber was
transferred to the injector of the GC-MS system, where it was
thermally desorbed for 3 min at 240 °C. For higher-chlorinated
PCBs (tetra- to octachlorinated congeners), the samples were
equilibrated and extracted at 80 °C with a 100 ygm PDMS fiber.
Information on quality assurance and quality control is given in
the SI before Table S1.

Analyte correction of PCBs by IS, both for correction of
instrumental variations and for calculation of total PCB
concentrations, was investigated using 11 deuterated or B¢
labeled congeners in solutions with varying matrices (e.g., salt,
organic matter) to consider the widely varying compositions of
MIW. The more similar the retention time of the IS-PCBs was
to that of the PCBs, the better the correction. Therefore, the
closest IS-PCB was always chosen as the IS for the MIW
analysis (Tables S1 and S2). Additional details on instruments,
IS recovery rates, and chromatographic and mass spectrometric
details are given in Tables S1—S4.

Information about the Mines and PCB Usage. All five
mines are abandoned collieries that used longwall mining
techniques. Walsum, Zollverein, and Stinnes are located in the
Ruhr hard coal mining area (North Rhine-Westphalia, NRW,
Germany), while Reden and Camphausen are in the Saar area
(Saarland, Germany). Although the mines have had different
operators throughout their history, their mining techniques
and utilization of PCBs are comparable. These underground
mines used inflammable PCBs, in later years mainly Clophen
A30 and A40, in transformers and predominantly as hydraulic
fluids in machinery®' until the 1980s, when they were banned.
Leaks and spills allowed hydraulic fluids to enter the voids, and
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during mine flooding, they were flushed out by the rising mine
water.

Mine Water Analysis. Details on MIW sampling are
provided in the SI before Table S1. For the PCB analysis of
MIW, 10 mL of unfiltered, homogenized discharged mine
water was added to 20 mL amber glass vials. For precautionary
reasons, the preparation of sample vials took place in an
anaerobic chamber (glovebox, Mecaplex, Grenchen, Switzer-
land) with a N,/CO, atmosphere (ratio 80:20, “Foodpack 3”,
Praxair, Germany) to provide anoxic conditions. Because water
from mines is often lacking oxygen content, samples were
prepared under anoxic conditions to avoid disturbing the
composition of the MIW. The samples were each spiked with 2
uL of IS-solution using an automated glass microliter syringe
(eVoL Dispensing System, Thermo Fisher Scientific). The
vials were sealed with magnetic screw caps with PTFE septa
(CS-Chromatographie Service GmbH, Langerwehe, Germany)
for use with the autosampler. Samples were prepared in
duplicate for each MIW sample. Calibration samples were
prepared in duplicate for a 12-point calibration of biphenyl and
58 PCBs (0.01—200 ng L™") in 0.01 mol of CaCl, L™" solution
and were also spiked with 2 uL of IS-solution. Analytes were
extracted by SPME fiber from the gaseous phase (“headspace”)
above aqueous MIW samples (HS-SPME). Concentrations of
PCB congeners are provided as total concentrations (i.e., as the
sum of freely dissolved and adsorbed species) after the
correction of freely dissolved concentrations by IS as
previously described.*****" Briefly, the area of analytes in
external calibration samples and in environmental samples is
corrected by the respective IS with similar physicochemical
characteristics. With these IS, matrix influences within samples
as well as potential matrix differences between calibration
samples and environmental samples are considered. Concen-
trations are then calculated based on linear calibration curves
from external calibration samples. The procedure is provided
in full detail in Bhm et al. (2017).>° Selection of suitable IS
for the present study, as well as conditions for extraction and
analysis, is described in the HS-SPME-GC-MS Method
Optimization section. The adjusted oven method intended
for the separation of overlaying PCBs was used to specify
overlaying PCBs 4 and 10 in samples from the five sites.
Additionally, blank samples were prepared to check for
potential carryover and to be used for the calculation of
congener-specific limits of quantification (LOQ) and limits of
detection (LOD). To determine extraction efficiency, we
spiked MIW from three sites with PCB congeners that were
not detected in these mines. Spiked samples were measured
after 4 days of shaking. Congener profiles were explored by
principal component analysis (PCA), cosine theta analysis, and
cluster analysis. Results from PCA and cosine theta analysis
were inconclusive; therefore, only cluster analysis is further
considered. Additional details on material and methods can be
found in the SI, as referenced throughout the article.

B RESULTS AND DISCUSSION

Optimization of the HS-SPME-GC-MS Method. The
seven SPME fibers tested for the simultaneous extraction of
biphenyl and 58 PCBs differed greatly in their sensitivity
depending on the physicochemical properties of the analytes
(Figures S1—S3). Both 65 yum PDMS/DVB fibers performed
best with low-chlorinated PCBs but showed increasingly poor
extraction properties with increasing chlorination levels. The
PDMS/DVB fiber with the StableFlex core consistently had
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slightly better recovery than the PDMS/DVB fiber with nitinol
core, but extractions with the nitinol core fiber were subject to
less variation. For the most common SPME fiber (PDMS
100 pm), the extracted amount of biphenyl, mono-, and
dichlorinated PCBs was insufficient. However, the recovery of
tetra- and higher-chlorinated PCBs was best with this fiber.
Contrary to the other fibers, its performance increased with
increasing chlorination of the PCBs. The 7 ym PDMS fiber
had by far the lowest extraction rates, especially in the low-
chlorinated range. Both the 85 ym PA and the 50/30 um
DVB/CAR/PDMS had their maximum at single- to double-
chlorinated PCBs, with the PA-fiber performing multiple times
better than the DVB/CAR/PDMS fiber (Figure S1). Expect-
edly, the extraction temperature had a major effect on the
extraction yields, with optimum temperatures between 60 and
90 °C for individual analytes and extreme differences,
especially for penta- to octachlorinated biphenyls (Figure
$2). Increased stirring speed during extraction yields higher
extraction amounts or shorter extraction times. To reduce the
mechanical load of the agitator and the fiber, a rotation
frequency of 500 rpm was seen as optimal based on
comparative measurements (Figure S3). The choice of a
thermal desorption temperature (240 °C) well below the
maximum operating temperature specified by the manufacturer
(270/280 °C) substantially reduced fiber wear while still
ensuring adequate thermal desorption of the PCBs. A thermal
desorption time of 3 min was sufficient for thermodesorption
of analytes from the fiber and short enough to prevent relevant
diffusion on the GC column and to ensure narrow chromato-
graphic peaks. All PCBs with the same degree of chlorination
could be chromatographically separated (except for ) PCB
4+10 and Y PCB 20+21+33), considering a reasonable
analysis time of &40 min. The measurement of the most
relevant PCBs in MIW is feasible also for higher-chlorinated
congeners using only the 65 ym PDMS/DVB nitinol core fiber
at 75 °C. However, the additional measurement with the 100
um PDMS fiber at 80 °C allows a more sensitive analysis for
higher-chlorinated congeners (especially above PCB 101).
Fiber selection and optimization of extraction parameters
resulted in very low congener-specific LODs and LOQs for the
set of investigated PCBs (0.004—0.58 and 0.01-1.9 ng L™,
respectively, Table S5). The mean extraction efficiency of the
selected PCB congeners was 74—87% (Table S6).

PCB Contamination in Discharged Mine Water. The
results from the investigated discharged MIW samples
demonstrate the wide occurrence of PCB congeners: up to
53 of the 58 tested PCB congeners could be identified and
quantified (Table 1). For }PCB 4+10, an additional
chromatographic separation revealed that PCB 4 is predom-
inant compared to PCB 10 in all tested MIW samples.
Therefore, the expression Y PCB 4(+10) is further used. PCB
concentrations of individual congeners of up to 25.9 ng L™
were found in the 14 investigated MIW samples from five sites.
In these samples, mainly di-, tri-, and tetrachlorinated PCBs
could be identified. The MIW from different sites varies not
only in their biphenyl and PCB concentrations but also in their
relative congener composition. This is shown, e.g.,, by PCB 16,
which is the PCB with the second highest concentration in the
Walsum, Zollverein, and Stinnes MIW, but the fourth highest
in Camphausen, and only the 12th highest in Reden. The
highest congener concentration was found for PCB 18 in all
mines (2.5-25.9 ng L), PCBs 16, 17, 19, 28, 31, 32, 44, 49,
52, and 53 are usually present in the discharged mine water of

https://doi.org/10.1021/acsestwater.3c00179
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Table 1. Concentrations of Biphenyl and 53 PCB Congeners in MIW from Five Different Sites [ng L™']*"*

PCB congener Walsum Zollverein Stinnes Reden Camphausen LOD
Biphenyl (bp) 1.35-3.05 0.25-0.80 11.5-19.2 0.24 0.23 0.06
PCB 1 0.04-0.08 0.01-0.23 0.08—0.12 <LOD <LOD 0.004
PCB 2 <LOD <LOD <LOD-0.06 <LOD <LOD 0.04
PCB 3 0.06 0.06 0.06—0.15 <LOD 0.06 0.03
YPCB 4(+10)7 0.72—-1.64 4.64—5.65 0.65—1.10 0.66 0.37 0.06
PCB 5 0.11 0.11 <LOD-0.11 0.11 0.11 0.07
PCB 6 0.31 4.34—6.07 0.31 0.31 <LOD 0.2
PCB 7 <LOD-0.07 <LOD-0.23 <LOD-0.07 <LOD <LOD 0.004
PCB 8 0.55—-1.47 3.28—4.10 0.55—1.56 0.55 <LOD 0.3
PCB 9 0.05-0.14 0.05-0.39 0.05-0.15 <LOD <LOD 0.03
PCB 11 0.30—-0.45 1.38—1.88 0.15—0.60 0.73 0.54 0.09
PCB 13 <LOD <LOD-0.96 <LOD <LOD 3.34 0.6
PCB 15 0.34 0.82—-1.36 0.34—0.78 <LOD 0.34 0.2
PCB 16 2.73—-4.96 10.55-12.24 2.12—4.51 1.86 3.63 0.7
PCB 17 0.86—1.62 5.42-7.59 0.63—1.85 3.61 1.95 0.06
PCB 18 3.43-17.6 19.0-25.9 2.54—5.09 10.3 741 0.02
PCB 19 1.19-2,70 6.32—-741 0.82—1.38 2.68 1.98 0.01
ZPCB 20421433 0.20-0.31 0.24—-0.70 0.19-0.78 0.04 0.12 0.01
PCB 24 0.05-0.09 0.18-0.21 0.03-0.17 0.02 0.04 0.004
PCB 26 0.14-0.23 1.19-2.30 0.14—0.60 1.28 0.90 0.008
PCB 27 <LOD-0.59 1.50-2.17 <LOD-0.59 2.67 0.59 0.4
PCB 28 0.49—-1.11 2.14-3.65 0.30—-1.92 1.87 1.65 0.004
PCB 31 1.38—2.00 3.41-6.59 0.45-2.12 2.96 298 0.02
PCB 32 0.93-1.55 4.86-7.16 0.37-1.58 3.73 3.01 0.2
PCB 38 <LOD <LOD <LOD-0.69 <LOD <LOD 0.2
PCB 44 1.30—4.51 3.06—4.33 0.62-2.18 3.31 5.38 0.03
PCB 49 0.65—1.96 2.06—441 0.26—1.34 3.72 3.39 0.02
PCB 52 1.27-3.93 3.50—-6.48 0.64—2.03 7.32 6.69 0.02
PCB 53 0.49-2.20 2.05-347 0.39-0.93 3.07 2.31 0.007
PCB 61 0.03 0.03 0.03—-0.27 <LOD <LOD 0.02
PCB 62 <LOD-0.01 <LOD 0.01-0.05 <LOD <LOD 0.005
PCB 65 <LOD 0.01 <LOD-0.06 0.03 <LOD 0.01
PCB 77 <LOD-0.38 <LOD 0.38—1.41 <LOD <LOD 0.2
PCB 85 <LOD-0.16 <LOD-0.16 <LOD-0.32 0.16 0.16 0.1
PCB 99 0.07-0.20 0.07 0.07-0.28 0.15 0.25 0.04
PCB 101 0.08-0.36 0.16—0.25 0.08—0.41 0.32 0.55 0.05
PCB 105 <LOD-0.43 <LOD 043 <LOD 043 0.3
PCB 110 0.22-0.72 022 0.22-0.61 0.48 0.83 0.1
PCB 116 0.09-0.26 0.09 0.09—0.32 0.09 0.25 0.06
PCB 118 <LOD-0.36 <LOD 0.36 0.36 0.36 0.2
PCB 128 <LOD-0.52 <LOD <LOD-0.52 <LOD <LOD 0.3
PCB 138 <LOD-0.51 <LOD 0.51 <LOD 0.51 0.3
PCB 146 <LOD-0.36 <LOD-2.5 <LOD-0.36 <LOD <LOD 0.2
PCB 149 <LOD-0.24 0.24-1.59 0.24—-1.07 0.24 0.24 0.1
PCB 153 <LOD-0.41 <LOD-041 <LOD-041 <LOD 0.41 0.3
PCB 136 <LOD-0.48 <LOD 0.48—1.00 <LOD <LOD 0.3
PCB 167 <LOD-0.47 <LOD 047 <LOD <LOD 0.3
PCB 170 <LOD-0.58 <LOD 0.58 <LOD <LOD 0.4
PCB 180 <LOD-0.53 <LOD 0.53 0.53 0.53 0.3
PCB 183 <LOD-0.51 <LOD 0.51 0.51 0.51 0.3
PCB 187 <LOD-0.53 <LOD 0.53 <LOD <LOD 0.3
¥ PCBiy 21.7-59.5 82.6—-121 30.5-57.4 53.9 52.1
Y PCB,, 20.4—36.4 82.1-120 19.0-42.9 53.7 518
T PCB,. 5 2.5-67 5.8-10.8 28-62 10.4 107
YPCBy, 14.0-20.9 62.4-882 9.5-24.9 44.4 404

“Concentrations from Walsum, Zollverein, and Stinnes are each given as min—max values from four sampling campaigns. Individual replicates are
provided in Table $7. bInvestigated PCBs 12, 14, 30, 189, and 194 remained <LOD for all mines. For the calculation of sum PCB concentrations,
zero was assumed for congeners <LOD, whereas congeners <LOQ were included with 0.5 X LOQ_ in the calculations and given in the table with its
value written in italics. CEPCBSS,_bP as the sum of all detected PCB congeners and biphenyl, 3’ PCB.; as the sum of all detected PCB congeners
without biphenyl,EPCBmw as the sum of the six indicator PCBs and PCB 118, 3 PCB as the sum of the 11 most abundant PCB congeners in
all tested mines. “Congeners without chromatographic baseline separation.

topll
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every mine with the highest concentrations of detected
congeners. Higher biphenyl concentrations are evident in the
Stinnes MIW compared to those of the other mines. A possible
explanation might be the presence of dehalogenating micro-
organisms such as Dehalococcoides that might have degraded
PCB congeners into biphenyl."' However, microbiological
analysis was not performed in the present study. For the three
NRW mines, where PCB concentrations were determined over
a period of 26 months (Table S7), congener-specific PCB
concentrations and sum concentrations varied during the
investigated time frame. In general, PCB concentrations at all
mines are in a range of +0-200% fluctuation of the mean
concentration within the investigated time frame of 26 months.
The fluctuation of the concentrations does not indicate a trend
of either increasing or decreasing concentrations.

Based on the chlorine pattern and PCB-specific molecule
masses, full scan measurements revealed at least nine
additional congeners (two tri- and seven tetrachlorinated
PCBs) that did not match the analytical standards available in
the present study (Table S8). Because the intensity of peaks
can be highly different between congeners of identical
chlorination degrees and concentrations, no valid information
on concentrations can be given for these “unknown”
congeners. However, based on a rough comparison of GC-
MS data, estimated concentrations are in a range of 0.04—0.27
to 0.48—4.36 ng L' (background on calculation is given in the
SI in addition to Table S8). This demonstrates that the
absolute PCB concentrations are higher than the sums given in
Table 1.

To facilitate future analyses, the most abundant PCB
congeners with the highest concentrations in all discharged
MIWs were identified. The four PCBs 18, 19, 31, and 52
(X PCB,y,;) occur in all waters within the top 10 groups of
congeners with the highest concentrations. Together, they can
explain 23—45% of the total PCB concentrations or 37—58% if
biphenyl is included in the group. Because of differences in
relative congener abundance, it is reasonable to consider the
top 15 groups of congeners with the highest concentrations. In
this case, 11 out of 15 congeners were identified in all five
MIWs, which can explain 47—83% of total PCB concentrations
or 68—83% if biphenyl is included in the group. This group of
11 PCB congeners (Y} PCB,,,,,) includes the }'PCB,,, and
additionally PCBs 16, 17, 28, 32, 44, 49, and 53. Only two of
these congeners, PCBs 28 and 52, belong to the group of
indicator PCBs. The prevalence of these specific congeners in
all investigated discharged MIW samples strongly suggests that
they are characteristic of the current PCB cocktail discharged
from the West German hard coal mines. Consequently, these
nine congeners should be included in monitoring programs to
consider “mining-specific” congeners. However, if detected in
the environment, it must be considered that these congeners
can originate as well from sources other than mining because
low-chlorinated Clophen mixtures were also used in other
applications. Nevertheless, it should be elucidated in upcoming
investigations if the relative ratios of these congeners could
serve as a natural tracer or fingerprint for PCBs in discharged
MIW.

Distribution of congeners in the water phase of flooded
mines is affected by their different water solubilities and
sorption behavior. Generally, water solubility decreases with
increasing degree of chlorination, whereas adsorption increases
with increasing degree of chlorination. Consequently, higher-
chlorinated PCBs will occur in lower freely dissolved
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concentrations than lower-chlorinated congeners but can be
translocated within mines and to receiving waters adsorbed to
suspended particles in higher concentrations. The concen-
tration of higher-chlorinated congeners in discharged MIW is
therefore also dependent on sedimentation rates or rather the
turbulence in mines that is influenced by flooding and
pumping. However, for mines with reported predominant
usage of lower-chlorinated technical PCB mixtures, higher
concentrations of highly chlorinated PCBs (PCB 101, 118,
138, 153) are then unexpected to occur in MIW anyway.
These influences are in agreement with the results of the
present study where the lower-chlorinated PCBs were found at
much higher concentrations. Comparison of total PCB
concentrations from the present study with concentrations of
the six indicator PCBs, PCB 118, and Y PCB 4+10 from a
previous report and an expert opinion is limited because of
methodical differences (determination of freely dissolved PCB
concentrations by passive samplers in rivers after discharge
points and calculation of MIW concentrations under
consideration of river background concentrations,” or
determination of freely dissolved PCB concentrations by
liquid—liquid extraction from filtered 100 L MIW samples™").
Accordingly, total PCB concentrations in the present study
derived directly from the unfiltered MIW are generally higher
depending on specific congeners. We consider the SPME
method to be perfectly applicable in terms of the invested
resource consumption (labor and laboratory consumables) as
well as sensitivity to effort. However, no differentiation
between freely dissolved congeners and congeners sorbed to
suspended matter is reflected by the SPME extraction. Due to
the IS correction of extracted congener concentrations, total
concentrations of PCB congeners result from the SPME
method.***?*" However, we consider this as a further
advantage because total PCB concentrations are essential for
the consideration of PCB loads discharged to receiving rivers.

Considerations on Potential Sources of Discharged
Mine Water PCB Congeners. Based on historical data on
production and usage, it is expected that the technical PCB
mixtures that were applied at the sites of the investigated MIW
were Clophen mixtures. Clophen mixtures are characterized by
their average degree of chlorination with a slight variation in
composition of the individual commercial types.*” ™ Accord-
ing to expert reports, both high-chlorinated PCBs and low-
chlorinated PCBs were used.”~** A recent expert report states
that mostly insulating oils with low-chlorinated PCBs (i.e.,
Clophen A30 and A40) were used.”’ This is strengthened by
the congeners found in discharged MIW that are in good
agreement with the congeners that are described to be part of
Clophen A30 and A40 mixtures,*”** PCBs with highest
concentrations in the investigated MIW are also strongly
represented in A30 and A40 Clophen mixes, with PCB 18
occurring only in Clophen A30 and A40, but not in higher-
chlorinated mixtures. Further, PCBs with lowest concen-
trations in the MIW were not found in the two Clophen mixes
or only in very small amounts (Figures S4—S11). A cluster
analysis showed that the five MIW samples and the two
technical PCB mixtures can be grouped into two clusters
(Table S9 and Figure S12). The congener patterns of the
NRW mines show more similarity with Clophen A30, while
the Saarland mines show more similarity with Clophen A40. As
the coal mines in these two regions were operated by two
different companies, this suggests that they used different PCB
mixtures. However, an exact match of environmental samples
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Figure 1. PCB elimination along the course of the constructed wetland at the Reden site. Elimination is exemplarily shown for the 11 most
abundant PCBs (3} PCB,,,;;). Each symbol at a specific distance represents an individual PCB congener. Symbols for tri- and tetrachlorinated
PCBs have been set slightly off for better visibility. Dashed lines (fine: trichlorinated; bold: tetrachlorinated) are meant as guidance, not to express a

linear correlation.

