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Abstract 

The ubiquitous occurrence of organic micropollutants (MPs), such as pesticides and 
pharmaceuticals, in aquatic systems raises questions regarding their environmental behavior 
and fate. Compound-specific isotope analysis (CSIA), which measures changes in stable 
isotope ratios of individual compounds at natural abundance (e.g., 13C/12C, 2H/1H, 15N/14N, 
18O/16O), offers unique means to detect, characterize, and quantify their degradation in 
environmental systems, especially when concentration-based data alone would not be 
conclusive. However, applying CSIA to MPs in field settings faces challenges of limited 
sensitivity and chromatographic resolution of gas and liquid chromatography coupled with 
isotope ratio mass spectrometry (GC- and LC-IRMS). Given the low contaminant 
concentrations in natural waters, extraction of large sample volumes (i.e., tens to hundreds 
of liters) becomes inevitable to enrich sufficient analyte mass for accurate isotope analysis. 
Although solid-phase extraction (SPE) methods are available for this task, conventional SPE 
sorbents typically lack the selectivity to exclusively extract the target analytes, resulting in 
concomitant enrichment of dissolved organic matter (DOM). In consequence, an unresolved 
complex mixture (UCM) of unknown isotopic composition interferes in GC- or LC-IRMS 
measurements and compromises the reliable isotope analysis of target compounds. Hence, 
the overarching goal of this dissertation was to extent the scope of CSIA to MPs at low 
concentrations by advancing sample preparation methodologies. 

The major part of the thesis specifically aimed at (i) increasing the selectivity of SPE by 
employing cyclodextrin polymers (CDPs), which have shown promise as selective sorbents 
in water purification technologies, and (ii) gaining detailed knowledge on the control of 
sorbent selectivity toward both target analytes and interfering DOM. In the first research 
chapter, the efficacy of CDPs with different cavity sizes (α-, β-, γ-CDP) was systematically 
investigated for the selective extraction of a range of MPs in the presence of DOM. 
Applicability to carbon isotope analysis was assessed for selected pesticides, and the results 
were compared with commercially available sorbents. The presented CDP-based SPE 
method proved effective in obtaining environmental extracts that meet the stringent criteria 
of CSIA, notably by significantly reducing the UCM in GC-IRMS chromatograms after SPE 
with β-CDP. The sensitivity of carbon isotope analysis was enhanced by a factor of 7.5 
compared to conventional SPE-CSIA. The new CDP-based SPE-CSIA method was 
successfully applied to surface water matrices without inducing isotopic fractionation. The 
superior selectivity was further confirmed by up to six-fold lower carbon-normalized 
CDOM/Canalyte ratios in β-CDP extracts as derived from dissolved organic carbon (DOC) and 
liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis. In addition, a 
weak competition between DOM and analyte on the three CDPs was proven by Gibbs free 
energies of adsorption obtained through column chromatography experiments. 
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The second research chapter employed nontargeted Fourier transform ion cyclotron 
resonance mass spectrometry (FTICR MS) analysis to comprehensively explore the 
selectivity of β-CDP at the molecular level. The ultrahigh-resolution MS data elucidated the 
molecular chemodiversity of DOM extracted from surface and groundwater, highlighting 
the reduced matrix complexity in β-CDP extracts compared to conventional sorbents. The 
selectivity of β-CDP was shown to be characterized by discrimination against highly 
oxygenated and unsaturated compounds, which are associated with classes of lignin-like, 
tannin-like, and carboxylic-rich alicyclic molecules (CRAMs). In contrast, conventional 
sorbents exhibited a more universal extraction behavior across a wide range of DOM 
compositions. The provided molecular-level insights can effectively be used as an a priori 
assessment for extraction procedures and cleanup strategies for environmental samples. 