Table 2. Annual PCB Loads Calculated from Congener Concentrations and Discharge Rates of the Investigated Mines

Walsum
Y PCBgs.py, (Table 1) [ng L7'] 21.7-59.5
¥ PCBy; (Table 1) [ng L7'] 20.4-56.4
discharged mine water [mio m®a™'] 4.8°
annual loads 3 PCByy,y, [ke) 0.10-0.29
annual loads Y PCBs; [kg] 0.10-0.27
Y PCBy;., [kg mio m™] 0.02-0.06
¥ PCBy; [kg mio m™?] 0.02-0.06

Zollverein Stinnes Reden Camphausen
82.6—121 30.5-57.4 53.9 521
82.1-120 19.0-42.9 53.7 51.8
4.4° 7.0 12.0° 1.7¢
0.36—0.53 0.21-0.40 0.65 0.09
0.36—0.53 0.13-0.30 0.64 0.09
0.08—-0.12 0.03-0.06 0.05 0.05
0.08-0.12 0.02-0.04 0.0 0.05

“Data from 2021, according to personal communication with employees of LANUV NRW. YData from 2019.>' “Data from 2013.%°

with technical PCB mixtures is unlikely, not least due to
different congener characteristics regarding solubility, adsorp-
tion, and molecular breakdown. And so, our findings do not
suggest that higher-chlorinated Clophen mixtures could not
have been used in the mines as well (sorption and dissolution
processes were discussed in the previous chapter). The various
environmental conditions in the mines could also be decisive
for a diverse congener composition. During a period of more
than 40 years between the last PCB application and the current
study, sorption and transfer processes most likely influenced
the PCB composition. All of this can have an effect on the
congener pattern, as the discharged MIW does not necessarily
represent homogeneous aliquots of the entire system.”
Furthermore, higher-chlorinated PCBs can turn into lower-
chlorinated PCBs due to dechlorination processes.”” The
microbial dehalogenation pathway depends on many factors,
but there is a tendency to dechlorinate meta and/or para
chlorines.” As a result, higher-chlorinated PCBs are degraded
over time to form lower-chlorinated PCBs. This might be
supported by the results of the present study, as the analyzed
MIW contains higher levels of, for example, PCB 18 than
expected from low-chlorinated Clophen mixtures. PCB 18 can
(among others) arise from PCB 52 and 49, which in turn can
arise from PCB 101—all congeners that occur in higher
proportions in Clophen mixtures and tested MIW (Table 1).
However, congeners that are not expected to occur at all in
Clophen mixtures also appear, such as PCB 11. Consequently,
two hypotheses can be considered relevant to explain its
occurrence: PCB 11 can result from the dechlorination of
higher-chlorinated congeners, e.g,, from PCB 101 via PCBs 52
and 70 and further PCBs 26 and 35 (all of which were detected
or suspected in the MIW, Tables 1 and S8), but could also
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occur as a result of water contact with painted surfaces since
PCB 11 plays a particular role in organic paint production,”
Compared to the congener distribution in Clophen mixtures,
divergent congener distribution in the MIW also gives a further
hint on predominant reduction of non-ortho and mono-ortho
PCBs (e.g, PCB 28), whereas di-ortho PCBs occur in higher
concentrations. Premising the same chlorination degree, di-
ortho PCBs are assumed to be less toxic than non-ortho or
mono-ortho chlorinated PCBs but are discussed in terms of
lower degradation and increased bioaccumulation.”*

Natural Attenuation at the Reden Site. Discharged
mine water from the Reden mine flows through a constructed
wetland, causing natural attenuation along this system. In this
artificially created stream, the Nebelbach, partitioning and
degradation processes decrease the PCB load until it is
discharged into the receiving water course (Figure 1).

The selected tetrachlorinated PCBs are eliminated faster
than the trichlorinated PCBs, with the elimination rates
converging at the end of the water course. A steady decrease in
concentration (24—42%, mean value = 32% after 500 m) was
observed for each PCB. Simultaneously, an absolute increase in
biphenyl concentrations could be detected. With an annual
load of 0.44 kg after 500 m instead of 0.64 kg at the discharge
point, this prevents a considerable proportion of PCBs from
entering the receiving water course. Elimination routes were
not investigated but are assumed to include bioaccumulation
by aquatic organisms such as fish in addition to sorption
processes in and volatilization from the constructed wetland.
Despite relevant reduction, the process is not dimensioned to
achieve full elimination of PCBs. For further evaluation,
elimination pathways, such as volatilization, sorption, bio-
accumulation, and degradation, must be validated and
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quantified. However, except in the case of the dechlorination of
PCBs, elimination by volatilization, sorption, or bioaccumula-
tion merely represents a shift of the problem to other systems.

PCB Loads from Mines. In addition to the PCB
concentrations, the discharge rates need to be considered for
an accurate assessment of risks. Although individual congener
concentrations are in the pg—ng L™" range, high PCB loads can
be anticipated to be continuously released into the environ-
ment worldwide. This can be expected due to the summation
of congeners and due to the large daily discharge volumes of
mines (average of 3—23 m* mine water min™' per mine for
mines of the present study; Table 2) as well as due to the large
number of mines with PCB potentials worldwide.

From the five investigated mines, a total annual load of
approximately 1—2 kg of PCBs is discharged to receiving
surface waters. In addition to volatilization and atmospheric
transport, subsequent transport to the sea is expected,
especially for the lower-chlorinated PCBs. Compared to
penta- or hexachlorinated indicator PCBs, they have a higher
water solubility and a lower affinity for sorption to sediments
and suspended matter. Two of the largest mine operators in
Germany regpgg_a total annual mine water make of more than
134 mio m”.”™"’" Based on these data and the average PCB
concentration of the five investigated mines, this would result
in an extrapolated annual load of approximately 6—9 kg PCBs.
Such quantities are to be seen relative to the background of
further inputs from a wide variety of sources, some of which
are diffuse. For example, urban emissions of the six indicator
PCBs alone from the City of Zurich to the atmosphere were
estimated to be approximately 16 kg a~' (median) based on
data from 2010/2011 (summer/winter).ss Emissions for the
City of Toronto were estimated to be 16—190 kg a™" for five
congeners (PCB; except PCB 138)."" A recent study shows
that total PCB emissions from India can be as high as
38 Mg a~! from all sources and notes that unintentional PCB
emissions (mainly from industry) are steadily increasing.é0 A
previous report by the OSPAR commission (2000) estimated
that 3—7 Mg a™' of PCBs are discharged into the North Sea via
wet deposition.’’ These quantities might be lower today
because PCB loads emitted to environmental systems were
expected to further decline.”®* Calculating the share of PCBs
originating from MIW on total calculated loads is hampered by
the different congener patterns of MIW PCBs because the
investigation of low-chlorinated PCBs is mostly lacking in
monitoring programs and most research studies. In addition to
determining water concentrations, the measurement of air
concentrations seems necessary, especially for the low-
chlorinated PCBs, because their volatilization can be assumed
to be higher compared to higher-chlorinated PCBs. This is of
special relevance also in terms of changing climatic patterns,
which is expected to highly influence the distribution of PCBs
between environmental compartments, with further conse-
quences for their long-range transport,”

Appraisal of Environmental Challenges by PCB-
Contaminated Mine Water Effluents. Following the global
ban on PCBs, decreasing PCB emissions and environmental
concentrations have been reported, with some observations of
current stagnations.”*>** Although PCB loads from the mines
investigated in the present study are comparatively smaller
than loads emitted from other sources, a high relevance of this
source type exists for several reasons. In Germany, legislation
and administrative arrangements have been put in place to
reduce the PCB burden from mining.” Therefore, the
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concentrations and loads reported in the present study are
expected to be lower than elsewhere. Due to lack of or
unavailable data on the situation in other regions together with
the widespread use of PCBs in mining, MIW is very likely an
underestimated source of PCB contamination worldwide. In
this context, the United Nations Environmental Programme
(UNEP) explicitly addressed the need to avoid PCB releases
from mines to the environment and to protect groundwater
according to the United Nations Sustainable Development
Goal (SDG) No. 6 (Clean Water and Sanitation)."*®* Fresh
water is a scarce and valuable resource that should be
protected from PCBs and further pollutants, not least because
water resources will become even scarcer in many areas in the
course of global change.”® For Germany, it has been reported
that discharged mine water can account for up to 20% of the
total amount of PCBs in rivers.”” Taking into account periods
of drought with low water levels resulting from global change,
the relative proportion of MIW will increase further. This will
likely be intensified with regard to increased secondary
emissions of PCBs from their environmental reservoirs
affecting their transport, bioaccumulation, and toxicity.”>*
But also, intense rainfalls and subsequent flooding pose a risk,
especially in the course of global change, because PCBs will be
transferred to floodplains and taken up by livestock.”” Yet,
PCBs are already having a severe negative effect on
humans”' ™" and the environment.” '"’® Because the PCB
loads calculated in our present study consist mainly of lower-
chlorinated PCBs and not of indicator PCBs, the results
highlight an additional load of PCBs that has not yet been
reflected in global balancing and monitoring programs and
potentially highlight an additional risk because data on health
implications of lower-chlorinated PCBs are still scarce.

Countries that became parties of the Stockholm Convention
are obliged to phase out the use of PCBs in equipment by 2025
and to ensure the elimination of PCBs by 2028, which includes
ensuring the environmentally sound waste management of
PCB-containing liquids and PCB-contaminated equip-
ment,">”” which is required for materials with a PCB content
of >0.005% (50 mg kg™').”"”® This is applicable for at least
some of the investigated mines.”' Permanent storage in
facilities located underground such as mines is in general
agreement with the Basel Convention.””*” However, materials
would then have to be stored in secure containers, and tunnels
should be located in geological formations below zones of
available groundwater or in formations that are completely
isolated by impermeable rock or clay layers from water-bearing
zones.” Either to secure safe storage or to prevent further
harm by the contamination of surface waters, there is a need
for action. Because mine water is discharged into surface
waters by point sources, the elimination of PCBs from MIW
can be implemented more easily compared with diffuse
sources. However, average volumes of discharged mine
water, such as 3—23 m’ min™' per mine (Table 2), pose a
particular challenge to elimination technologies that are
already discussed for the elimination of chlorinated organic
pollutants,””*' =%

B CONCLUSIONS

MIW is a globally underestimated point source of PCBs. With
the SPME method applied in the current study, a highly
recommendable method is at hand for the determination of
PCB-contaminated discharged MIW, as well as for the
evaluation of elimination methods. Concentrations of individ-
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ual PCB congeners as high as 25.9 ng L™' were detected. Our
results further showed that a focus on the analysis of indicator
PCBs is inappropriate for discharged MIW. In this context, we
suggest to include the most abundant congeners from our
study (PCB,,;; or at least PCB,,,;) in future investigations on
PCB concentrations in MIW as well as in investigations of
MIW-associated PCBs in surface waters. The high share of
lower-chlorinated PCBs in discharged MIW highlights addi-
tional PCB loads that should be considered in future
monitoring programs. Concentrations in the ng L range
combined with annual discharge volumes in the range of mio
m? per mine can easily sum up to annual loads in the kg range
of total PCBs per mine (in our case, 0.1-0.7 kg PCBs a™' per
mine). Constructed wetlands, as shown by the example of the
Reden site, have the potential to at least reduce the PCB loads
discharged into the sea until techniques aiming at full
elimination of PCBs can be applied on a large scale.
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Additional details on materials and methods

Chemicals

Neat PCBs were prepared as stock solutions of single substances in methanol (= 99.9%, p.a. quality, Carl
Roth GmbH, Karlsruhe, Germany) (87-230 mg L), and mixed group wise to concentrations of 10 and
15 mg L in methanol. Stock solutions in methanol were stored in 20-mL screw neck vials (hydrolytic class
1) with screw caps with silicone/PTFE septa (Klaus Trott Chromatographie-Zubehor, Kriftel, Germany).
Working solutions (mix of all investigated PCBs, 0.005-2000 pg L) were stored in 1.5-mL Certan capillary
bottles (Merck KGaA, Darmstadt, Germany). Method optimization experiments were prepared in a
solution containing 0.01 mol CaCl, L (purity = 99%, p.a. quality, Carl Roth GmbH, Karlsruhe, Germany).
All water used within the study was of ultrapure quality (ELGA PF2XXXXM1, Veolia Water Solutions &
Technologies, High Wycombe, UK).

HS-SPME-GC-MS method optimization and mine water analysis

PCB analysis was carried out with a CombiPAL autosampler (CTC Analytics AG, Zwingen, Switzerland)
equipped with a SPME fiber assembly, a Trace 1310 GC (Thermo Fisher Scientific, San Jose, CA, USA), and
an 1SQ 7000 MS (Thermo Fisher Scientific). The GC method was optimized for baseline separation of PCBs
with the shortest possible GC runtime. Overlapping PCBs were individually identified with a separate GC
method. Quantification was performed in selected ion monitoring (SIM) mode based on one quantifier
and one qualifier ion.

Chromatographic separation was conducted on a fused silica capillary column (TG-XLBMS: 60 m, 0.25 mm
inner diameter, 0.25 um coating thickness; Thermo Fisher Scientific). Helium 5.0 (Praxair, Germany) was
used as carrier gas at a constant flow rate of 1.0 mL min™. Oven programs are given in Table S4. The
injector was programmed with a split flow of 30 mL min after splitless thermodesorption of the fiber for
3 min at 210 °C. The transfer line to the MS was heated at 280 °C. lonization of molecules was performed

by electron impact ionization (70 eV) at 275 °C.

Mine water sampling

Mine water samples (1-2 L each) were collected from five different sites: the Walsum, Zollverein, and
Stinnes mines (NRW) as well as from the Reden and Camphausen mines (Saarland). For the NRW mines,
three further sampling campaigns were conducted after 9, 16 or 18, and 26 months (specific sampling
times are provided in Table S7). At the Reden site, four additional samples were taken along an artificial
stream that is fed exclusively by MIW to assess PCB elimination along the course of this constructed
wetland. Samples from the Walsum, Zollverein, and Stinnes mines were taken by employees of the North
Rhine-Westphalia State Office for Nature, Environment and Consumer Protection (LANUV NRW) and
collected through sampling taps on delivery pipes. Information on materials and storage is given in the SI

in the “Quality assurance and quality control” section below.
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Quality assurance and quality control

The SPME fiber was thermally cleaned at 240 °C before extraction and after thermodesorption for 9 min
in the needle heater in order to remove possible residues and to prevent carry-over of analytes between
sampling events. Fibers were reused, but visually controlled for any changes and frequently
rinsed/cleaned with methanol. The internal standard mix used allowed for the correction of potentially
occurring variability in sensitivity of the SPME fiber and the GC-MS instrument. Blank samples (0.01 mol
CaCl; L) were measured as described in the main article to check for potential carry-over or impurities.

The glassware for mine water sampling was rinsed out with acetone, and then baked out at a minimum
temperature of 140 °C. Blank samples were taken to check the sample vessels for any contamination
before filling. All amber glass bottles were fully filled to avoid any remaining headspace, minimizing both
exposure to atmospheric oxygen and volatilization losses of PCBs. For the mine water of the Reden and
Camphausen mines, the bottles were rinsed with acetone and rinsed thrice with the respective mine
water. These samples were taken at the end of the corresponding discharge pipes, thus contact with air
could not be fully excluded. During sampling, care was taken to ensure that only glassware with the
highest hydrolytic resistance was used (Schott Duran® bottles and screw caps with a PTFE coated silicone
seal, Th. Geyer GmbH & Co., Renningen, Germany). After sampling, the bottles were stored at 4 °C until
measurement.
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Table S1. Retention times (RT) and ions used for identification and quantification of analytes and internal
standards (IS). Analytes were corrected with their RT-nearest IS. For 3C-PCB 9 and PCB 9-ds, the correction

by the *3C-labeled PCB was consistently better. Trichlorobiphenyls had a second qualifier to improve their

differentiation from sulfur component spectra that can occur in mine water.?

Siibistar e Hiiaaaa RT Quantifier Qualifier 1 Qualifier 2
[min] [(m/z] [m/z] [m/z]

Biphenyl-dio IS 16.48 164 80

Biphenyl Analyte 16.58 154 76

PCB 1 Analyte 18.88 188 152

PCB 2 Analyte 20.51 188 152

PCB 3-ds IS 20.76 193 157

PCB 3 Analyte 20.81 188 152

SPCB 4(+10)2b Analyte 21.23 222 152

PCB 9-ds IS 22.24 227 157

1B3C-PCB 9 IS 22.27 234 164

PCB9 Analyte 22.28 222 152

PCB 7 Analyte 22.35 222 152

PCB 6 Analyte 22.64 222 152

PCB 5 Analyte 2291 222 152

PCB 8 Analyte 22.98 222 152

PCB 19 Analyte 2351 256 186 150

PCB 14 Analyte 23.56 222 152

PCB 30 Analyte 23.90 256 186 150

PCB 18-ds IS 24.30 263 191

PCB 11 Analyte 24.33 222 152

PCB 18 Analyte 24.35 256 186 150

PCB 17 Analyte 24.47 256 186 150

PCB 12 Analyte 24.57 222 152

PCB 13 Analyte 24.69 222 152

PCB 27 Analyte 24.70 256 186 150

PCB 24 Analyte 24.83 256 186 150

PCB 16 Analyte 25.03 256 186 150

PCB 15 Analyte 25.05 222 152

PCB 32 Analyte 25.13 256 186 150

PCB 26 Analyte 25.85 256 186 150

PCB 31 Analyte 26.25 256 186 150

PCB 53 Analyte 26.30 292 220

13C-PCB 28 IS 26.34 270 198

PCB 28 Analyte 26.35 256 186 150

>PCB 20+21+332 Analyte 26.48 256 186 150

13C-PCB 52 IS 27:25 304 232

PCB 52 Analyte 27.27 292 220

PCB 49 Analyte 27.44 292 220

PCB 65 Analyte 27.66 292 220

PCB 38 Analyte 27.71 256 186 150

PCB 62 Analyte 27.71 292 220

PCB 44 Analyte 27.94 292 220

PCB 61 Analyte 29.22 292 220

13C-PCB 101 IS 30.14 338 266

PCB 101 Analyte 30.15 326 254

PCB 99 Analyte 30.35 326 254

PCB 116 Analyte 31.09 326 254

PCB 85 Analyte 31.28 326 254

PCB 110 Analyte 31.42 326 254

PCB 77 Analyte 31.84 292 220

PCB 149 Analyte 32.00 360 290

13C-PCB 118 IS 32.42 338 266
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PCB 118
PCB 146
13C-PCB 153
PCB 153
PCB 105
13C-PCB 138
PCB 138
PCB 187
PCB 183
PCB 128
PCB 167
PCB 156
13C-PCB 180
PCB 180
PCB 170
PCB 189
PCB 194

Analyte
Analyte
IS

Analyte
Analyte
1S

Analyte
Analyte
Analyte
Analyte
Analyte
Analyte
IS

Analyte
Analyte
Analyte
Analyte

32.43
32.66
32.87
32.88
33.30
33.80
33.81
34.12
3431
34.74
34.86
35.61
35.83
35.84
36.77
37.85
38.63

326
360
372
360
326
372
360
394
394
360
360
360
406
396
394
394
430

254
290
302
290
254
302
290
324
324
290
290
290
336
324
324
324
358

2 Congeners without chromatographic baseline separation.

b The RTs for PCB 4 and PCB 10 for the alternative temperature program of the GC oven (see Table S4b)
are 35.00 and 35.06 min, respectively.

Table S2. Analytes and their respective internal standards (IS).

Analyte IS
Biphenyl Biphenyl-dio
PCB 1 PCB 3-ds
PCB 2 PCB 3-ds
PCB 3 PCB 3-ds
SPCB 4(+10) PCB 3-ds
PCB 5 3C-pCB9
PCB 6 1BC-PCB9
PCB7 13C-pCB9
PCB 8 13C.pCB 9
PCB9 13C-PCB9
PCB 11 PCB 18-ds
PCB 12 PCB 18-ds
PCB 13 PCB 18-ds
PCB 14 PCB 18-ds
PCB 15 PCB 18-ds
PCB 16 PCB 18-ds
PCB 17 PCB 18-ds
PCB 18 PCB 18-ds
PCB 19 PCB 18-ds
>PCB 20+21+33 13C-pCB 28
PCB 24 PCB 18-ds
PCB 26 13C-pCB 28
PCB 27 PCB 18-ds
PCB 28 13C-pCcB 28
PCB 30 PCB 18-ds
PCB 31 13C-pCB 28
PCB 32 PCB 18-ds

Analyte IS

PCB 38 13C-pCB 52
PCB 44 13C-pCB 52
PCB 49 13C-PCB 52
PCB 52 13C-pCB 52
PCB 53 13C-pCB 28
PCB 61 13C-pCB 101
PCB 77 13C-pCB 118
PCB 85 13C-pCB 101
PCB 99 13C.pCB 101
PCB 101 13C-pCB 101
PCB 105 13C-pCB 153
PCB 110 13C-PCB 118
PCB 116 13C-PCB 101
PCB 118 13C-pCB 118
PCB 128 13C-pCB 138
PCB 138 13C-pCB 138
PCB 146 13C-PCB 153
PCB 149 13C-PCB 118
PCB 153 13C-PCB 153
PCB 156 13C-pCB 180
PCB 167 13C-PCB 180
PCB 170 13C-pPCB 180
PCB 180 13C-PCB 180
PCB 183 13C-PCB 138
PCB 187 13C.pCB 138
PCB 189 13C-PCB 180
PCB194 13C-pCB 180
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Table S3. Recovery rates for the IS.

Internal Standards Recovery rate [%]

Biphenyl-dio 49-183
PCB 3-ds 52-169
PCB 9-ds 57-165
13C-PCB 9 56-174
PCB 18-ds 52-200
13C-PCB 28 50-218
13C-pCB 52 45-198
3C-pCB 101 46-192
3C-pCB 118 45-203
13C-pCB 153 45-200
13C-PCB 138 44-213
13C-PCB 180 45-205

Table S4. Temperature program of the GC oven for conditions optimized (a) for baseline separation and
runtime, and (b) for separation of PCBs 4 and 10. Total times: (a) 41 min and (b) 47 min.

(a) Rate Temperature  Hold time (b) Rate Temperature Hold time
[°C min] [°C) [min] [°C min] [°C] [min]

- 60 3.00 - 35 3.00

30 120 0.00 30 120 0.00

6 320 2.00 2 200 1.00
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Optimization of the HS-SPME-GC-MS method

Extraction yields for specific parameters such as SPME fiber (Figure S1), extraction temperature (Figure
S2), as well as extraction time and shaking intensity (Figure S3) were compared for selected congeners.
For each specific congener, the largest extraction yield per investigated parameter was set to 1 and the
further extraction yields are given relative to the maximum. For Figure S1, exemplarily, the best
extraction yield for PCB 28 was achieved with the 100 um PDMS fiber and therefore set to 1.0.
Extraction yields of PCB 28 with the further fibers were between 6 and 90 % of the 100 um PDMS fiber
and therefore given with relative intensities of 0.06-0.90.
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Figure S1. Extraction efficiency of tested SPME fibers (n = 2, error bars show standard deviation).
Extraction conditions: 50 °C extraction temperature, 30 min extraction time, sf: StableFlex, nc: nitinol-
core.
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Figure S2. Extraction efficiency at selected extraction temperatures in the agitator (n = 3, error bars show
standard deviation). Extraction conditions: 65 um PDMS/DVB (nitinol-core) fiber, 30 min extraction time.

S7/18

53



Kapitel 2

Biphenyl

1.0 4

sl @ * ; i :
F- & ,
2
5 0.6 4
£ [ ]
_. 04 A
]

0.2 4

0.0 T T T T T

0 10 20 30 40 50
extraction time [min]

®300rpm @500 rpm @700rpm

PCB 28
SEREEE
0.8 4 i

>
£ } ¢
QC) 0.6 4
£
. 0.4 1
3 ¢
0.2 4
0.0 T T T T T

0 10 20 30 40 50
extraction time [min]

®300rpm @500 rpm @700rpm

PCB 153

(=] [
o o
1 1
—-o—
-—e—
——

rel. intensity
o o
E~] [=)]
1 1
—o—
o

©
[N}
1

%

T T T T T

0 10 20 30 40 50
extraction time [min]

o
o

@300 rpm @500 rpm @700 rpm

PCB 1
10 - . ;
; ¢ .
> 0.8 A Fy [ ]
g ]
5 0.6 A
£ L]
=04 A
z
0.2 A
0.0 T T T T T

0 10 20 30 40 50
extraction time [min]

®300rpm ®500rpm @700 rpm

PCB 52
1.0 4
ARE
- 0.8 4 [}
Sl b
i
E; 0.4 4 §
0.2 4
0.0 T T T T T

0 10 20 30 40 50
extraction time [min]

® 300 rpm @500 rpm @700 rpm

PCB 180

o
)
L

rel. intensity
o o
E=N ()]
\ \
o

ot
]
L

0 10 20 30 40 50
extraction time [min]

e
o

@300 rpm @500rpm @ 700rpm

rel. intensity
o o o
E= [e2] co

o
[N}

o
o

® 300

rel. intensity
o 9 o o =
8] = [e)] o] o

o
=)

PCB 4

0 10 20 30 40 50
extraction time [min]

rpm ®500 rpm @700 rpm

:PCBl()il § i ;

ﬁ;}
¢

0 10 20 30 40 50
extraction time [min]

®300rpm @500rpm @700 rpm

rel. intensity
c o o o B
bS] E=3 [=)] co o

o
o

PCB 194

T T T T T

0 10 20 30 40 50
extraction time [min]

@®300rpm @500 rpm @700 rpm

Figure S3. Extraction efficiency depending on extraction time and intensity of sample stirring during
extraction (n = 5, error bars show standard deviation). For better overview, the tested stirring rates of
250, 400, and 600 rpm are not shown. Presented are nine congeners that were exemplarily selected
depending on their chlorination degree with a focus on indicator PCBs. Extraction conditions: 65 pm
PDMS/DVB (nitinol-core) fiber, 75 °C extraction temperature.
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Determination of congener specific limits of detection (LOD) and limits of quantification (LOQ)

For determination of LODs and LOQs, the standard deviation of the signal generated by multiple blank

measurements (n=10) was divided by the slope of the calibration curve. The resulting noise

concentrations were multiplied by 3 and 10 to obtain LOD and LOQ, respectively.?? These calculations
were performed for PCB analyses using both the PDMS/DVB (65 1m with nitinol-core) and PDMS (100 pum)
SPME fibers. For biphenyl and mono- to trichlorinated PCBs the PDMS/DVB fiber was used, and for
tetrachlorinated and higher PCBs the PDMS fiber was used.

Table S5. Congener specific LODs and LOQs as median (n = 10) in ng L™ for mine water analysis.

Analyte LOD LoQa Analyte LOD LoQ
Biphenyl 0.06 0.19 Tetra PCB44 0.03 0.089
Mono PCB1 0.004 0.014 PCB 49 0.02 0.062
PCB 2 0.04 0.13 PCB 52 0.02 0.050
PCB 3 0.03 0.11 PCB 53 0.007 0.023
Di 5 PCB 4(+10) 0.06 0.19 PCB 61 0.02 0.068
PCB 5 0.07 0.22 PCB 62 0.005 0.016
PCB 6 0.2 0.62 PCB 65 0.01 0.026
PCB7 0.04 0.14 PCB 77 0.2 0.75
PCB 8 0.3 1.10 Penta PCB 85 0.1 0.32
PCB 9 0.03 0.10 PCB 99 0.04 0.14
PCB 11 0.09 0.29 PCB 101 0.05 0.16
PCB 12 0.004 0.014 PCB 105 0.3 0.85
PCB 13 0.6 1.9 PCB 110 0.1 0.43
PCB 14 0.08 0.27 PCB 116 0.06 0.19
PCB 15 0.2 0.67 PCB 118 0.2 0.71
Tri PCB 16 0.7 2.2 Hexa PCB 128 0.3 1.0
PCB 17 0.06 0.20 PCB 138 0.3 1.0
PCB 18 0.02 0.08 PCB 146 0.2 0.72
PCB 19 0.01 0.043 PCB 149 0.1 0.48
5 PCB 20+21+33  0.01 0.035 PCB 153 0.3 0.82
PCB 24 0.004 0.015 PCB 156 0.3 0.91
PCB 26 0.008 0.028 PCB 167 0.3 0.93
PCB 27 04 1.18 Hepta PCB170 0.4 1.2
PCB 28 0.04 0.15 PCB 180 0.3 1.0
PCB 30 0.007 0.23 PCB 183 0.3 1.0
PCB 31 0.02 0.058 PCB 187 0.3 1.1
PCB 32 0.2 0.74 PCB 189 0.3 1.0
PCB 38 0.2 0.55 Octa PCB194 0.6 19
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Efficiency of extraction from mine water

Recovery rates of PCB congeners were investigated to account for PCB losses during storage, i.e. between

sampling and measurement of samples. Recovery rates were calculated based on spiked PCB

concentrations that were measured four days after spiking. Native mine water samples were spiked with

10 ng L with PCB congeners that were not found in the samples. External calibration samples were

prepared before analysis, respectively.

Table S6. Recovery rates [%] for selected PCB congeners from different mine water samples.

PCB 14 PCB 38 PCB 105 PCB 189 PCB 194
Walsum (April 22) 82.0 85.7 88.2 89.8 97.8
Zollverein (April 22) 78.4 78.5 68.9 72.1 77.4
Reden 79.5 75.6 65.7 69.5 86.0
mean recovery 80.0 79.9 74.3 77.1 87.1
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Table S7. PCB concentrations [ng L] in mine water from the three NRW mines over 26 months. Zero

was assumed for congeners <LOD, congeners <LOQ were included with 0.5 x LOQ and written in italics.

Walsum Zollverein Stinnes

Analyte FEB NOV JAN APR FEB NOV AUG APR FEB NOV AUG APR

2020 2020 2021 2022 2020 2020 2021 2022 2020 2020 2021 2022
Biphenyl 3.05 2.92 1.35 2.30 0.37 0.49 0.25 0.80 14.50 14,71 11.54 19.18
PCB1 0.08 0.06 0.04 0.07 0.19 0.19 0.007 0.23 0.12 0.09 0.08 0.11
PCB2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.06 <LOD <LOD <LOD
PCB3 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.11 0.06 0.06 0.15
3 PCB 4(+10) 1.64 1.10 0.72 1.18 5.00 4.64 4.75 5.65 1.06 0.85 0.65 1.10
PCB 5 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 <LOD <LOD <LOD
PCB 6 0.31 031 0.31 0.31 451 434 4.69 6.07 0.31 0.31 0.31 0.31
PCB 7 0.07 0.07 <LOD 0.07 0.16 0.19 <LOD 0.23 0.07 <LOD <LOD 0.07
PCB8 1.47 1.22 0.55 1.34 3.58 3.28 3.67 4,10 1.52 0.55 0.55 1.56
PCB9 0.14 0.05 0.05 0.05 0.39 0.34 0.05 0.39 0.15 0.05 0.05 0.14
PCB 11 0.50 0.36 0.30 0.45 1.58 1.38 1.60 1.88 0.60 0.15 0.15 0.38
PCB 12 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
PCB 13 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.96 <LOD <LOD <LOD <LOD
PCB 14 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
PCB 15 0.34 0.34 0.34 0.34 0.93 0.82 1.04 1.36 0.78 0.34 0.34 0.34
PCB 16 4.96 3.50 2.73 3.98 12.24 10.55 10.91 11.21 4.51 2.52 212 3.56
PCB 17 1.62 1.18 0.86 1.59 6.27 5.42 6.46 7.59 1.85 0.68 0.63 1.24
PCB 18 17.57 5.09 3.43 4.40 20.99 19.00 21.75 2591 5.09 2.78 2.54 4.31
PCB 19 2.70 1.82 1.19 1.96 6.85 6.32 7.04 7.41 1.38 1.05 0.82 1.37
> PCB 20+21+33 0.23 0.20 0.21 0.31 0.63 0.54 0.24 0.70 0.78 0.22 0.19 0.29
PCB 24 0.09 0.06 0.05 0.07 0.21 0.18 0.18 0.19 0.17 0.05 0.03 0.05
PCB 26 0.16 0.14 0.14 0.23 1.29 1.19 1.61 2.30 0.60 0.15 0.14 0.19
PCB 27 0.59 <LOD <LOD <LOD 1.63 1.50 1.77 2.17 0.59 <LOD <LOD <LOD
PCB 28 0.57 0.49 0.58 1.11 237 2.14 2,70 3.65 1.92 0.30 0.32 0.93
PCB 30 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
PCB 31 1.00 0.89 0.92 1.63 3.76 3.41 4.85 6.59 2.12 0.45 0.53 1.16
PCB 32 1.51 1.21 0.93 1.55 5.24 4.86 6.14 7.16 1.58 0.37 0.37 0.98
PCB 38 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.69 0.28 <LOD <LOD
PCB 44 4.51 1.58 1.30 1.55 3.50 3.06 3.60 4.33 2.18 0.62 0.70 1.20
PCB 49 1.96 0.67 0.65 0.87 237 2.06 3.05 4.41 1.34 0.26 0.32 0.67
PCB 52 3.93 1.50 1.27 1.62 3.85 3.50 4.77 6.48 2.03 0.64 0.73 1.28
PCB 53 2.20 0.66 0.49 0.65 2.22 2.05 2.83 3.47 0.93 0.45 0.39 0.64
PCB 61 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.27 0.08 0.03 0.03
PCB 62 0.008 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.05 0.02 0.008 0.008
PCB 65 <LOD <LOD <LOD <LOD 0.01 0.01 0.01 0.01 0.06 0.01 0.01 <LOD
PCB 77 0.38 <LOD 0.38 <LOD <LOD <LOD <LOD <LOD 141 0.82 0.38 0.38
PCB 85 0.16 <LOD <LOD <LOD 0.16 0.16 0.16 <LOD 0.32 0.16 0.16 <LOD
PCB 99 0.20 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.28 0.07 0.07 0.07
PCB 101 0.36 0.08 0.08 0.08 0.21 0.16 0.21 0.25 0.41 0.08 0.08 0.08
PCB 105 0.43 <LOD 0.43 <LOD <LOD <LOD <LOD <LOD 043 0.43 0.43 0.43
PCB 110 0.72 0.22 0.22 022 0.22 0.22 0.22 0.22 0.61 0.22 022 0.22
PCB 116 0.26 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.32 0.09 0.09 0.09
PCB 118 0.36 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.36 0.36 0.36 0.36
PCB 128 0.52 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.52 0.52 0.52 <LOD
PCB 138 0.51 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.51 0.51 0.51 0.51
PCB 146 0.36 <LOD <LOD <LOD <LOD <LOD <LOD 2.50 0.36 0.36 0.36 <LOD
PCB 149 0.24 <LOD 0.24 <LOD 0.24 0.24 0.24 1.59 0.24 1.07 0.24 0.24
PCB 153 041 <LOD <LOD <LOD <LOD <LOD <LOD 0.41 0.41 0.41 0.41 <LOD
PCB 156 0.48 <LOD 0.48 <LOD <LOD <LOD <LOD <LOD 1.00 0.48 0.48 0.48
PCB 167 047 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.47 0.47 047 0.47
PCB 170 0.58 <LOD 0.58 <LOD <LOD <LOD <LOD <LOD 0.58 0.58 0.58 0.58
PCB 180 0.53 0.53 0.53 <LOD <LOD <LOD <LOD <LOD 0.53 0.53 0.53 0.53
PCB 183 0.51 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.51 0.51 0.51 0.51
PCB 187 0.53 <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.53 0.53 0.53 0.53
PCB 189 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
PCB194 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
SPCBs3bp 59.4 26.4 21.7 28.3 91.3 82.6 95.2 120.6 57.6 36.3 30.6 46.8
3PCBs3 56.4 23.7 20.4 26.0 91.0 82.1 94.9 119.8 43.1 21.6 19.0 27.6
SPCBiv1s 6.7 26 2.5 28 6.4 5.8 7.7 10.8 6.2 2.8 29 3.7
2PCBop11 14.0 18.6 14.4 20.9 69.7 62.4 74.1 88.2 249 10.1 9.5 17.3
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Table S8. Further PCBs that were identified in mine water based on specific masses [m/z], chlorine
pattern, and peak area and height without available external standards. For rough estimation, assumed
concentrations were estimated based on raw data that was corrected by the IS with nearest RT and by
calibration curves of both sensitive and non-sensitive PCB congeners. The possible PCB number
represents an educated guess based on a relative retention time [RT] comparison but is subject to
uncertainty.

RT [min] Chlorination Possible PCB based Assumed concentrations
degree on RT [ng L]
25.95 tri 25 0.04-4.36
26.81 tetra 45 0.19-3.22
27.02 tetra 46 0.04-0.48
27.57 tetra 47 0.09-2.43
28.53 tetra 42 0.27-4.52
28.62 tri 35 0.03-0.84
29.40 tetra 74 0.07-1.18
29.47 tetra 70 0.18-2.58
29.62 tetra 66 0.10-1.39
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Figures S4-511 provide the PCB congeners that were detected in the investigated MIW in comparison to
congeners that are reported to occur in the technical Clophen mixtures A30 and A40, which are reported
to have been used at the respective sites. This comparison does not aim at showing a perfect match
between congener pattern in MIW and congener pattern in Clophen mixtures. Details and discussion on
influencing factors such as e.g. solubility of congeners, adsorption, and molecule breakdown are given in
the manuscript.

Nevertheless, this comparison gives a visually insight to both matches and discrepancies between PCB in
MIW and Clophen mixtures. These data experimentally support the reported use of low-chlorine technical
mixtures (such as Clophen A30 and A40), but also suggest the additional use of higher-chlorine technical
mixtures in mines, as is most evident for the Stinnes mine (Figure S9).
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Figure S4. Comparison of homologue PCB congeners in discharged mine water from the present study
with homologue congeners in Clophen A30 and Clophen A40.% For the provided mean value, mean values
of the four sampling times (Walsum, Stinnes, Zollverein), and individual values (Reden, Camphausen)
were used for calculation. Error bars show the standard deviation.
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Figure S5. Comparison of PCB congeners in discharged mine water from the present study with congeners
in Clophen A30 and Clophen A40. Only congeners between PCB 4 and 65 are shown due to very low
concentrations of higher chlorinated PCBs. For the provided mean value, mean values of the four
sampling times (Walsum, Stinnes, Zollverein), and individual values (Reden, Camphausen) were used for
calculation. Error bars show the standard deviation. Mine specific PCB profiles including congeners up to
PCB 194 are provided in Figure S6-S11.
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Figure S6. Comparison of PCB congeners in discharged mine water from the present study with congeners in Clophen A30 and Clophen A40.? For the provided
mean value, mean values of the four sampling times (Walsum, Stinnes, Zollverein), and individual values (Reden, Camphausen) were used for calculation. Error

bars show the standard deviation. This Figure corresponds to Figure S5 of the present study but includes additional PCB congeners detected.
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Figure S7. Comparison of PCB congeners in Walsum discharged mine water with congeners in Clophen A30 and Clophen A40.? Mean values of four sampling

times are shown. Error bars show the standard deviation.
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Figure S8. Comparison of PCB congeners in Zollverein discharged mine water with congeners in Clophen A30 and Clophen A40.* Mean values of four sampling

times are shown. Error bars show the standard deviation.

Clophen A30
Clophen A40

W Stinnes

b s e w§olie el r LEYX

[ w61 90d
| 68T 92d
81 90d
| €81 92d
" 081 82d
" 021 82d
| z91 90d
| 95T @2d
| €51 90d
| 6vT 92d
| 9vT 90d
| €T 904
" gzT 82d
| 81T 90d
91T 92d
01T 90d
| sot 80d
| 10T 904
| 66 87d
58 92d
£ 824
" 59 924
[ 79824
19 924
| €587
25 92d
| 61 92d
vt 92d
g€ 924
" z¢ 92d
1€ 924
[ o€ 84
87 92d
[ sz 804
9z 804
vz 80d
| €€+17+07 8743
| 61 80d
87 904

tli Lt dal [i:]i][-

-
L
T —

21824
97 924
51824
" 1 92d
[ €1 824
[ z1 824
[ 11824
6 82d
g 82d
" £ 82d
9874
[ 5 82d
[ (0T+)p 8243

r
o
m

T T T T T

n o uwn
NN

uonNqUISIP % Iysiam

o wn o
—

Figure S9. Comparison of PCB congeners in Stinnes discharged mine water with congeners in Clophen A30 and Clophen A40.* Mean values of four sampling

times are shown. Error bars show the standard deviation.
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Hierarchical clustering of the five mine water samples and the congener composition of Clophen A30
and A40.