The third research chapter aimed to elucidate the molecular drivers underlying the 
observed selectivity of CDPs. The study employed a multifaceted approach: (i) synthesizing 
CDPs with different cavity sizes (α-, β-, γ-CDP), (ii) evaluating their extraction efficiencies 
for selected MPs in competition with different DOM size fractions (<1, 1-3, 3-10, >10 kDa) 
to test for size-selectivity, and (iii) performing FTICR MS analysis on CDP-extracted DOM 
compounds (<1 kDa) of different origin (surface water and Suwannee River Fulvic and 
Humic Acid) to probe for molecular properties governing their selective sorption. First, no 
evidence of size-selectivity was observed across the different CDP cavity sizes (i), or 
through the two independent approaches (ii) and (iii). Second, a dominant impact of sorbate 
oxygenation and polarity on extraction of DOM and MPs was found, with relatively oxygen-
poor/nonpolar compounds exhibiting preferential retention on all three CDPs. Third, the 
results indicated the exclusion of anionic matrix, such as carboxylic acids, but revealed 
preferential sorption of cationic DOM. Consequently, the selectivity was attributed to a 
synergistic effect of nonpolar and additional electrostatic interactions with the negatively 
charged polymer cross-linker. The improved understanding of CDPs’ sorption behavior can 
facilitate the refinement of sorbent design, enhancing both efficiency and selectivity for 
environmental and analytical applications. 

The second part of the thesis addressed the challenging task of processing large sample 
volumes required for micropollutant CSIA. To tackle this issue, the fourth study evaluated 
the feasibility of graphene-modified polymer monoliths for high-throughput extraction of 
MPs from water. The aim was to harness the synergistic effects of the high porosity of 
monolithic adsorption filtration (MAF) polymers and the unique sorption properties of 
graphene, a carbon-based nanomaterial, to enable efficient SPE at high flow rates. The study 
successfully immobilized graphene oxide (GO) nanosheets onto the MAF surface, and the 
chemical reduction of GO enhanced its sorption affinity and capacity for selected pesticides 
by approximately half an order of magnitude. However, the low sorption kinetics and the 
insufficiently increased surface area resulted in a poor extraction performance of the 
modified polymer in a proof-of-concept SPE experiment. The presented findings provide a 
knowledge base for future method development and optimization. 
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Overall, the present work underscores the critical importance of meticulously selecting 
SPE sorbent materials, of conducting comprehensive sorbent selectivity assessment toward 
target analyte and matrix constituents, and of performing rigorous method evaluation and 
validation to ensure accurate and sensitive micropollutant CSIA. Specifically, β-CDP is 
presented as a favorable selective model sorbent for discriminating against environmental 
DOM in matrix-susceptible analytical applications. The developed CDP-based SPE-CSIA 
procedure, in combination with established sample cleanup techniques, offers new prospects 
for CSIA at environmentally relevant concentrations ranging from tens to hundreds of 
nanograms per liter. The extension of this method to a wide range of organic MPs for 
investigating their environmental behavior and fate holds significant promise for 
environmental protection, enabling a better understanding of pollutant sources and 
transformation pathways, thus facilitating the informed development of effective mitigation 
strategies to safeguard water resources and ecosystem health.
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Zusammenfassung 

Das allgegenwärtige Vorkommen von organischen Mikroschadstoffen wie Pestiziden und 
Arzneimitteln in aquatischen Systemen wirft Fragen zu ihrem Verhalten und Verbleib in der 
Umwelt auf. Die substanzspezifische Isotopenanalyse (engl. compound-specific isotope 
analysis, CSIA), die Veränderungen im Verhältnis stabiler Isotope einzelner Substanzen bei 
natürlicher Häufigkeit bestimmt (z. B. 13C/12C, 2H/1H, 15N/14N, 18O/16O), bietet einzigartige 
Möglichkeiten zum Nachweis, zur Charakterisierung und zur Quantifizierung des 
Schadstoffabbaus in Umweltsystemen, insbesondere wenn konzentrationsbasierte Daten 
allein nicht aussagekräftig sind. Anwendungen der CSIA für Mikroschadstoffe in 
Feldstudien sind jedoch limitiert aufgrund der begrenzten Empfindlichkeit und 
chromatographischen Auflösung der Gas- und Flüssigkeitschromatographie gekoppelt mit 
der Isotopenverhältnis-Massenspektrometrie (GC- bzw. LC-IRMS). Angesichts der 
geringen Schadstoff-konzentrationen in natürlichen Gewässern ist die Extraktion großer 
Probenmengen (bis zu Hunderten von Liter) unumgänglich, um eine ausreichende 
Analytmasse für eine genaue Isotopenanalyse anzureichern. Obwohl für diese Aufgabe 
Festphasenextraktionsverfahren (engl. solid-phase extraction, SPE) zur Verfügung stehen, 
fehlt den herkömmlichen SPE-Sorbenten in der Regel die Selektivität, um ausschließlich die 
Zielanalyten zu extrahieren, wodurch es zu einer gleichzeitigen Anreicherung von gelösten 
organischen Substanzen (engl. dissolved organic matter, DOM) kommt. Diese angereicherte 
Matrix unbekannter Isotopenzusammensetzung stört in der Folge die GC- oder LC-IRMS-
Messungen und beeinträchtigt die zuverlässige Bestimmung der Isotopenverhältnisse der 
Zielanalyten. Daher war das übergeordnete Ziel dieser Dissertation, den 
Anwendungsbereich der CSIA auf niedrig konzentrierte organische Schadstoffe 
auszuweiten, indem die Methoden der Probenvorbereitung verbessert werden.  