Table S9. A k-means and hierarchical cluster analysis of the five mine water samples and the congener
composition of Clophen A30 (CL30) and Clophen A40 (CL40) showed that they can be grouped into two
clusters.

Congener Composition Region Cluster
Walsum North Rhine-Westphalia 1
Zollverein North Rhine-Westphalia 1
Stinnes North Rhine-Westphalia 1
Reden Saarland 2
Camphausen Saarland 2
Clophen A30 (CL30) - 1
Clophen A40 (CL40) - 2
Reden
Camphausen
Cl40
Cli30
Stinnes
———  Walsum
'——  Zollverein

40 35 30 25 20 15 10 5

Distance
Figure S12. Hierarchical cluster using Ward’s method. The five mine water samples and the two technical
PCB mixtures can be divided into two clusters. One represents the Saarland mines (Reden, Camphausen),
and the other the mines in North Rhine-Westphalia (Walsum, Zollverein, Stinnes). While the Saarland
cluster indicates that the congener composition of Clophen A40 (Cl40) was used, the cluster in North
Rhine-Westphalia is closer to Clophen A30 (CI30).

Due to the small data set and possible degradation of PCBs to lower chlorinated PCBs, the statistical
significance of these results needs to be determined with additional data in future studies.
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ARTICLE INFO ABSTRACT

The persistent organic pollutant hexachlorobenzene (HCB) and all 11 further chlorobenzenes were hydrode-
chlorinated at environmentally relevant concentrations in miniaturized reaction systems, catalyzed by low con-
centrated Pd(0)-nanoparticles, to examine differences in dechlorination rates and pathways. Using solid-phase
microextraction coupled to gas chromatography-mass spectrometry allowed the simultaneous extraction and de-
tection of reactants, intermediate products and fully dechlorinated benzene, regardless of their different physi-
cochemical properties. Dechlorination of HCB with formation of intermediates mainly proceeded via penta-
chlorobenzene, 1,2,3,4-tetrachlorobenzene, 1,2,3-trichlorobenzene, 1,2-dichlorobenzene, and monochlorobenzene
to benzene. Specific catalytic activities of Pd(0)-nanoparticles (100-3400Lg ™' min~") differed depending on
chlorination degree of chlorobenzenes and position of chlorine atoms. An inductive effect is assumed to favor a
removal of the vicinal chlorine atom. The presented method permits the facile determination and comparison of
nanomaterials’ specific catalytic activities and allows the elucidation of dehalogenation pathways. It further en-
ables to specifically examine formed intermediates to assess their toxicity and biodegradability.

Keywords:

Chlorobenzenes

Transformation products

Palladium (Pd) nanoparticles
Specific catalytic activity
Solid-phase microextraction (SPME)

the environment and consequently accumulates in food webs [3]. In the
environment, HCB can be degraded by photolysis and chemical reactions

1. Introduction

Persistent organic pollutants (POPs) are characterized by long lifetimes
in the environment, possible long-range transport, a high potential for
bicaccumulation and often also a negative impact on human health and
the environment [1]. Hexachlorobenzene (HCB) belongs to this group of
POPs and is part of the ‘dirty dozen’, initially 12 substances or substance
groups that are globally banned by the 2001 Stockholm Convention on
POPs of the United Nations Environment Program (UNEP) [2]. Further-
more, it is classified as persistent, bioaccumulative and toxic (PBT) sub-
stance according to the European Union’s chemicals legislation and is
suspected of being carcinogenic and teratogenic. It was used mainly as a
fungicide or as disinfectant in agriculture, but also as a wood preservative.
Due to its persistency and despite the global ban, HCB is still ubiquitous in

* Corresponding author.
E-mail address: Leonard.Boehm@umwelt.uni-giessen.de (L. B6hm).
! present address: Covestro Deutschland AG, 51373 Leverkusen, Germany.

with radicals [4], therefore methods based on irradiation for the de-
gradation of chlorobenzenes are constantly further developed [5,6]. Mi-
crobial degradation of HCB in soils and sediments mainly occurs under
anaerobic conditions, whereas less chlorinated compounds can be de-
graded also by oxidation [7]. The pathways for microbial and photolytic
dechlorination are very similar. However, these degradation mechanisms
occur in nature only to a limited extend, because chemical reduction can
require high energy input and biodegradation is not efficient enough. The
high catalytic activities of Pd nanoparticles indicate an enormous intrinsic
potential for the transformation of contaminants [8]. Supported by their
large specific surface area, catalytically active metal nanoparticles can be
used to efficiently dechlorinate HCB and further halogenated organic

2 Present address: Physical Chemistry, Carl von Ossietzky University of Oldenburg, 26129 Oldenburg, Germany.
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pollutants even under moderate conditions [9-11]. In these reactions,
metal nanoparticles catalyze the formation of activated hydrogen, which is
able to perform the substitution of halogen atoms in the POP molecule
[12], while hydrochloric acid (HCI) in case of dechlorination reactions is
released. The presence of dissociated HX in higher concentrations in the
near vicinity of Pd can lead to self-poisoning of the catalyst material.
Sufficient amounts of aqueous solution or even addition of buffers offer a
gradient for HX withdrawal from the active centers [9]. Furthermore, Pd
(0) nanoparticles are sensitive to poisoning by matrix constituents (e.g.,
salts). A further disadvantage is that suitable separation and recycling
processes still have to be developed [13]. Although the intrinsic activity of
nanoparticles is mostly comparable to supported catalysts, the minimized
mass transfer in aqueous media when using nanoparticles is beneficial.
Catalysis promoted by Pd is seen as one of the most promising strategies to
efficiently remove reducible contaminants in water treatment approaches
[14]. Highest reaction rates are reached when using nanosized catalyst
particles [9,15]. When applying nanosized catalysts, a suitable suspending
agent is needed in order to prevent agglomeration of the particles, and an
appropriate source of hydrogen. Hydrodehalogenation of higher haloge-
nated substances using Pd catalysts can generally lead to fully dehaloge-
nated products. However, it seems that a direct pathway, but also a suc-
cessive stepwise dehalogenation pathway exist in parallel. If
dehalogenation is not complete, less halogenated intermediate products
can remain. Generally, they are recognized as less dangerous in the en-
vironment compared to the higher halogenated substances, especially due
to an easier microbial transformation, a lower bioaccumulation potential
and an often reduced toxicity [13]. However, specific transformation
products can be formed that are more toxic compared to others or the
parent compound itself. This is most obvious for the dechlorination of
dioxins where formation of the highly toxic congener 2,3,7,8-tetra-
chlorodibenzo-p-dioxin has to be avoided [16]. Another example of highly
undesired intermediates of a stepwise dechlorination is the formation of
vinylchloride from polychlorinated ethenes [17]. For the group of chlor-
obenzenes, toxicity also varies between its representatives. Therefore, it is
most helpful to know dehalogenation pathways in full detail. However, the
analytical monitoring of intermediate steps within the dehalogenation
process can be very laborious due to the highly varying characteristics of
reactant, intermediate products, reaction rates and the final dehalogena-
tion product. This can require the combination of various extraction
methods, such as headspace extraction for (highly) volatile substances and
solvent extraction with filtration and concentration of solvent extracts.
With solid-phase microextraction (SPME), a technique is available that can
facilitate the extraction of substances with varying physicochemical
properties, usually when using multiple extraction phases. SPME is a sol-
ventless, miniaturized, equilibrium based, and mostly non-exhaustive ex-
traction method, which is built on the partitioning of analytes between the
sample and a polymer-coated quartz fiber that is introduced directly to the
sample (immersed SPME) or to the headspace above the sample (HS-
SPME) [18-21]. Depending on the type of commercially available fibers,
different coating materials exist that provide targeted selectivity for matrix
separation and the extraction of analytes. Using an appropriately equipped
autosampler, samples can be extracted consecutively by the same fiber in
an ‘agitator’, a device which can be programmed to specific stirring speed
and extraction temperatures. After extraction, the fiber is transferred to the
injection system of the gas chromatography-mass spectrometry (GC-MS)
instrument, where the thermal desorption of analytes is performed before
regular GC-MS analysis. Potential carry-over of analytes by the fiber be-
tween samples can be avoided when a conditioning station is used in
which the fiber is additionally heated between sampling events. Quanti-
fication can be easily performed with external standard calibration and
internal standards. Besides saving solvents, the use of SPME can sig-
nificantly reduce labor time and allow extractions specific to individual
research questions. However, method development can be extensive, be-
cause several parameters such as type of fiber coatings, extraction time,
extraction temperature, stirring speed, and conditioning of the fiber have
to be investigated [19-22]. For HCB and its transformation products as
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environmentally relevant target analytes an efficient monitoring in reac-
tion approaches and natural matrices is necessary. Therefore, the aims of
this study were (i) to establish a SPME method for the simultaneous ex-
traction of HCB and all dechlorination products directly from a minia-
turized reaction system, (ii) to elucidate the dechlorination pathways by
tracking intermediate products and examining their dechlorination beha-
vior, and (iii) to determine the specific catalytic activity of Pd(0) nano-
particles for the dechlorination of HCB and its transformation products.
Hence, a SPME method was established for the examination of HCB de-
chlorination in the presence of low concentrations of Pd(0) nanoparticles
in aqueous solution under anoxic conditions in a miniaturized reaction
system with hydrogen as reducing agent. Furthermore, the intermediate
steps of the dechlorination of HCB to benzene were investigated. HCB and
all possible intermediates were used as individual reactants.

2. Materials and methods
2.1. Chemicals and catalysts

Molecular structures and physicochemical properties of the test
substances HCB, pentachlorobenzene (PeCB), tetrachlorobenzene
(TeCB) isomers (1,2,3,4-TeCB, 1,2,3,5-TeCB, and 1,2,4,5-TeCB), tri-
chlorobenzene (TCB) isomers (1,2,3-TCB, 1,2,4-TCB, and 1,3,5-TCB),
dichlorobenzene (DCB) isomers (1,2-DCB, 1,3-DCB, and 1,4-DCB),
monochlorobenzene (MCB), and benzene (B) are summarized in Table
S1 in the supporting information. All analytes were purchased as neat
substances from Dr. Ehrenstorfer GmbH (Augsburg, Germany) (purities
= 98.0%), prepared as stock solutions of single substances in methanol
(123-1032mgL’1), and mixed to concentrations of 0.05, 0.5, and
5mgL~" of each substance in methanol (methanol purity = 99.9%,
p-a. quality, Carl Roth GmbH, Karlsruhe, Germany) yielding working
solutions for calibration. Stock solutions of single substances were di-
luted in methanol to concentrations of 10mgL~" yielding working
solutions for dechlorination experiments. Stock solutions in methanol
were stored in screw top vials with Mininert valves (CZT analytical
equipment, Kriftel, Germany), working solutions (10 mgL~!) were
stored in Certan capillary bottles (LGC Standards GmbH, Wesel,
Germany). For the internal standard mix, benzene-ds (2000 pg mL~" in
methanol, Dr. Ehrenstorfer) was combined with a mixture of *3C la-
beled mono- to hexachlorobenzenes (mono-to-hexachlorobenzene so-
lution [**Cg, 99%)] 500 ugL ! in toluene, CIL brand purchased from
LGC Standards, Wesel, Germany) and diluted in methanol (5mgL™1).

An aqueous working solution for dechlorination experiments was
prepared with 9 g L.~ NaHCO, for pH stabilization (purity = 99.5%,
p.a. quality, Carl Roth GmbH, Karlsruhe, Germany) [23] and 2.94 g L7!
tri-sodium citrate dihydrate for nanoparticle stabilization (purity =
99.0%, p.a. quality, Carl Roth GmbH, Karlsruhe, Germany) in a 1000-
mL volumetric flask filled up with water [9].

The Pd nanoparticles utilized in dechlorination experiments were
obtained by chemical reduction of the tetrachloropalladate complex
with sodium borohydride as reducing agent [24]. Particles were sus-
pended in an aqueous solution (60 mgL~ ') containing citrate for sta-
bilization purpose. The final colloid suspension contained finely dis-
persed spherical Pd nanoparticles with an average size of 3.9 nm (d50;
transmission electron microscopy, TEM) and was electrostatically sta-
bilized in a pH range of 8-9 (Figure S1). Immediately before the start of
the experiment, the suspension was transferred via air cushion pipette
into 20-mL vials and gassed with hydrogen for 30 min for the activation
of the catalyst material [9].

A solution of sodium sulfite (Na;SO3) (purity = 98.0%, p.a. quality,
Carl Roth, Karlsruhe, Germany) was produced in a concentration of
60g L' in water, ensuring a 5-fold stoichiometric excess when added
to end dechlorination reactions by catalyst poisoning.

All water used within the study was of ultrapure quality (Milli-Q
Advantage A10 System, Millipore).
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2.2, Preparation and design of experiments

The stabilization solution and nano-Pd suspension were flushed
with hydrogen for 30 min. The containers were hermetically sealed by
membranes (silicone/PTFE). The pure hydrogen was introduced with a
sterile disposable needle (Sterican, Braun Melsungen AG, Melsungen,
Germany). In order to prevent a potential contamination with particles
or oil residues from the gas supply line, a syringe filter (Filtropur § 0.2,
Sarstedt, Niimbrecht, Germany) was placed in line. Another sterile
needle ensured that the previously contained air composition could
escape. The resulting holes served later as a puncture site for the mi-
croliter glass syringe.

Dechlorination experiments described below were performed in an
anaerobic chamber (glovebox, Mecaplex, Grenchen, Switzerland) with
N,/CO, atmosphere (ratio 80:20, ‘Foodpack 3’, Praxair, Germany), to
provide anoxic conditions for reductive dechlorination experiments.

9.95 mL of the NaHCO3 solution and 50 pL nano-Pd suspension were
filled in 20-mL amber glass vials yielding an experimental concentration
of 300 pg Pd L™ ". Vials were sealed with magnetic screw caps with PTFE
septa for use with the autosampler (CS-Chromatographie Service GmbH,
Langerwehe, Germany). Using a syringe, 1 mL of the gas phase was
withdrawn and replaced with 1 mL hydrogen to provide a concentration
of 10% hydrogen (v/v) in the N/CO, atmosphere of the samples.
Through the remaining hole, the samples were each spiked with 3 pL
HCB solution (or 3 pL of PeCB, 1,2,3,5-TeCB, 1,2,4,5-TeCB, 1,2,3,4-TeCB,
1,3,5-TCB, 1,2,4-TCB, 1,2,3-TCB; or 6 uL of 1,4-DCB, 1,3-DCB, 1,2-DCB,
MCB solution, each 10mg L~ 1. An automated glass microliter syringe
(eVol® Dispensing System, Thermo Fisher Scientific) was used for spiking
to achieve a final concentration of 3ugL~" (or 6 ugL~") for the above
listed reactants. After HCB was added to the Pd suspension, the system
was shaken continuously at 300rpm on a horizontal shaker (VWR
International) throughout the reaction ensuring sufficient contact and
distribution of reactants, nanocatalysts and hydrogen. All reactions were
performed at room temperature (22 + 1 °C). The dechlorination reac-
tion was stopped after 1, 3, 6, 12, 30, and 60 min by adding 10 uL of a
60 g L™ ! Na,SO4 solution as catalyst poison to the sample. Subsequently,
2 uL of internal standard solution was injected through the septa and the
syringe holes in the caps were sealed with superglue (Ultra Gel, Pattex,
Henkel, Diisseldorf, Germany). Samples were prepared in four replicates
for each of the 6 reaction times.

Calibration samples were prepared in Pd solution to avoid matrix
differences between calibration samples and dechlorination samples.
Calibration samples were prepared in duplicates for a 7-point calibra-
tion of benzene and chlorobenzenes (0.01-3 pg L™ 1). Reference samples
(dechlorination time t =0 min) were prepared with four replicates. In
order to prevent dechlorination in calibration and reference samples,
Na,S0; was added to the Pd suspension before it was spiked with
analytes (calibration or rather reactant solutions) and internal stan-
dards. All other steps were kept constant to the procedure described
above. Additionally, duplicate blank samples were measured for the
various media used (vials with 10 mL water, with 10 mL NaHCO; so-
lution containing 10 pL Na,SO3, and with 9.95mL NaHCO5 solution
containing 50 pL. nano-Pd suspension and 10 puL. Na»SO3). After the ex-
periments, the samples were exported from the glovebox just before the
measurement,

2.3. Instrumental analysis

Method development of the combined SPME-GC-MS method in-
cluded optimization of SPME extraction based on previous work by
Béhm et al. [21,22], i.e. the parameters fiber coating, extraction tem-
perature, extraction time, thermodesorption temperature, as well as
fiber cleaning time and temperature were modified with regard to the
different physicochemical properties of benzene and the 12 chlor-
obenzenes. Simultaneous extraction of benzene and all chlorobenzenes
was tested with five different fiber coatings or fiber types (Supelco,
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Sigma-Aldrich): 100 ym polydimethylsiloxane (PDMS); 65 pm mixed
phase of divinylbenzene and PDMS (DVB/PDMS) as both StableFlex
and fused silica fiber; 85 pm polyacrylate (PA); and 50/30 pm mixed
phase of DVB, Carboxen and PDMS (DVB/CAR/PDMS). The GC method
was optimized for a 60 m column with regard to a baseline separation of
the two isomers 1,2,3,5-TeCB and 1,2,4,5-TeCB, which are often given
as sum parameter in literature due to their similar chromatographic
retention [25,26]. The following procedure gives the optimized condi-
tions: Samples were extracted by automated HS-SPME on a CombiPAL
autosampler (CTC-Analytics, Zwingen, Switzerland) equipped with a
combined heating/shaking device (‘agitator’) and a separate fiber des-
orption oven (‘needle heater’) for the cleaning of SPME fibers between
sampling events. Extraction was performed with a 65 um fused silica
fiber with DVB/PDMS coating (Supelco/Sigma-Aldrich 57345-U) for
20 min at 40 °C while shaking the sample at 250 rpm in the agitator.
Prior to extraction, samples were left in the agitator for 5min at
250rpm to allow for an adaption to the extraction temperature by
shaking and heating of the sample. After extraction, the fiber was di-
rectly transferred to the injector of the GC-MS system, where it was
thermally desorbed for 3min at 210°C using a 1mm SPME liner
(Straight Inlet Liner, Restek, Bad Homburg, Germany) in splitless mode.
Detailed parameters for GC-MS conditions as well as further procedures
for quality assurance and quality control are given in Tables S2 and S3.

2.4. Data analysis

Raw data from GC-MS were processed with the software ‘Xcalibur’
(Thermo Fisher Scientific) combined with a manual verification of peak
integration. Data for all analytes were corrected based on internal
standards. The three isomers of DCB, TCB, and TeCB were corrected
with one internal standard per degree of chlorination (Table S3).
Quantification was performed by calibration with external standards.
The four replicates per preset dechlorination time are given as mean
value. Standard deviation of the mean value was calculated as the
square root of the residual sum of squares divided by n with n as the
number of replicates.

2.5. Calculation of specific Pd activity for catalytic hydrodechlorination

Empiric basis shows that the catalytic hydrodehalogenation of or-
ganic halogen compounds follows ‘pseudo first-order’ kinetics with re-
spect to reactants. The specific Pd activity of the nanocatalyst in a de-
chlorination experiment with the substance ‘i’ (Apq,;) was calculated
using the following equation [27]:

In(2%y
V, -
Apg;i [Lg ' min~1] = —vater_ axi

Mipg *Ti /2 In2 s cpge(t — to) (1)

giving the water volume (Viater in [L]) contaminated with the sub-
stance ‘i’ in a given concentration ¢y, which can be treated with the
mass of catalyst applied (mpq in [g]) yielding a half-life of the reactant
(71,2 in [min]); or rather with the concentration of the reactant (¢,
and (cy,;) at the chosen start time (t;) and end time (t,) (where x is the
specific time of catalyst poisoning, 1-60 min) of the dechlorination
experiment, and the concentration of the catalyst applied (cpq). For
reaching a given elimination goal, Apa; therewith allows to calculate
how much Pd would be necessary to treat a certain volume of water in a
certain time frame [13].

3. Results and discussion
3.1. Simultaneous extraction of analytes by SPME
The SPME fibers tested for the simultaneous extraction of HCB and

all possible dechlorination products widely differed in their sensitivity
depending on the physicochemical characteristics of the analytes. For
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the most commonly used SPME fiber (PDMS 100 um), the amount of
extracted benzene was not sufficient. This was the same for the 85 um
PA fiber, which is often used for more polar compounds. The DVB/
CAR/PDMS fiber was very promising because the CAR phase led to a
very sensitive extraction of benzene, MCB and DCBs. However, thermal
desorption from the fiber was not sufficient for the higher chlorinated
benzenes. This caused a carry-over effect that could not be eliminated
by an increase in thermodesorption temperature or increased cleaning
time in the needle heater. The amount of extracted benzene was much
lower for the DVB/PDMS fiber, but was sufficient for a valid detection
at low benzene concentrations (linear calibration curve down to
0.01 pgL ). Choosing a thermodesorption temperature (210 °C) sig-
nificantly lower than the maximum operating temperature given by the
manufacturer (270 °C) was crucial, since higher temperatures led to a
slow but noticeable degradation of the DVB phase resulting in inter-
ferences with the detection of benzene. These interferences could be
avoided at 210 °C, while ensuring sufficient thermal desorption of HCB.

Simultaneous extraction of HCB and all possible dechlorination
products made it possible to follow the dechlorination reaction in terms
of reactant reduction, appearance and disappearance of intermediate
products, and formation of the final product benzene as a function of
time and nanoparticle concentration. Therefore, dechlorination path-
ways could be derived.

3.2. Dechlorination of chlorobenzenes by Pd nanocatalysts

Hydrodechlorination of HCB and all further chlorobenzenes, as well
as the formation of intermediate products and benzene as the fully
dechlorinated product, was followed over time (Fig. 1). The individual
intermediates of the dechlorination of HCB are shown in Fig. 2 in-
cluding the differentiation between isomers formed. For all de-
chlorination experiments, the rate constant k value of pseudo first order
kinetics for the disappearance of the reactant was calculated (Figure
S2). Fig. 1 shows that the elimination of chlorobenzenes normally in-
creases with decreasing chlorination degree. Nonetheless, intermediate
products were detected, as Fig. 2 illustrates in more detail for HCB as
parent compound. Slower abreaction of lower chlorinated inter-
mediates that were expected to react more quickly than the higher
chlorinated species is not fully understood and needs explanation. Fig. 1
also shows that in some cases benzene formation curves indicate a lag
phase in the beginning, as for HCB itself, 1,2,4,5-TeCB and 1,2,4-TCB.
In these cases, also the further reduction of intermediates seems slightly
inhibited. Stepwise reduction of chlorobenzenes seems dominant while
direct dechlorination to benzene or other less chlorinated chlor-
obenzenes in a single step, without detachment from the catalyst,
cannot be ruled out as parallel reaction. However, the product pattern
found during dechlorination suggests also preferred reaction pathways.
Since benzene formation occurs for most reactants immediately after
the reaction start, not only the consecutive pathway can be assumed,
but in addition a multiplet mechanism as assumed by other studies
[28-30]. For the dechlorination of POPs, electron transfer mode [31]
and hydrogen transfer mode [32] are seen as the main dechlorination
mechanisms. The latter mechanism is assumed to dominate in our ex-
periments because Pd(0)-generated activated hydrogen is present in the
system and consequently activated hydrogen is added electrophilically
to the aromatic ring [33]. For adsorbed polychloroaromatic com-
pounds, the interaction between the lone electron pairs of the chlorine
atom and the n-cloud of the aromatic ring is discussed in such a way
that the C—Cl bond reaches the character of a double bond [29] leading
to the elimination of several chlorine atoms without desorption of the
chloroaromatic substrate from the catalyst surface. The catalytic hy-
drodechlorination is accelerated by the electron-withdrawing sub-
stituents stabilizing this formal C=Cl double bond by withdrawing the
electron density of the aromatic ring [30]. The C=Cl bond becomes
more pronounced the more chlorine atoms are present in the ring. The
electrons of chlorine and the aromatic ring are partially withdrawn
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from d-orbitals of the transition metal (Pd). This is assumed to cause
additional stabilization, allowing the formation of two C=Cl bonds and
the removal of two chlorine atoms without desorption of the chlori-
nated benzene from the catalyst surface [28]. It is unclear why in the
HCB reaction the intermediates are existent for a longer time, whereas
e.g. in the PeCB reaction, the dechlorination rate of the formed inter-
mediates is higher. This may indicate that the catalyst is affected by
HCB in a different way than in the presence of PeCB. It is possible that
HCB is strongly stabilized in its adsorption so that competitors cannot
replace it until most of the HCB is dechlorinated. Furthermore, faster
reacting compounds such as DCBs should not or only minimally emerge
in these experiments. If the intermediates remain adsorbed on the
catalyst surface during dechlorination [28], and the C—Cl bonds are
split one after the other, the intermediates only appear when the system
is disturbed and therefore are able to desorb (e.g., by Na,SO5 as catalyst
poison that reduces H, uptake of the catalyst and also modifies the
catalyst surface by formation of PdS). Because number and positions of
chlorine substituents and therewith electronic effects vary, chlor-
obenzenes can differ in their adsorption/desorption behavior on the
catalyst surface, which could influence the amount of detected analytes
and therewith interpretation of dechlorination pathways. However,
these differences are taken into account by the use of internal stan-
dards, which allow the correction for influences of sorption on the
amount of detected analytes. Although, based on the internal standards
used, small deviations could occur for the isomers with the same
chlorination degree, these differences are seen to be negligible [21].
Based on the experiments with the less chlorinated benzenes introduced
as starting material, it was possible to identify the quantitatively most
abundant intermediates formed in the individual dechlorination reac-
tions. For the dechlorination of HCB to benzene, the intermediate
products PeCB and mainly the isomers 1,2,3,4-TeCB, 1,2,3-TCB, and
1,2-DCB were detected, suggesting an attack of activated hydrogen on
the vicinal chlorine atoms. When these intermediates were introduced
as starting reactant, the same pattern was obtained. In addition, MCB
could be detected as the last intermediate product of full dechlorina-
tion. Comparative dechlorination of all TeCB, TCB, and DCB isomers
revealed that the most abundant isomers are those with the highest
dechlorination rates as individuals. Instead of a relative enrichment of
the non-vicinal chlorinated isomers which are slower dechlorinated,
lower concentrations of these substances as intermediates were found.
Consequently, this indicates that the vicinal chlorinated intermediates
are representative for a vicinal dechlorination pathway. Based on these
dechlorination experiments, the main gradational reaction pathways
for the dechlorination of HCB using Pd(0) nanoparticles are proposed,
of which the progressive vicinal substitution of Cl is the dominating
hydrodechlorination route (Fig. 3).

This represents a fundamentally different reaction pathway than has
been demonstrated in photolytic dechlorination (radical attack) [6] or
microbiological dechlorination (reductive dechlorination) [7,34],
where 1,2,3,4-TeCB, 1,2,3-TCB and 1,2-DCB were not formed at all or
only in very small quantities. However, this is not unexpected, since
these are different mechanisms that bring different reaction patterns. In
addition, considering the Gibbs free energy values for the reductive
dechlorination of chlorobenzenes, 1,2,3,4-TeCB, 1,2,3-TCB, and 1,2-
DCB are the energetically unfavorable intermediate products [35], but
these isomers are found as the relevant intermediate products within
the present study. Surprisingly, the consecutive mechanism part of
hydrodechlorination by Pd(0) is identical to the mechanochemical de-
chlorination by Mg/Al,0; [36]. Non-hydrogenation active metals are
another system with a different mechanism (single electron transfer),
which makes it difficult to accomplish the aromatics dependent two-
electron transition. Nevertheless, the mechanochemical reaction takes
place, possibly due to the increased energy input in mechanochemical
reactions [37].

Based on a statistical distribution of randomly attacked chlorine
atoms, the formation of specific TeCB, TCB and DCB isomers is more
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Fig. 1. Dechlorination of all chlorobenzenes used as reactants. Occurring intermediates with the same degree of chlorination are given as the sum of isomers for the
sake of clarity. n = 4 replicates per time step (Co,cps = 3 or 6ug L™, cpg = 300 pug L™ * with d50 = 3.9nm, cnancos = 98L ", Chacitrae = 2.94gL7 1)

likely. For example, assuming a dechlorination of PeCB by chance, the
formation of 1,2,4,5-TeCB is less probable (20%) since specifically the
3-chloro position of PeCB has to be substituted by hydrogen, whereas
the formation of the two further TeCB isomers is equally likely (40%
each) because a substitution of the 1-chloro and 5-chloro or rather of
the 2-chloro and the 4-chloro positions yield identical molecules, re-
spectively. Similar differences exist as well for the formation of TCB and
DCB isomers. However, actual occurrence and concentrations of iso-
mers do not match a dechlorination by chance. Instead, the formation is

interpreted with regard to energetically beneficial reactions. It is
claimed that the transition states of PeCB, where the negative charge is
on the carbon atom attached to the hydrogen atom, are the most stable
resonance structures that appear in different positions relative to the
hydrogen atom during the formation of the formal C=Cl bond [28]. In
all other structures, the negative charge is located at the carbon atom
bound to the negatively charged chlorine atom. Therefore, the forma-
tion of 1,2,3,5-TeCB, 1,3,5-TCB, and 1,3-DCB should be unlikely. This
partially contradicts the data presented in the present study, where the
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Fig. 2. Dechlorination of HCB and the formation of intermediate products and benzene over time. MCB was not detected. Error bars show sd, n = 4 per time step

(co,cns = 3 0r 6ug L™

formation of 1,2,3,5-TeCB was more comprehensive than the formation
of 1,2,4,5-TeCB. One reason for this could be the addition of a catalyst
poison to terminate dechlorination reactions that could influence the
transition state at the decisive moment. However, other factors may
also control the formation of specific intermediates, such as unfavorable
steric conditions and their partial charges. They could serve as a
‘shielding wall’, promoting an inductive effect, which protects against
dechlorination attacks. The partial charges can further explain the
slower dechlorination of HCB compared to the less chlorinated ben-
zenes (Fig. 1), and the different formation of TeCBs with the preference
for 1,2,3,4-TeCB, a minor proportion of 1,2,3,5-TeCB, and a negligible
formation of 1,2,4,5-TeCB. Since a chlorine atom is already substituted
by hydrogen as in PeCB, the vicinal chlorine atom is next to be replaced

1, cpg = 300 ug L™ with d50 = 3.9 nm, cnapcos = 9gL~

1, Cnacitrate = 2.94 gL "), The dotted lines are added to guide the eye.

due to a lower inductive effect. Both TeCBs have comparatively large
gaps in their shielding wall, whereas for 1,2,4,5-TeCB the remaining
chlorine atoms are distributed in such a way that the smallest possible
attack surface is formed. The same applies more or less to the TCBs. The
lack of three adjacent chlorine atoms in 1,2,3-TCB and two adjacent
chlorine atoms in 1,2,4-TCB create a better contact surface (Fig. 4).
However, in addition to inductive effects, also the affinity of the
reactants for adsorption to the catalyst has to be considered as influ-
encing factor. Comparative studies on dechlorination reactions of PCB
21 catalyzed by nanoparticles show that the chlorine atoms that are
para to the phenyl group are the ones first dechlorinated [38]. Further,
it was shown for the dechlorination of 1,2,3,4-tetrachlorodibenzo-p-
dioxin (TCDD) that the vicinal chlorine atom is preferably substituted

/e

l4DCB \\
N\

1245TeCB /I24TCB\\
/ v / ¥
| 1 ] | Ci

CL Cl Cl Cl ©

e b & ¢
Cr Cl cr Cl Cl)

] Cl c
HCB \\ PeCB 1,2,3,4-TeCB 1,23-TCB MCB B

1 = |
CI Cr Cl Cl

/‘l.},S-TCB

23 5-TeCB

> main stepwise pathway
———— minor stepwise pathway

ey direct pathway

/ 1,3-DCB

+ pathway not detected

Fig. 3. Dechlorination of HCB using Pd(0) nanoparticles with proposed main stepwise reaction pathway (black bold), minor stepwise reaction pathways (black
plain), direct reaction pathways (grey bold), and not detected reaction pathways (grey dotted).
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and the formation of 2,3-substituted congeners could not be detected
[16,39]. In contrast, in a catalyzed dechlorination using zinc nano-
particles, the vicinal chlorosubstituents of octachlorodibenzo-p-dioxin
are not split off, and thus no 2,3,7,8-TCDD is formed [40]. This re-
inforces the assumption that different metal nanoparticles also induce
different dechlorination steps. So far, it seems that Pd(0) nanoparticles
preferably induce a dechlorination of the vicinal positioned chlorine,
regardless of the chlorinated hydrocarbon reactant.

Test concentrations (3pgL ™' for HCB, PeCB, TeCBs, TCBs, and
6ugL~! for DCBs and MCB) reflect environmentally relevant con-
centrations for the low water-soluble hydrophobic compounds.
Commonly, dehalogenation of water pollutants means detoxification.
Although, in terms of acute toxicity, the LC50 for fish can be higher for
some intermediates compared to HCB. However, the persistent and
bioaccumulative properties of HCB have to be taken into account as
well. For organisms in the aquatic environment and human health, it is
nevertheless regarded as beneficial when chlorobenzenes are de-
chlorinated because benzene and chlorinated benzenes with low sub-
stitution degree have a much better biodegradability compared to HCB
[13,41]. The overall elimination rate of chlorinated benzenes and
benzene in the environment is therefore accelerated. Toxicity can vary
widely among isomers with the same degree of chlorination. While for
the chlorobenzene isomers the differences in toxicity are comparatively
small, the presented approach is nevertheless promising to investigate
and predict the formation of highly toxic isomers after adaption of the
method to further substances or substance groups. Regarding this, it is
relevant to elucidate if further halogenated pollutants are primarily
degraded by a vicinal dehalogenation pathway such as found for HCB,
especially for the POPs where specific isomers show highly varying
toxicity, persistence, bioaccumulation potential, and long range trans-
port, e.g. polychlorinated dioxins and furans (PCDD/Fs), dioxin-like
PCBs, or per- and polyfluorinated or -brominated compounds. The
corresponding C—X bond strengths in halogenated hydrocarbons have
been listed based on various studies [27]. For halobenzenes (iodo-
benzene, bromobenzene, chlorobenzene, and fluorobenzene) compar-
ison works well due to the same structure and variation of the halogen
substituent. With increasing electronegativity of the halogen, the C—X
bond has an increased strength and correspondingly a lower specific
catalyst activity results for hydrodehalogenation. Therefore, it can be
assumed that hexaiodobenzene, hexabromobenzene, and hexa-
fluorobenzene will be dehalogenated via both stepwise and multiplet
mechanism just like HCB, except that the specific catalytic activity of Pd
nanoparticles would most likely be lower for hexafluorobenzene and

higher for hexaiodobenzene and hexabromobenzene. However, for
larger substituents, such as bromine, the steric effects might have an
increased influence, as well as their adsorption to the catalyst surface.

3.3. Catalytic activity of Pd nanocatalysts

The catalytic Pd activities for chlorobenzenes, calculated according
to Eq. (1), are listed in Table 1. The specific catalytic activity of the Pd
(0) particles for HCB was determined as Apg = 150L g~ 'min~". As a
general tendency, for unsaturated substances, an increasing catalytic
activity can be observed with decreasing degree of chlorination, which
also correlates with increasing water solubility of the chlorobenzenes
(Figure S3). However, some of the isomers show a deviation from this
general tendency as can be seen for the TCBs in Table 1. As an ex-
planation, the inductive effect can again be considered to affect the
reactivity depending on the arrangement of the chlorine atoms. Other
studies have already determined the activity of Pd(0) nanoparticles in
further dehalogenation reactions. Several experiments were carried out
in which halogenated hydrocarbons were degraded by Pd catalysts
[27]. Because the type of catalyst particles differed from the ones used
in the present study and the particle size was slightly larger, a much
lower specific catalyst activity was detected for several substances [27],
e.g. for MCB with a catalyst activity of 200L g~ " min~! compared to

Table 1

Specific catalytic activity of Pd(0) nanoparticles for the de-
chlorination of all chlorobenzenes (co,cps = 3pg L', cpa = 300 ug
L™ " with d50 = 3.9 nm, cyancos = 98L 77, Cracitrare = 2.94gL71).

1

Reactant Pd activity Apg, L g~ ! min
HCB 150
PeCB 2120
1,2,3,4-TeCB 950
1,2,4,5-TeCB 440"
1,2,3,5-TeCB 1160
1,2,3-TCB 770
1,2,4-TCB 110°
1,3,5-TCB 440
1,2-DCB 2420"
1,4-DCB 1060"
1,3-DCB 3380"
MCB 3210"

* Problems with regard to measurement and reproducibility
within the marked experiment.
b epg LN
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3210L g~ ' min~ ! under the here presented conditions. Considering the
huge intrinsic Pd activity, the chosen reaction conditions represent a
surplus of Pd(0) compared to the low contaminant concentrations,
leading to a lower turnover compared to previous studies (e.g.,
171 pmol MCB g~ ! Pd(0) min~! in the present study compared to
35.5 mmol MCB g~ ! Pd min ' [27]). Different from the conditions in
the present study, previous studies on the dechlorination of HCB by Pd
used bimetallic or carbon-supported nanoparticles and provided re-
actant concentrations that have been far above the pollutant’s water
solubility (e.g., from 0.5mgL ! in aqueous solution [42] to the g L™}
range of HCB provided in organic solvents [28,43-45]). The small re-
actant concentrations used in the present study rather refer to relevant
aqueous environmental concentrations reflecting the water solubility of
reactants (e.g., 6 ug L~! for HCB). The resulting specific activity Apg
given in Table 1 can be understood as a material property. Ideally, the
catalyst shows its true catalyst activity for a broad contaminant con-
centration range. Thus, Apq reflects the volume of contaminated water
that can be treated in a certain time frame with a certain amount of Pd,
independent of the contaminant concentration as long as there are no
negative effects (e.g., catalyst overload by the reactant). After all, the
high catalytic activities indicate a relevant potential for the removal of
contaminants. However, suspended Pd(0) nanoparticles are known to
agglomerate and precipitate quite rapidly, adsorb to the surface of or-
ganic matter and are deactivated by a variety of catalyst-poisoning
substances [27,46]. Therefore, long-term maintenance of the catalytic
performance is challenging. But recent studies have shown that the
catalytic activity of nanoparticles is lower but largely retained when
embedded in a PDMS coating [23,47,48]. Thus, the high potential of Pd
(0) nanoparticles should be further exploited and adjusted to state-of-
the-art long-term protection approaches to develop specific applications
for environmentally relevant challenges in water treatment.

4. Conclusions

The SPME method established for the simultaneous extraction of all
chlorobenzenes and benzene in the ng L™ to ug L™ ! range was shown
to be viable for analysis of such substance mixtures comprising a wide
span of properties. The dehalogenation reactions in multi-analyte
mixtures could be followed much faster than for single components and
with high precision using the method presented in this study. For de-
chlorination of HCB and less chlorinated benzenes by Pd(0) nano-
particles, substitution of vicinal chlorine atoms by hydrogen was con-
firmed as preferred reaction pathway. Pd(0) nanoparticles showed high
catalytic activity allowing treatment of HCB and intermediate products
at environmental relevant concentrations with low Pd(0) concentra-
tions in the pg L™' range. Our method allowed to reach permissible
concentrations within reaction times as short as one hour which is
highly relevant in terms of resource efficiency. However, with regard to
the applicability in terms of potential catalyst loss and poisoning, the
use of suspended Pd(0) as performed in the present study is not directly
transferable to the treatment of contaminated waters. We used this
approach to demonstrate the potential to monitor dechlorination ex-
periments by SPME, to allow an in-depth monitoring of reaction path-
ways, and to provide information on the potential of using Pd(0) for the
dechlorination of environmental pollutants. With regard to future ap-
plications, Pd(0) particles should be introduced to protective films (e.g.,
PDMS) in order to prevent catalyst poisoning and loss of Pd. While this
results in a reduction of the catalyst activity, it is still seen to be ad-
vantageous for environmental applications because the catalyst activity
is so high that a certain reduction in activity is outweighed by the
benefits of long-term activity protection of the catalysts. The specific Pd
activity for the dechlorination of individual chlorobenzenes roughly
increased with decreasing chlorination degree. For isomers with the
same degree of chlorination, the Pd activity was higher when the in-
ductive effect in the molecules was lower which led to the concept of
the inductive effect as kind of shielding wall that limits the accessibility

Applied Catalysis B: Environmental 275 (2020) 119100

of the nanoparticles and explains the preferred formation of vicinal
chlorinated isomers. The concept of the shielding wall can easily be
applied to further halogenated compounds and prediction of their hy-
drodehalogenation behavior.
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Table S1. Molecular structures and physicochemical parameters of the test substances.

Molecular Molar Water Vapor
Analyte Structure  CASRN mass solubility log Kow?®  pressure log Kaw ®

structure -1 -11a a

[gmol’] [mgl”] [mm Hg]
B CsHs 71-43-2 78.115 1790 213 94.8 -0.64
MCB [ _','I CsHsCl 108-90-7  112.56 498 2.84 11.97 -0.90
1,3-DCB [ | CeHaCl 541-73-1  147.00 125 3.53 2.15 -0.97
1,4-DCB [ '_ ) CsHaCl 106-46-7  147.00 81.3 3.44 1.74 -1.01
1,2-DCB i '7 b CsHaClz 95-50-1 147.00 156 3.43 1.36 -1.11
1,3,5-TCB [ '_ | GeHsCls 108-70-3  181.45 6.01 4.19 0.24 -1.11
1,2,4-TCB ] CeHsCls  120-82-1  181.45 49.0 4.02 0.46 -1.24
1,2,3-TCB [ l ~ CeHsCls 87-61-6 181.45 18.0 4,05 0.21 -1.29
1,2,3,5-TeCB | | CeHaCla 634902 215.89 5.10 4.56 0.0553 -1.19
1,2,4,5-TeCB | I ' CsHaCls 95-94-3 215.89 0.60 4.64 0.0054 -1.39
1,2,3,4-TeCB Ll CeHaClh 634-66-2  215.89 5.92 4.60 0.039 -1.51
PeCB U1 GeHCls 608-93-5  250.34 0.83 5.17 0.00101 -1.54
I

HCB [ CCls 118-74-1  284.78 0.006 5.73 0.000018 -1.16

2 physprop database syrres.com (at 25 °C) [1]; ® calculated from Henry's Law Constants [atm m? mol?] given in [1].
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Particle size distribution of Pd nanoparticles — Figure S1

Citrate stabilized Pd nanoparticles were synthesized by chemical reduction [2]. Therefore, a stock
solution containing sodium borohydride was quickly added to a boiling solution containing the
palladium precursor PdCl,-2HCI and sodium citrate as stabilizer. The final product was a sol with
a brown color. The suspensions were investigated with transmission electron microscopy (TEM)
(Tecnai T20, equipped with a LaBes-cathode, operated at 200 kV). The Pd nanoparticles were finely
dispersed with a size of 3.9 nm (d50%) (Figure S1).

45 -
40 b)

35 -
330-
225 1
-

S 20 A
® 15
10 A

0 1 2 3 4 5 6 7 8 9
particle size d(TEM)

Figure S1. (a) Transmission electron microscopy (TEM) image of the citrate-stabilized Pd
nanoparticles (magnification 43000 x), (b) particle size distribution of the Pd nanoparticles (dried,
TEM, d50% = 3.9 nm).
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Instrumental analysis / GC-MS parameters — Tables S2 and S3

A GC coupled to an ion trap MS (Trace GC Ultra/ITQ 900, Thermo Fisher Scientific) was used for
separation and detection of analytes. The injector was programmed with a split flow of
30 mL min™! after thermodesorption at 210 °C. The GC was equipped with a 60 m x 0.25 mm fused
silica capillary column with 0.25 um coating (TraceGOLD TG-XLBMS, Thermo Fisher Scientific).
The temperature program of the GC oven is given in Table S2. Helium 5.0 was used as carrier gas
with a flow rate of 1.0 mL min. The transfer line to the MS was heated at 260 °C. The MS was
used in selected ion storage (SIS) mode (designated as “selected ion monitoring”, SIM, in Thermo
Xcalibur software) with respective segments for the analytes. Detailed parameters for GC-MS
conditions are given in Table S3. lonization of molecules was performed by electron impact

ionization (70 eV) at 200 °C.

Quality assurance and quality control

The SPME fiber was thermally cleaned at 210 °C before extraction and after thermodesorption
for 4 min each in the needle heater in order to remove possible residues and to prevent carry-
over of analytes between sampling events. Blank samples as described in the main article were
measured to check for potential carry-over or impurities. Fibers were reused, but visually
controlled for any changes and frequently rinsed/cleaned with methanol. The internal standard
mix used allowed for the correction of potentially occurring variability in sensitivity of the SPME

fiber and the GC-MS instrument.

In order to avoid agglomeration of nanoparticles, the entire equipment which came in contact
with nanoparticles was washed before use with nitric acid (HNOs, 33 %) and water. The 20-mL

glass vials and screw caps were used out of the box and were not reused.
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Table S2. Temperature program of the GC oven (total time 30.75 min).

Rate Temperature Hold time

[°C minY] [°c] [min]
- 40 3.00

8.0 150 0.00

4.0 180 0.00

40.0 280 4.00

Table S3. Parameters for MS detection of analytes and internal standards in SIM mode.

Analyte Structure Molar mass Retention time ® lon used for

[g mol?] [min] quantification

[m/z]

B CsHe 78.12 6.27 78

B-ds CsDs 84.15 6.21 84

MCB CeHsCl 112.56 10.72 112
13C-MCB 3Ce HsCl 118.52 10.72 118
1,3-DCB Cs HaCl2 147.00 14.71 146
1,4-DCB Cs HaCl2 147.00 14.96 146
13C-1,4-DCB 13Cs HaClz 152.96 14.95 152
1,2-DCB Ce HaCl2 147.00 15.33 146
1,3,5-TCB Ce H3Cls 181.45 17.64 182
1,2,4-TCB Ce H3Cls 181.45 18.65 182
1,2,3-TCB Cs H3Cl 181.45 19.35 182
3¢-1,2,3-TCB 13Cs H3Cl3 187.41 19.34 188
1,2,4,5-TeCB CsH2Cls 215.89 22.22 216
1,2,3,5-TeCB CsH2Cls 215.89 22.32 216
1,2,3,4-TeCB CsH2Cla 215.89 23.47 216
13C-1,2,3,4-TeCB 13CeH2Cly 221.85 23.46 222
PeCB Cs HCls 250.34 26.18 250
13C-PeCB 13Cs HCls 256.30 26.18 256
HCB CsCls 284.78 28.13 284

3C-HCB 3CsCls 290.74 28.12 290

 column: Thermo TG-XLBMS, 60 m x 0.25 mm x 0.25 pum; flow rate: 1.0 mL helium min.
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Figure S2. The rate constant k value of pseudo first order kinetics for dechlorination experiments.

S6

80



Kapitel 3

4.0 A
3.5 - [ )

[
.0 1 [ J
3.0 °
/E e

log (catalytic activity [L g™* min])

2.0 A
15 1 y=0.2421x + 2.7966
R? = 0.6556
1.0 -
05 A
; . . 56 . . .
3 2 -1 0 1 2 3

log (water solubility [mg L1])

Figure S3. Relationship between specific catalytic activity for hydrodechlorination (L g min)
and water solubility (mg L) of chlorobenzenes. Water solubilities are derived from the SRC
PhysProp Database [1]. The data point for 1,2,4-TCB (grey) was excluded based on a cook’s
distance > 4/n with n as the number of observations.
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4  Beschichtungsgeschitzte Pd/Al,Os-Katalysatoren zur Entfernung

von polychlorierten Biphenylen (PCB) aus Grubenwassern

Dieses Kapitel wurde in RSC Advances eingereicht als:

Wiltschka K, Bobric S, During R-A, Bohm L, Coating-Protected Pd/Al,O; Catalysts for Elimination
of Polychlorinated Biphenyls from Mine Water Effluents, eingereicht im November 2024 in RSC
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Coating-Protected Pd/Al,O; Catalysts for the Elimination of
Polychlorinated Biphenyls (PCBs) from Mine Water Effluents

Katrin Wiltschka,*? Silviu Bobric?, Rolf-Alexander Diiring® and Leonard Bohm *?

Polychlorinated biphenyls (PCBs) are persistent, toxic, and bioaccumulative pollutants that are ubiquitous in the
environment. To reduce existing as well as to prevent further environmental contamination and hazard, appropriate
dechlorination techniques are crucial. This study investigates the catalytic efficiency of palladium (Pd) nanocatalysts for the
dechlorination of PCBs for potential applications in real-world environmental waters, specifically mine water, which is one
of the remaining point sources of PCB discharge to the environment. Elimination of the mine water specific PCBs 4, 18, 28,
and 52 from three types of PCB-contaminated mine water was studied for dispersed Pd(0), suspended Pd/Al.0s, as well as
Pd/Al:0; catalysts incorporated into a polydimethylsiloxane (PDMS) coating. All PCB congeners that can occur as potential
intemediate products were considered. The study provides new insights into the reaction pathways of PCB dechlorination,
to the specific catalytic activity of Pd particles, and to their potential applications in matrix-rich waters. Results revealed
specific catalytic activities for Pd of up to 3350 L g* min? in reference medium. Chlorine atoms in para position were
preferentially dechlorinated, indicating steric hindrance of ortho dechlorination by the other phenyl ring. The catalytic
activity of Pd decreased in the order dispersed Pd > suspended Pd/Al:0s; > embedded Pd/Al.Os in reference buffer solution.
In mine water, dispersed Pd(0) nanoparticles and suspended Pd/Al:Os were mostly deactivated by the mine waters rich in
catalyst poisons. Embedding of micro Pd/Al.Os particles to PDMS coatings prevented the catalyst deactivation in two of the
three investigated mine waters and ensured the dechlorination of PCBs with a catalyst activity of 20-210 L g min? in the
matrix rich mine water. Embedding of particles allows the catalysts to be handled in a resource-conserving manner
maintaining their activity for an extended period of time. Scaling of the method for large-scale applications is possible and

is discussed with regard to resource consumption of both catalysts and dechlorination time. Further increase of catalyst

protection to enhance the catalytic activity is recommended, which is especially necessary for sulfide rich mine waters.

Environmental significance

Polychlorinated biphenyls (PCBs) are persistent organic pollutants that pose serious environmental and health risks. This study presents a resource-efficient method for the
catalytic dechlorination of PCBs in contaminated waters, using Pd/Al,0s particles e mbedded in polydimethylsiloxane (PDMS) coatings. By improving the efficiency and reusability

of the catalyst, this approach addresses the challenge of persistent PCB contamination in aquatic environments. The findings contribute to advancing sustainable remediation
technologies, reducing PCB levels in real-world waters, and offering a scalable solution for mitigating long-term environmental hazards associated with these toxic compounds.

1. Introduction

Chemical pollution of the environment by persistent organic
pollutants (POPs) is a pressing topic that is seen to violate planetary
boundaries and must be considered to preserve a safe operating
space for humanity.? Polychlorinated biphenyls (PCBs) were one of
the first 12 substances and groups of substances banned by the
Stockholm Convention in 2001 and are seen as high-impact POPs
based on hazard and production volumes.2? They were produced
industrially in large quantities until the 1980s. Worldwide production
of PCBs reached approximately 1.3-2 million tons.*5 They were
utilized as industrial chemicals due to their thermal and chemical
stability, low flammability, and non-conductive properties.
Additionally, PCBs were also used in mining due to their non-
flammable properties. In Germany, they were even legally required
in coal mines. Underground, they were primarily utilized in electronic
equipment (capacitors, transformers and lamps).® Mines can still be
contaminated with PCBs due to improper handling or accidents. To

% [nstitute of Soil Science and Soil Conservation, Research Centre for BioSystems,
Land Use and Nutrition (iFZ), Justus Liebig University Giessen, Heinrich-Buff-Ring
26, 35392 Giessen, Germany

prevent flooding of active mines or to protect nearby groundwater,
mine water is pumped out and discharged into surface waters for
dilution. The annual load of PCBs discharged to rivers can be more
than 640 g per mine, despite concentrations in the ng L-* range.” Even
though dilution in subsequent surface waters may be significant,
even small amounts of PCBs can accumulate in food webs and have
adverse effects on humans and the environment.&1! PCBs are often
diffusely distributed due to decades of ubiquitous use, making their
removal challenging. Point sources, as mine water effluents are,
allow for easier application of methods to reduce contamination
compared to diffuse sources. To achieve a lower-risk state of the
environment, it is necessary to remove PCBs before they reach
surface waters or the environment at large. Bioremediation, a
natural process, involves the degradation or removal of pollutants by
microorganisms or plants.t2 However, PCBs typically require up to
several months for plants and/or microorganisms to
dechlorinate,31> and some PCBs cannot be fully biologically
dechlorinated to biphenyl.1® Another drawback of biological
remediation is the requirement to establish a suitable environment
for bacteria. This can be a problem in many field experiments
because PCBs may be accompanied by other material contamination.
Nanoparticle-catalyzed dehalogenation reactions with transition
metals, particularly palladium (Pd), are a very promising alternative
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to other concepts.?”!8 In the presence of a hydrogen donor, such as
molecular hydrogen (H:), they exhibit high catalytic efficiency and
fast reaction times,'®-2! making them suitable for the application of
new environmentally friendly technologies.??2> The high cost of
transition metal catalysts is a potential issue, but appropriate
recycling processes can be employed.?®?7 However, the challenge of
interfering substances (catalyst poisons) affecting the activity of the
nanoparticles remains.282° To counteract the loss of metal catalysts
(and thereby environmental pollution), and to prevent the
agglomeration of nanoparticles due to van der Waals forces or
electrostatic attraction,?® the nanocatalysts can be applied in
coatings on surfaces in the reactor, e.g. in a polydimethylsiloxane
(PDMS) coating,3*32 where Pd/Al;O; particles in particular have
shown that their catalytic activity is still high even when embedded.
Catalyst protection is of great interest for mine water treatment,
because many mine waters are characterized by an extreme,
catalyst-deactivating matrix.33 Therefore, our overarching goal for
this study was to advance dechlorination techniques with regard to
catalyst protection to allow for the first time PCB dechlorination in
untreated mine water. For the basic understanding of processes and
influencing factors as well as with regard to performance
maximization, comparison of catalysts, knowledge of the catalysts
under optimal reaction conditions, knowledge of reaction pathways
and intermediates, as well as knowledge on the degree of catalyst
deactivation is crucial. Therefore, the aims of this study were (i) to
clarify the dechlorination pathways by monitoring the formation of
intermediate products, (ii) to incorporate the nanoparticles into a
coating to improve stability and durability and (iii) to determine and
compare the specific catalytic activity of dispersed, suspended, and
embedded Pd particles, to provide insights into the potential of eco-
friendly applied technology. Therefore, we performed dechlorination
experiments in a miniaturized reaction system with the mine water
relevant PCBs 1, 2, 3, 4, 18, 28, and 52 in the presence of low and
thereby cost-efficient concentrations of finely dispersed pure Pd, as
well as suspended and coating-embedded Pd/Al;Os catalysts in both
buffer solution and different mine waters.

2. Materials and methods
2.1 Chemicals and catalysts

Standards of biphenyl and PCB congeners (PCB 1-4, 6-9, 11, 15, 18,
26, 28, and 52) as well as PCB congeners 6 and 49, used as internal
standards (IS), were purchased as neat substances from LGC
Standards (Dr. Ehrenstorfer brand, purities 2 97.5%). Additionally, we
purchased the isotopically labeled compounds biphenyl-dip (LGC
Standards, Dr. Ehrenstorfer brand, purities = 96.5%) and the PCB
congeners 3-ds, 9-ds, and 18-ds (CDN Isotopes Inc., Pointe Claire, QC,
Canada, purities = 96.5%) as neat substances for use as IS. PCBs 26
and 28 were used both as standard and as IS, depending on the
specific experiment. Analytes and IS were diluted in methanol. More
detailed information on preparation and usage of standards and IS
can be found in the Supporting Information (Sl) in Table 51,52 and
subsequent text.

The Pd(0) nanoparticles were producted by chemically reducing the
tetrachloropalladate complex using sodium borohydride as the

2|

reducing agent,? stabilized in an aqueous citrate solution (60 mg L).
These spherical, finely dispersed Pd nanoparticles averaged 2.8 nm
in diameter (d50%; transmission electron microscopy, TEM) and
were electrostatically stabilized within a pH range of 8-9 (Figure S1).
Just prior to the experiment, the Pd suspension was transferred to
20-mL vials using an air cushion pipette and purged with hydrogen
for 30 min to activate the catalyst.

The following solutions were prepared based on previous studies.?®
For pH and nanoparticle stabilization during dechlorination
experiments, an agqueous working solution (buffer solution) was
prepared with 9 g L'! sodium hydrogencarbonate (NaHCO3) (purity =
99.5%, p.a. quality, Carl Roth GmbH, Karlsruhe, Germany) and
2.94gL?! tri-sodium citrate dihydrate (NasCgHsO7*2H,0) (purity
>99.0%, p.a. quality, Carl Roth GmbH, Karlsruhe, Germany) and
water. A sodium sulfite (Na;SOs) solution (purity = 98.0%, p.a.
quality, Carl Roth, Karlsruhe, Germany) was prepared at a
concentration of 60 g L1 in water, to achieve a 20-fold stoichiometric
excess when added to the reaction system to terminate the
dechlorination reactions of dispersed and suspended catalysts by
catalyst poisoning.

A Pd/Al,0; catalyst, the commercially available egg-shell Pd on
y-Al,03 with 0.5 wt% Pd (G-133 D, with a BET surface area of 160
m?2 g) was purchased from Commercia, Germany. SilGel® 612 A/B
(Silgel) for the coatings was purchased from Wacker Chemie,
Germany.

The mine water samples were collected from three different sites as
described in Wiltschka et al. 2023:7 the Walsum and Stinnes mines
(North Rhine-Westphalia, NRW, Germany) and the Reden mine
(Saarland, Germany), all of which are abandoned hard coal collieries.
Samples were stored at 4 °C in fully filled amber glass bottles (Schott
Duran ® bottles and screw caps with a PTFE coated silicone seal, Th.
Geyer GmbH & Co., Renningen, Germany) until experiments were
carried out.

All water used within the study was of ultrapure quality (ELGA
PF2XXXXM1, Veolia Water Solutions & Technologies, High Wycombe,
United Kingdom).

2.2 Preparation and design of dechlorination experiments with
finely dispersed colloidal nano-Pd(0)

The purpose of the experiments with the single substances PCB 4, 18,
28, and 52 was to clarify the dechlorination pathways by tracking
their intermediate products. The dechlorination experiments with
the single substances (PCB 1, 2, or 3) and the mixture of all three (PCB
1, 2, and 3) were designed to determine whether there are
differences in the specific catalytic activities of the same analyte in
the presence of other, similar substances due to a preference in
dechlorination.

With the experimental design of Pd(0) based experiments, we

followed our previous work.3®* To prepare the nano-Pd suspension
and the buffer solution, they were flushed with hydrogen for 30 min
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in Schott bottles with screw caps with a PTFE coated silicone seal
(Duran®, Th. Geyer GmbH & Co. Renningen, Germany). Pure
hydrogen was introduced with a sterile disposable needle (Sterican,
Braun Melsungen AG, Melsungen, Germany). A syringe filter
(Filtropur S 0.2, Sarsted, Numbrecht, Germany) was placed in line, to
prevent a potential contamination with particles or oil residues from
the gas supply line. Another sterile needle ensured that the gas space
could be exchanged.

The dechlorination experiments were performed under anoxic
conditions. An anaerobic chamber (Glovebox, Mecaplex, Grenchen,
Switzerland) with N/CO; atmosphere (ratio 80:20, ‘Sanfresh 3/,
Praxair, Germany) was used for this purpose. Buffer solution (or mine
water, respectively) (9.97 mL) and nano-Pd suspension (25 pL) were
filled into 20 mL brown glass vials. This resulted in an experimental
Pd concentration of 150 pg L'L. The vials were sealed with screw caps
containing PTFE septa. Through the septa, 1 mL of the gas phase was
removed using a syringe with a cannula and replaced with 1 mL of
hydrogen (10% hydrogen (v/v) in the N2/CO. sample atmosphere).
Through this hole, 3 pL of a PCB solution (PCB 1, 2, 3, 4, 18, 28, or 52,
10 mg L' each; or PCB 1+2+3, 3.33 mg L* each) was added to each of
the samples to achieve concentrations of 3 pgL? in the reaction
vessels. After PCB spiking, the dechlorination reaction started
automatically. During reaction time, the reaction vessel was shaken
continuously at 300 rpm on a horizontal shaker (VWR International).
After specified times (1, 3, 6, 12, 30 and 60 min), the catalyst was
inactivated with catalyst poison (10 pL NaSO3 solution). After adding
the appropriate IS mix (2 uL) through the septa holes, they were
sealed with superglue (Pattex, Henkel, Disseldorf, Germany).
Samples were prepared in four replicates for each of the 6 reaction
times. All steps were performed at room temperature (22 £1 °C). The
same dechlorination experiments were performed with 3 different
mine water instead of the buffer solution.

The same matrix was used for the calibration samples and the
starting-point samples (0 min) as for the dechlorination samples
(stabilization solution, Pd solution, catalyst poison solution,
hydrogen). To prevent dechlorination, the catalyst poison was added
before the corresponding PCB solutions. All other previously
described steps remained unchanged. The 7-point calibration (0.01-
3 pg L) was performed in duplicate. Reference samples
(dechlorination time t = 0 min) were prepared with four replicates.
In addition, blank samples were measured for the different media
used (ultrapure water, buffer solution containing 10 pL Na,SOs, as
well as buffer solution containing 10 pL Na;SO3 and 25 pL nano-Pd
suspension). After the experiments, the samples were removed from
the glove box immediately before measurement.

2.3 Preparing the (Pd-)PDMS wall-coated reactors

The coating was produced following the procedure of Comandella et
al.,*? with adjustments. 5 mL Silgel were diluted with hexane at
different ratios to test for easier handling, and 2.2 mL of the
corresponding mix were poured into a 20-mL SPME vial; resulting in
approximately 75, 375, or 750 mg Silgel in the vial. The different
dilutions were necessary to achieve an appropriately consistent
coating. For recovery experiments, the Silgel-hexane-mix was added
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Fig. 1 Overview of the different experiment designs with Pd/Al;0; catalysts, with (a) no
PDMS coating and no catalysts — for quality cantrol only; (b) no PDMS coating but with
suspended catalysts — for comparison with dispersed nano-Pd(0) (chapter 2.2), and to
determine the catalytic activity of suspended Pd/Al,Q; catalysts (chapter 2.5); (c) PDMS
coating and no catalysts — for recovery rate experiments (chapter 2.6); and (d) PDMS-
coated catalysts — to determine the catalytic activity of embedded Pd/Al,0; catalysts
(chapter 2.7). Red symbols = PCBs in liquid and gas phase.

to the vials without the addition of Pd/Al;Os.For dehalogenation
experiments, Pd/Al.O; was added before to the Silgel-hexane-mix,
then together shortly dispersed via ultrasonication (10 min),
resulting in 0.3 mg Pd/Al;0; in the individual vial (this corresponds to
the same amount of palladium as in the experiments with the finely
dispersed particles in 2.2).

The individual vials were then mounted horizontally on an overhead
shaker (Reax 2, Heidolph, Schwalbach, Germany) and rotated
overnight at the lowest speed. Prior to the experiments, the vials
underwent a rinsing process with mQ water to eliminate any
catalysts that were not embedded in the PDMS.

2.4 Experimental overview

The different experiments with Pd/Al;O; catalysts are shown in
Figure 1 to get a better overview of the several test design variations
described in 2.5-2.7. Variants (b) and (d) were carried out with both
buffer solution and mine water.

The following experiments aim to enable comparability of the
various results. The experiment in Figure 1b is intended to show the
difference between dispersed (the particles cannot sediment in the
Earth’s gravitational field) nano-Pd(0) and suspended (the particles
can sediment in the Earth’s gravitational field) Pd/Al,Os catalysts;
also to show the catalytic activity of non-embedded Pd/AlO;
catalysts. Figure 1c shows the test setup with Silgel coating only, for
determining recovery rates. And Figure 1d displays the experimental
setup for Pd/Al,O; catalysts embedded in Silgel. A comparison with
the non-embedded variant (Figure 1b) enables an assessment of the
amount of catalyst activity increase in mine water due to the coating.

2.5 Preparation and design of dechlorination experiments with
suspended Pd/Al,0; catalysts

These dehalogenation experiments were carried out to investigate
the different performances of suspended and embedded Pd/Al.O3;
catalysts. The Pd/Al,O; catalyst was crushed by hand with mortar and
pestle, and sieved using a stainless steel sieve (d < 25 um). In contrast
to the previous procedure (chapter 2.2), the buffer solution and
catalyst (0.3 mg) were added to the reaction vessels before rinsing
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with hydrogen. The experimental setup was as in chapter 2.2, except
that the vials were mounted horizontally on an overhead shaker
(Reax 2, Heidolph, Schwalbach, Germany) at 50 rpm during the
dechlorination time. After the 6 different time points, an aliquot
(8 mL) was transferred to another 20-mL glass vial containing 10 pL
Na;SO3 (as a precautionary measure to deactivate any catalyst
particles carried over). The remaining 2 mL were discarded. Finally,
2 pL of the IS mix was added to the solution.

For the calibration samples, vials were filled with 8 mL of buffer
solution. All other previously described steps remained unchanged.
The 7-point calibration (0.01-3 pg L) was performed in duplicate.

2.6 Preliminary tests on recovery rates with Pd-PDMS wall-coated
reactors

Pre-tests where used to determine if the coating absorbs the
reactants, intermediates, and products, leading to incomplete
transfer during aliquot transfer and resulting in inaccurate recovery
rates. To conduct these tests, vials coated with PDMS were prepared
in the same manner as for the dechlorination experiments (but
without Pd particles) and filled (buffer solution, hydrogen,
calibration, etc., see following section). Next, 3 pL of biphenyl or one
of the PCB solutions (PCB 2, 4, 18, 52) was added. After rotating
continuously at 50 rpm, an aliquot (8 mL) was taken at the different
time points (1, 24, and 48 hours) and mixed with 2 pL of IS mix.
Subsequently, a solvent extraction was performed: 5 mL hexane was
added three times to the empty PDMS-coated vials and shaken for
10 min each time. The hexane from the various runs was collected,
evaporated under a gentle stream of nitrogen, and mixed with 2 pL
of IS mix. Recovery rates were then determined by summing the
quantities extracted from the aqueous solution and from the PDMS
coating. Each sample was prepared in triplicate for each of the three
reaction times.

2.7 Preparation and design of dechlorination experiments with
Pd/Al,03-PDMS wall-coated reactors

The wall-coated vials were filled with 10 mL of buffer solution (or
mine water, respectively) and flushed with hydrogen for 5 min. The
subsequent dechlorination experiments were conducted in an
anaerobic chamber. 1 mL of the gas phase was replaced with 1 mL of
hydrogen. To initiate the reaction, 3 uL of a PCB solution (PCB 4, 18,
28, or 52, 10 mg L* each) was added. The vials were continuously
rotated at 50 rpm. In contrast to the experiments with the
suspension, the reaction could not be stopped by the addition of
catalyst poison, because the embedding in PDMS protects the
catalysts to a relevant extent. Therefore, an aliquot (8 mL) was taken
at the different time points (1, 6, 24, and 48 hours) and transferred
to a vial containing 10 pL Na;SOs (in case Pd particles released from
the coating were also transferred). The remaining 2 mL were
discarded. Subsequently, 2 pL of the IS mix was added. To also
analyze the analytes that remained in the coating, another solvent
extraction was performed, as mentioned in chapter 2.5. Samples
were prepared in triplicates for each of the four reaction times. All
steps were carried out at room temperature (22 + 1 °C).

4|

2.8 Instrumental analysis

The PCB analysis followed the method described in our previous
study.” Briefly, the extraction and analysis was carried out with a
CombiPAL autosampler (CTC Analytics AG, Zwingen, Switzerland)
equipped with a SPME fiber assembly, and a Trace 1310 gas
chromatograph (GC) combined with an 1SQ 7000 mass spectrometer
(MS) (Thermo Fisher Scientific, San Jose, CA, USA). For all
measurements, a SPME fiber coated with PDMS/DVB (65 um, nitinol
core) was used (Sigma-Aldrich, St. Louis, MO, USA). After the samples
were pre-heated in the agitator for 11 minutes at 500 rpm and 75 °C,
extraction was performed for 30 min under the same conditions.
Afterwards, the fiber was thermally desorbed in splitless mode in the
GC injector for 3 min at 240 °C (split flow during the remaining run:
30 mLmin‘1). Chromatographic separation was conducted on a fused
silica capillary column (TG-XLBMS: 60 m, 0.25 mm inner diameter,
0.25 um coating thickness; Thermo Fisher Scientific). Helium 5.0
(Praxair, Germany) was used as carrier gas at a constant flow rate of
1.0 mL minl. The initial oven temperature was set to 60 °C and held
for 3 min. The temperature was ramped to 120 °C at a rate of 30 °C
min, Then, it was ramped to 320 °C at a rate of 6 °C min-! and held
for 2 min. Parameters for MS detection of analytes and IS are
provided in Table S3, considering sulfur component spectra that can
occur in mine water.33

2.9 Data analysis

The raw data obtained from GC-MS was processed using
‘Chromeleon 7.2.9° software (Thermo Fisher Scientific), and
manually verified for peak integration. All analyte data were
corrected based on the IS (Table S3). Provided concentrations refer
to the mean value of the replicates of a specific dechlorination time.
Standard deviation (sd), calculated as the square root of the residual
sum of squares divided by n, where n is the number of replicates, is
provided as measure of deviation.

2.10 Calculation of activities for
hydrodechlorination

specific Pd catalytic

Equation (1)%¢ was used to calculate the specific Pd activity of the
nanocatalyst (Apq;) during a dechlorination experiment involving the
substance i:

v n (G2
Ao [L g™t min1] = water — tx,l 1
pa L g7t min”] Mpg X Typp In2 X cpg X (ty — ty) @

giving the water volume (Vyater [L]) contaminated with the substance
i at a given concentration cy,, [1g L'Y] which can be treated with the
mass of catalyst applied (mpq4[g]) with a half-life of the reactant (r1,
[min]); or rather with the concentration of the reactant (cy,) and
(i) [ug L] at the chosen start time (to) and end time (tx) [min]
(where x is the specific time at which catalyst poisoning was done) of
the dechlorination experiment, and the concentration of the applied
catalyst (cra) [g]. To achieve a given elimination goal, Apg,; can be
utilized to determine the necessary amount of Pd needed to treat a
particular volume of water within a designated time frame.26
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3. Results and discussion
3.1 Dechlorination of PCBs by finely dispersed Pd(0) nanocatalysts

The hydrodechlorination of the individual PCBs (PCB 1, 2, 3, 4, 18, 28,
52) and mixed PCBs (PCB 1+2+3), the formation of intermediate
products and biphenyl as dechlorination product were observed over
time in experiments with buffer solution and are shown graphically
for selected congeners (Figure 2). Concentrations of all target
compounds per specific dechlorination experiments are listed in
Table S4-58. The rate constants k; values of the pseudo-first order
kinetics for the educt elimination were determined for all
dechlorination experiments (Figure S2). A single-step direct
dechlorination to less chlorinated biphenyls or biphenyl without
detachment from the catalyst may occur, as biphenyl formation
begins immediately after the reaction starts for certain reactants. A
multiplet mechanism has already been hypothesized in other studies
for similar compounds.?>37-3° However, the formation of
intermediates shows that the polychlorinated biphenyls are reduced
stepwise, at least partially and to a relevant extent. In any case, a
preferred reaction path based on the product pattern found during
dechlorination can be inferred. For POPs, the main dechlorination
mechanisms are hydrogen transfer mode® and electron transfer
mode.?! In our experiments, the former mechanism is likely to occur
because the Pd catalyst forms activated hydrogen, which can be
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added electrophilically to the aromatic rings.*? Using mine water
instead of buffer solution, no dechlorination of PCBs was observed in
the experiments with finely dispersed Pd(0). This was not surprising,
as the mine water can contain catalyst poisoning or inhabiting matrix
(high levels of sulfur compounds, high salt content, high TOC*),
which can lead to the inhibition or even deactivation of the exposed
catalyst. The most frequently intermediates that were formed during
the dechlorination are likely part of the main dechlorination
pathway.?® The formation of these intermediates is not caused by
low catalytic activity or slower further transformation. Instead, a
significant portion of the original reactant is converted into them.
The main gradational reaction pathway was elucidated for the
dechlorination of each individual PCB used. PCB 1 and biphenyl were
formed in the experiments for all PCBs used as educts (PCB
congeners 52, 28, 18, and 4). For PCB52, the main further
intermediate products for each degree of chlorination were PCB 18
and PCB 4; for PCB 28, the main further intermediate product was
PCB 7; and for PCB 18, the main further intermediate product was
PCB 4 (Figure 3). It can be concluded that primarily para-substituted
chlorine atoms are replaced by hydrogen atoms, resulting in
intermediates with ortho-substitution. In other words, para-
substituted intermediates, such as PCB 15 from the dechlorination of
PCB 28, are not formed at all. These findings confirm those of similar
studies.?*-47 This reaction pathway is fundamentally different
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Fig. 2 Dechlorination of selected PCBs (PCB 52, 28, 18, 4) by finely dispersed Pd(0). For a better overview, only the formation of the

main intermediate products and biphenyl are shown aver time. The cancentrations for all measured compounds is given in Tables
$3-56. Error bars show sd, number of replicates: n = 4 per time step (Copcps = 3 L LY, Cpg = 150 ug L with d50% = 2.8 nm, Cracos =9 8

L, Cyacitrate = 2.94 g L'2). The lines are provided to guide the eye.
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Fig. 3 Dechlorination pathway for selected PCBs. (a): summarized dechlorination pathways of PCBs 52, 18, and 4; (b): dechlorination
pathway of PCB 28. The different lines refer to main dechlorination pathways (black bold), minor reaction pathways (black plain), and
possible but not detected (or only detected to a small extent) reaction pathways (grey dotted). For reasons of clarity, possible direct
pathways are not shown.
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from microbiological dechlorination (reductive dechlorination)?® or
photolytic dechlorination (radical attack).*® Such mechanisms do not
form ortho-substituted PCBs, or only form them in very small
quantities. However, this is not contradictory, given that distinct
mechanisms result in varying reaction patterns.

The catalytic activity for each analyte is provided in Table 1. It is
evident that the catalytic activity does not necessarily increase with
decreasing chlorination degree. PCB 28 dechlorinates the fastest,
while PCB 4 dechlorinates the slowest. This phenomenon was not
observed for hexachlorobenzene, where elimination increased as the
degree of chlorination decreased.®® The difference between
hexachlorobenzene and the other analytes lies in their molecular
structure. When discussing PCBs, it is important to consider the steric
hindrance caused by both the chlorine atoms3° and the (chlorinated)
phenyl ring. Here, PCB 4 has two ortho-substituted chlorine atoms
that are shielded by each other and the nearby phenyl ring, while PCB
28 has only one ortho-substituted chlorine atom and two para-
substituted chlorine atoms, resulting in no steric hindrance from
either the other chlorine atoms or the other phenyl ring. The same
applies to PCB 52, which has two ortho-substituted chlorine atoms
and two meta-substituted chlorine atoms that can be easily
exchanged for hydrogen atoms. The similarity in specific catalytic
activities between PCB 52 and 18 is due to their very similar
molecular structure. Both PCB 52 and 18 have a structure of twice
ortho and twice meta, or rather twice ortho and once meta,
respectively.

In both the experiments with individual substances (PCB 1, 2, 3) and
the mixture (PCB 1-2-3), there were no differences in specific
catalytic activities. Therefore, no preference for a particular analyte
in the presence of several analytes could be determined (Table 1).
The specific catalytic activity was not impaired even in the presence
of substances with a lower steric hindrance. For instance, PCB 1,
which has ortho substitution and higher steric hindrance, was
dechlorinated at the same rate whether it was alone or in a mixture
with PCB 2 (meta substituted, lower steric hindrance) and PCB 3
(para substituted, lowest steric hindrance).

Table 1 Mean values of specific catalytic activity of dispersed Pd(0)
nanoparticles (d50% = 2.8 nm, Copces = 3 Mg L2, Cpa =150 pg LY, Cancos
=9 g LY, Cacitrate = 2.94 g L'1). No dechlorination took place for the
experiments with mine water instead of buffer solution as reaction
matrix

Reactant (in buffer solution) Pd activity Apg [L g min]

PCB 52 2740+190
PCB 28 3350 £+ 300
PCB 18 2600 + 410
PCB 4 850+ 20
PCB 3 3190+ 160
PCB 2 2820+ 90
PCB1 990 + 30
PCB 3 (mix PCB 1-2-3) 2940 £ 270
PCB 2 (mix PCB 1-2-3) 2650+ 170
PCB 1 (mix PCB 1-2-3) 1160 + 30

The specific activity Apgq provided here has the advantage of being
understood as a material property. This metric is independent of the
contaminant concentration and reflects the amount of contaminated
water that a specific amount of Pd can treat over a given period.
Additionally, the concentrations tested here (3 pg L™ for PCB 1, 2, 3,
4, 18, 28, and 52, and 1 pg L for PCB 1, 2, 3 in mix) are
environmentally relevant. Approximately one can say, compounds
with a high degree of chlorination are more bioaccumulative and
persistent than those with a low degree of chlorination.*® Therefore,
the dechlorination of such substances typically provides relief for
both humans and the environment. The chlorination of PCBs plays a
decisive role in their toxicity. Even PCBs with a medium degree of
chlorination can be highly toxic due to the arrangement of the
chlorine atoms. Dioxin-like PCBs have four to seven chlorine atoms,
which are mainly para and meta substituted. Assuming that the
environment is contaminated with highly chlorinated PCBs,
remediation through microorganisms or UV light may result in the
formation of dioxin-like PCBs as an intermediate product due to the
affinity for splitting off ortho-substituted chlorine atoms.%842
However, treatment with Pd catalysts has shown that the para
position is preferentially substituted,**“ and that the reaction
pathway preferably does not involve dioxin-like PCBs.

3.2 Recovery rates of PCBs in Pd-PDMS wall coated reactors

To ensure the reusability of Pd/Al,Os particles, which are difficult to
recover by filtration when suspended, and to protect them from
potential catalyst poisons in environmental media, it is beneficial to
apply them in a thin PDMS layer to the inside of the reaction vessels.
Preliminary tests were conducted to verify that the concentration
was reduced due to dechlorination processes and not due to
diffusion into the PDMS coating. The tests with selected PCB
congeners, representative for the degrees of chlorination, showed
evidence of a decreasing recovery rate for the thicker coatings and
increasing degree of chlorination (Table 2).

The thicker the PDMS coating, the more the PCBs are captured.
Biphenyl alone has a high recovery rate. This can be seen to be
advantageous as the PCBs move into the coating towards the
catalysts and faster dechlorination is encouraged, whereas biphenyl
will partition out of the coating to a higher degree. A complete
dechlorination produces the same amount of product (in mol) from
the reactant. Therefore, since the degradation of the educt and the
formation of biphenyl are related, the formation of biphenyl can also
be used to determine the specific catalytic activity, by subtracting the
amount of biphenyl from the amount of educt at the start time.
However, caution is required here: In reactions that are slower or
have many intermediates, the formation of the final product may be
delayed. Therefore, the specific catalytic activity calculated based on
the formation of the product is, at most, equal to and in most cases
lower than the specific catalytic activity calculated from the decrease
of the reactant. A PDMS mass of 75 mg per vial was chosen to allow
for the indirect derivation of the reactants degradation rate from the
formation rate of biphenyl as final dechlorination product.
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Table 2 Recovery rates [%] of Biphenyl and chosen PCBs in Pd-PDMS
wall coated reactors, n = 3 per time step. The results for different
diffusion times (1, 24, and 48 h) were similar and therefore included
to mean values (i.e., n = 9 per substance and treatment)

Analyte Recovery rate Recovery rate Recovery rate
[%] with [%] with [%] with
750 mg of 375 mg of 75 mg of PDMS
PDMS PDMS

PCB 52 0 0 0

PCB 18 0 1+4 1+4

PCB 4 4+4 6+3 11+4

PCB2 11+5 17 +5 24+6

Biphenyl 67+6 78+6 96+ 8

3.3 Dechlorination of PCBs by suspended and PDMS-embedded
Pd/Al,O; catalysts

The experiments with finely dispersed Pd(0) nanoparticles have
already elucidated the preferred reaction pathway along with the
corresponding intermediates (chapter 3.1). No other reaction
pathway takes place with suspended or embedded Pd/Al,0;
catalysts (Figure 1b, 1d, Figure 4), only that dehalogenation proceeds
more slowly. The focus here is on the special catalytic activity of the
suspended and the embedded Al,O; catalysts, both with buffer
solution and with mine water as reaction matrices.

3.3.1 Performance of suspended and embedded Pd/AI203 catalysts
with buffer solution matrix

In these experiments, the specific catalytic activities of the Pd/Al;0s

catalysts were determined under optimal matrix conditions without

catalyst poisons. The rate constant k value of the pseudo-first order

kinetics for the formation of the product (elimination of the educt)

was determined for all dechlorination experiments (Figures $3-54).
— .

Fig. 4 Reaction vials with an inner PDMS layer
for the experiments with embedded Pd/Al,0;
catalysts. Left: pure PDMS without Pd/Al,O;;
right: PDMS including Pd/Al,0s (0.3 mg).

The activity levels are comparable to those of similar substances.3%5!
The specific activity of the suspended Pd/Al;O5 particles is only one
third of that of the dispersed Pd(0) particles. And for the PDMS-
embedded Pd/Al,0; particles it is a whole order of magnitude lower
than for the suspended particles (Table 3), as analytes must first
move through the silicone to the embedded catalysts. However, the
difference in activity is only one order of magnitude lower, which
emphasizes the benefits of Pd/ALO; catalysts over other Pd
catalysts.®? No differences were found in the ratio of specific
activities of suspended and PDMS-embedded and Pd/Al,0; catalysts
among the individual PCBs (with ratios of 1.2-1.4 x 10%). Therefore,
it can be assumed that the degree of chlorination of the PCBs has no
influence on the specific catalytic activity of embedded Pd/Al;03
catalysts. Anyhow, differences could still occur with highly
chlorinated PCBs. However, these promising results also have a
limitation. It is unlikely that environmental media will provide ideal
conditions for the catalysts, and purifying the media to the point
where the catalyst activity is not affected is prohibitively expensive.
The following step was therefore undertaken to test whether the
protected catalyst can perform under extremely challenging,
naturally occurring conditions.

3.3.2 Performance of suspended and embedded Pd/AI203 catalysts
with mine water matrix

In these experiments, the specific catalytic activities of the Pd/Al;03
catalysts were determined under real conditions with catalyst poison
rich matrices. As with the finely dispersed Pd(0) -catalysts
(chapter 3.1), no or only very slight dehalogenation occurred in the
tests with suspended Pd/Al;O; catalysts with mine water matrix. As
in previous tests, the catalyst poisons contained in the mine water
severely limit the activity, what was also the result in other studies.
However, with catalysts embedded in the PDMS, dechlorination
occurred for the first time using mine water as a matrix (Table 4),
although the specific catalytic activity was much lower than in the
buffer solution. The rate constant k values of the pseudo-first order
kinetics of product formation (educt elimination) were determined
for all dechlorination experiments (Figures S5-S6).

The activity of the catalyst is affected differently by the three mine
waters, due to their different compositions (Table S9). The
embedded catalysts perform about as well in the presence of
Walsum mine water as in the presence of Reden mine water. The
Stinnes mine water, which has a high concentration of chloride and
metals, has the strongest inhibitory effect on the activity, therefore
no dechlorination could be detected. The concentrations of reduced

Table 3 Mean values of specific Pd activity and their ratios for PCB
reactants with suspended (Apgsusp) and PDMS-embedded (Apg,emb)
Pd/Al,0; catalysts for dechlorination in buffer solution matrix

Reactant Apd susp Apd,emb Apd-
(Lg! min?) (mL g min?) ratios(susp/emb)
PCB 52 860 + 100 610 + 90 1.4x 103
PCB 28 1130+ 110 830+ 100 1.4x103
PCB 18 720+ 30 610+ 70 1.2x103
PCB 4 260 + 50 200+ 30 1.3x103
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Table 4 Mean values of specific Pd activity for the dechlorination of
chosen PCBs by PDMS-embedded Pd/Al;0; catalysts with mine water
matrix

Reactant Apd,emb Apd,emb Apd,emb
(mL g1min?) (mLglmin?) (mL g min?)
‘Walsum’ ‘Reden’ ‘Stinnes’

PCB 52 100+ 30 180+ 10 -

PCB 28 120+ 30 210+ 70 -

PCB 18 100+ 30 170 + 50 -

PCB 4 205 S0+30 -

S species, if present at all, are relatively low in the three mine waters
compared to the corresponding sulfate concentration. The absence
of high sulfide concentrations explains why the mine water does not
rapidly deactivate the catalyst albeit protected, because PDMS
protected catalysts remain vulnerable to non-ionic sulfide species.>?
PCB 18 is the congener with the highest concentration in German
mine water,” making its catalyst activities (100-170 mL g* min) of
particular interest for further extrapolations. Mine water is pumped
and discharged in high volumes, averaging 1-10 m? min! per mine.
To completely dechlorinate this quantity within 1 min, it would
require 6-100 kg (best to worst case) of Pd/Al,O3 catalyst. However,
this amount could be reduced by increasing the contact time with
the catalyst, for example, from 1min to 1h. In this case, only
0.1-1.7 kg of catalyst would be needed. In some cases, it may be
necessary to consider whether a shorter contact time with a larger
amount of catalyst or a longer contact time with a smaller amount of
catalyst is more effective. When dealing with mine water and its
significant and continuous volume flow, it is more practical to
increase the amount of catalyst. Additionally, the activity of the
incorporated catalysts could be enhanced. In the present study, a
thin PDMS layer was selected to facilitate observation of the reaction
process. Given the recent evidence of dechlorination in mine water,
it is recommended to use a thicker PMDS layer to enhance catalyst
protection against deactivation,3! or, based on the findings with the
Stinnes mine water, an additional layer of sulfide-scavengers52 could
be applied.

4, Conclusions

Palladium-catalyzed  hydrodechlorination is a rapid and
straightforward method for dechlorinating POPs like PCBs and
transforming them into less hazardous and more readily degradable
substances. This process consumes minimal energy and resources
when conducted under environmental conditions. In the
dechlorination process, chlorine atoms in the para and meta
positions are preferentially substituted first, likely due to steric
hindrance from the other phenyl ring. The reaction rate was
determined by the positioning of the chlorine atoms and not by their
number. The catalysts showed high catalytic activity at low
concentrations (0.15mgL?!) and at ambient pressure and
temperature, as well as at environmentally relevant concentrations
in the pg L' range. All of the seven tested PCBs were dechlorinated
within one hour in the presence of suspended Pd/Al,O3 particles in
buffer solution, allowing for the tracking of intermediates and

reaction pathways. However, suspended particles cannot be directly
applied for the treatment of contaminated water: catalyst loss and
inhibition by catalyst poisoning matrix are methodic limitations that
prevent the intended scaling for environmental applications.
Therefore, to prevent catalyst loss and protect against a wide range
of catalyst poisons, Pd/Al;O; particles were incorporated into a
protective PDMS layer. The results showed that under optimal
reaction conditions, the protection reduced catalyst activity, but the
specific catalytic activity remained high enough to outweigh the
disadvantages. The protective film not only facilitates dechlorination
in "ideal" buffer solutions, but its strength is particularly evident in
the treatment of matrix-rich waters, as demonstrated in this study
even for highly matrix-rich mine water rich in catalyst poisons. As
mine water remains one of the few point sources of PCBs,
appropriate water treatment technologies are needed to prevent
further PCB release to the environment. Although further
optimization of reaction efficiency and application design is still
needed before large-scale applicability, our results clearly
demonstrate the potential and general feasibility of protected Pd
nanocatalysts for the elimination of PCBs from matrix-rich waters.
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Additional Information on Materials and Methods

The neat PCB substances (PCB 1-4, 6-9, 11, 15, 18, 26, 28, 52) were prepared as stock solutions
of single substances (114-150 mg L?) in methanol (= 99.9%, p.a. quality, Carl Roth GmbH,
Karlsruhe, Germany) that were mixed to the working solutions (WS) 'WS 28' (Biphenyl, PCBs 1, 3,
7, 8, 15, and 28) and 'WS 4-18-52' (Biphenyl, PCBs 1, 2, 4, 6, 9, 11, 18, 26, and 52) with
concentrations of 0.05, 0.5 and 5 mg L. Educt stock solutions (ESS) of single substances
(Biphenyl, PCBs 1, 2, 3, 4, 18, 28, and 52) and a mix of the three monochlorinated congeners (PCB
1, 2, 3) were diluted in methanol to concentrations of 10 and 3 mg L™ each, respectively, yielding
working solutions for dechlorination experiments. Working solutions were stored in Certan
capillary bottles (LGC Standards GmbH, Wesel, Germany).

The analytes for the internal standards were mixed according to Table S1 in a concentration of
5 mg L%, and combined according to Table S2.

Table S1. Working solutions for analytes and their respective internal standards (IS), used for
external calibration in dechlorination experiment measurements with PCBs 52, 18, or 4 (a: WS I)
and PCB 28 (b: WS II).

a) WSI('4-18-52") ISS 1 ('4-18-52") b) WSII('28') ISS 11 ('28")
Analyte IS Analyte IS
Biphenyl Biphenyl-dio Biphenyl Biphenyl-dio
PCB 1 PCB 3-ds PCB 1 PCB 3-ds
PCB 2 PCB 3-ds PCB 3 PCB 3-ds
PCB 4 PCB 3-ds PCB 7 PCB 9-ds
PCB6 PCB 9-ds PCB 8 PCB 9-ds
PCB9 PCB 9-ds PCB 15 PCB 26
PCB 11 PCB 18-ds PCB 28 PCB 26
PCB 18 PCB 18-ds
PCB 26 PCB 28
PCB 52 PCB 49
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Table S2. Combination of educt stock solutions (ESS), working solutions (WS) and internal
standard solutions (ISS).

ESS WS ISS
PCB 1 WS I ISS 1l
PCB 2 WS I ISS 1l
PCB 3 WS I ISS 1l
PCB 1+2+3 WS I ISS I
PCB 4 WS | ISS |
PCB 18 WS ISS |
PCB 28 WS I ISS 1l
PCB 52 WS | ISS |

Particle size distribution of Pd(0) nanoparticles — Figure S1

The Pd nanoparticles were synthesized by chemical reduction.® A stock solution of sodium
borohydride was added to a boiling solution with Pd precursor PdCl; x 2HCI and sodium citrate

as stabilizer. The suspension was investigated with transmission electron microscopy (TEM) (JEOL
JEM-1400 Plus microscope, operated at 120 kV). The Pd nanoparticles had a size of 2.8 nm (d50%)
(Figure S1).

200 +
180 (b)
160
140 A
120 A
100
80 ~
60 +
40 ~
20 +

Count

1 2 3 4 5 6

Diameter [nm]

Figure S1. (a) TEM image of the citrate-stabilized Pd(0) nanoparticles, (b) particle size distribution
of the Pd(0) nanoparticles (dried, TEM, d50% = 2.8 nm).
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Quality assurance

To avoid agglomeration of suspended nanoparticles, the entire equipment which came in contact
with nanoparticles, solutions and water was washed before use with nitric acid (HNO3, 33 %), mQ

water, and acetone. The 20-mL glass vials and screw caps were not reused.

Blanks, both with and without PDMS coating, were run to determine the sorption on glass

walls/PDMS and to include this in the further calculations.

The mine water analyzed in this study has a background load of PCBs in the ng L range. The
additional amount of PCBs (pg L?) is high enough that the inherent background load only
accounts for a maximum of 1% and is therefore not considered significant. However, the
concentrations of the specific congeners used were determined for each mine water sample and

included in the subsequent calculations.

sS4

97



Kapitel 4

Instrumental analysis / GC-MS parameters — Table 53

The MS was used in selected ion monitoring (SIM) mode with respective segments for the

analytes. Detailed parameters for GC-MS conditions are given in Table S3.

Table S3. Parameters for MS detection of analytes and IS in SIM mode. Trichlorobiphenyls had

an additional second qualifier in experiments with mine water to improve their differentiation

from sulfur component spectra that can occur in mine water.?

RT Quantifier  Qualifier1  Qualifier 2

Substance Purpose .

[min] [m/z] [m/z] [m/z]
Biphenyl-d1o IS 16.48 164 80
Biphenyl Analyte 16.58 154 76
PCB 1 Analyte 18.88 188 152
PCB 2 Analyte 20.51 188 152
PCB 3-ds IS 20.76 193 157
PCB 3 Analyte 20.81 188 152
PCB 4 Analyte 21.23 222 152
PCB 9-ds IS 22.24 227 157
PCB9 Analyte 22.28 222 152
PCB 7 Analyte 22.35 222 152
PCB 6 Analyte 22.64 222 152
PCB 18-ds IS 24.30 263 191
PCB 11 Analyte 24.33 222 152
PCB 18 Analyte 24.35 256 186 150
PCB 15 Analyte 25.05 222 152
PCB 26 Analyte / IS 25.85 256 186 150
PCB 28 Analyte / IS 26.35 256 186 150
PCB 52 Analyte 27.27 292 220
PCB 49 IS 27.44 292 220
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Table S4. Hydrodechlorination of PCB 52 with finely dispersed Pd(0) nanoparticles. Mean values
[nmol L] are provided for the PCB reactant, intermediate product PCB congeners, and biphenyl
as product of complete hydrodechlorination. Number of replicates per reaction time: n = 4.

[1::3 Biphenyl PCB1 PCB 2 PCB 4 PCB 6 PCB9 PCB 11 PCB 18 PCB 26 PCB 52
0 0.16£0.06 0.01+0.02 0.01+x0.00 0.02+0.03 0.00£0.00 0.01£0.07 0.01+0.02 0.20+0.14 0.01£0.02 10.5941.19

1 089+0.11 0.74+0.10 0.66£0.01 0.76+0.14 0.01+0.01 0.22+0.14 0.10+0.04 0.79+0.46 0.00+0.04 5.73£1.65

3 190+£0.07 0.76%0.13 0.66%0.01 0.93%0.11 0.01#0.01 0.43+0.09 0.10+0.02 2.10+0.21 0.01+0.02 2.95+0.06

6 3.2840.16 1.06%0.41 0.69+0.02 1.26+0.47 0.00£0.03 0.4240.23 0.10+0.05 2.15+0.49 0.02+0.05 1.56+0.80

12 5644031 0.6940.02 0.68+0.00 0.74+0.03 0.01£0.00 0.24+0.04 0.10+0.01 1.58+0.12 0.0110.02 0.29+0.96

30 8.27+0.78 0.20+0.40 0.20£0.03 0.6340.49 0.00+0.02 0.22+0.05 0.10+0.02 0.37+£0.26 0.00+0.03 0.00£0.51

60  9.40+0.45 0.20+0.31 0.06%0.01 0.10+0.22 0.00+0.01 0.18+0.18 0.10+0.01 0.17+0.09 0.01+0.01 0.01+0.13

Table S5. Hydrodechlorination of PCB 28 with finely dispersed Pd(0) nanoparticles. Mean values
[nmol L] are provided for the PCB reactant, intermediate product PCB congeners, and biphenyl
as product of complete hydrodechlorination. Number of replicates per reaction time: n = 4.

[Tr::ﬁ Bipheny PCB 1 PCB 3 PCB 7 PCB8  PCB15 PCB 28
0 010:146 000:0.09 000£0.03 0.0020.15 0.00:0.11 0.00£0.01 11.42+0.37
1 1.36:033 091012 0.10:0.03 1.60:0.15 1.21#0.10 0.01$0.02 6.3840.66
3 2584059 1.65£0.72 0.00£0.14 2.30:033 147029 0.00:0.01  3.20+1.32
6 5.69:0.95 1.28+045 000£0.06 1.82:0.18 1.01£0.05 0.02:0.01  1.32+0.63
12 8042092 1.10£0.36 0.10:0.03 151013 0.81:0.04 0.01£0.01 0.31:0.29
30 8.90:0.60 0.82+0.08 0.10:0.00 0.61+0.04 0.62+0.00 0.00:0.00  0.03+0.02
60 10.17:0.56 0.74+0.06 0.1040.01 0.64:0.07 0.60£0.00 0.00:0.00  0.01#0.01

Table S6. Hydrodechlorination of PCB 18 with finely dispersed Pd(0) nanoparticles. Mean values
[nmol L] are provided for the PCB reactant, intermediate product PCB congeners, and biphenyl
as product of complete hydrodechlorination. Number of replicates per reaction time: n = 4.

[-:::3 Biphenyl PCB 1 PCB 2 PCB 4 PCB 6 PCBS PCB 18
0 0.01x0.01 0.00£0.01 0.00£0.02 0.00+0.05 0.00+0.01 0.00+0.02 11.21+0.78

1 2.41+0.61 0.94+0.31 0.17+0.09 1.78+0.43 0.00+0.03 0.38+0.07  5.9940.35

3 4.31+1.88 0.80+0.74 0.18+0.07 2.06%£1.20 0.01+0.05 0.50+0.46  3.79£1.96

6 4.57+0.70 1.14+1.20 0.16+0.06 2.90+1.41 0.01+0.03 0.82+0.24 1.97+0.57

12 6.0841.10 1.65+0.63 0.21+0.12 3.76%1.44 0.01+0.02 0.90+0.19  0.14+0.37
30 8.33x1.99 1.03£0.61 0.11:£0.02 2.46+0.39 0.00+0.02 0.49x0.31  0.03+0.47
60 9.65+1.75 1.15+0.88 0.10£0.01 1.31+0.12 0.01+0.01 0.3620.42  0.01+0.36
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Table S7. Hydrodechlorination of PCB 4 with finely dispersed Pd(0) nanoparticles. Mean values
[nmol L] are provided for the PCB reactant, intermediate product PCB congeners, and biphenyl

as product of complete hydrodechlorination. Number of replicates per reaction time: n = 4.

Time
. Biphenyl PCB 1 PCB 4
[min]
0 0.10+0.00 0.00+0.01 13.44+2.75
1 1.9640.45 0.87+0.30 12.49+1.29
3  4.25%#1.63 1.26%0.41 10.72+2.96
6 6.34£1.38 1.52+0.29  7.85%4.69
12 9.2841.23 1.55+0.32 4.76+1.14
30 12.11+0.72 1.14+0.52 1.16+0.58
60 12.74+1.79 0.47+0.01 0.51+0.08

Table S8. Hydrodechlorination of PCB 1, 2, and 3 with finely dispersed Pd(0) nanoparticles. Mean
values [nmol L] are provided for the PCB reactant, intermediate product PCB congeners, and

biphenyl as product of complete hydrodechlorination. Number of replicates per reaction time:

n=4.
Time . . .
(min] Biphenyl PCB1 Biphenyl PCB 2 Biphenyl PCB 3
min
0 0.00£0.01 15.95%1.66 0.3940.00 15.62+2.33 0.20£0.18 15.7210.24
1 1.11+0.68 14.5811.53 6.45t1.46  9.45t1.11 7.58+1.05 8.35%2.11
3 4.73+0.81 11.35%1.98 9.78+3.65 6.021+3.08 11.03+2.43  4.30£1.51
6 7.80+1.30 8.28%1.14 13.2942.00  2.5240.38 14.0143.17  1.5942.35
12 11.33%£1.33 4.68+0.52 15.291£1.96 0.42+0.47 15.92+4.05 0.26+0.12
30 14.274152  1.41%0.61 15.84+2.66  0.0410.16 16.13+2.20 0.03%0.13
60 14.84+0.78  0.73%0.04 15.94+1.86  0.01+0.17 16.20+£1.26  0.01+0.04
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Figure S2. The rate constant k value of pseudo first order kinetics for dechlorination experiments
with finely dispersed Pd(0) particles.
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Figure S3. The rate constant k value of pseudo first order kinetics for dechlorination experiments
with suspended Pd/Al;O;3 particles in buffer solution.
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Figure S4. The rate constant k value of pseudo first order kinetics for dechlorination experiments
with coating-protected (embedded) Pd/AlLOs particles in buffer solution.
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Figure S5. The rate constant k value of pseudo first order kinetics for dechlorination experiments
with coating-protected (embedded) Pd/AlLOs particles in Walsum mine water.
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Figure S6. The rate constant k value of pseudo first order kinetics for dechlorination experiments
with coating-protected (embedded) Pd/Al,Os particles in Reden mine water.
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Table S9. The used mine waters and their different inorganic compositions.

Walsum Reden Stinnes
Chloride® [mg L] 35,400 175 59,720
Nitrite? [mg L'} <04 0.21 <0.4
Nitrate® [mg L] <0.2 2.48 <0.2
Sulfate? [mg L] 564 160 <0.5
Bromide® [mg L] <04 <04 <0.4
cd® [pg L] <0.01 <0.01 2.01
Cub[ugL? 94.8 19.5 116
Fe® [pg L' 36.9 <0.29 210
Mn® [ug L] 1,396 1.31 2,314
Pb® [ug L] 4.9 1.8 5.11

2 determined with IC, photometry and AAS; ® determined with ICP-MS.
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