Der Hauptteil der Arbeit hatte zum Ziel, (i) die Selektivität der Festphasenextraktion 
durch den Einsatz von Cyclodextrinpolymeren (engl. cyclodextrin polymers, CDPs) zu 
erhöhen, die sich als vielversprechende selektive Sorbenten in der Wasseraufbereitungs-
technik erwiesen haben, und (ii) detaillierte Kenntnisse über die Kontrolle der Sorbenten-
selektivität sowohl gegenüber der Zielanalyten als auch dem interferierenden DOM zu 
erlangen. Im ersten Forschungskapitel wurde die Effektivität von CDPs mit 
unterschiedlichen Kavitätsgrößen (α-, β-, γ-CDP) systematisch für die selektive Extraktion 
einer Reihe von Mikroschadstoffen in Gegenwart von DOM untersucht. Die Anwendbarkeit 
auf die Kohlenstoffisotopenanalyse wurde für ausgewählte Pestizide beurteilt, und die 
Ergebnisse wurden mit kommerziell erhältlichen Sorbenten verglichen. Die vorgestellte 
CDP-basierte SPE-Methode erwies sich als effektiv bei der Gewinnung von 
Umweltextrakten, die die strengen Kriterien der CSIA erfüllen, insbesondere durch eine 
signifikante Reduzierung von matrix-bedingtem Hintergrund in GC-IRMS-
Chromatogrammen nach der Festphasenextraktion mit β-CDP. Die Empfindlichkeit der 
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Kohlenstoffisotopenanalyse wurde im Vergleich zu einem herkömmlichen SPE-CSIA-
Verfahren um den Faktor 7,5 verbessert. Die neue CDP-basierte SPE-CSIA-Methode wurde 
erfolgreich auf Oberflächenwassermatrizes angewandt, ohne eine Isotopenfraktionierung zu 
verursachen. Die höhere Selektivität wurde außerdem durch bis zu sechsfach niedrigere 
Kohlenstoff-normierte DOM-zu-Analyt-Verhältnisse in β-CDP-Extrakten bestätigt, wie es 
aus der Analyse des gelösten organischen Kohlenstoffs (engl. dissolved organic carbon, 
DOC) und der Flüssigchromatographie-Tandem-Massenspektrometrie (LC-MS/MS) 
hervorging. Darüber hinaus wurde ein nur schwacher Einfluss von kompetitivem DOM auf 
die Sorption des Analyten auf den drei CDPs durch Gibbs Freie Adsorptionsenergien belegt, 
die durch Säulenchromatographie-Experimente bestimmt wurden. 

Im zweiten Forschungskapitel wurde eine ungerichtete Analyse mittels Fourier-
Transform Ionenzyklotronresonanz Massenspektrometrie (FTICR MS) durchgeführt, um die 
Selektivität von β-CDP auf molekularer Ebene umfassend zu untersuchen. Die 
ultrahochauflösenden MS-Daten gaben Aufschluss über die molekulare chemische Vielfalt 
von DOM, das aus Oberflächen- und Grundwasser extrahiert wurde, und verdeutlichten die 
geringere Matrixkomplexität in β-CDP-Extrakten im Vergleich zu herkömmlichen 
Sorbenten. Die Selektivität von β-CDP ist durch die Diskriminierung gegenüber stark 
sauerstoffhaltigen und ungesättigten DOM-Verbindungen gekennzeichnet, die den Klassen 
der Lignin-artigen, Tannin-artigen und Carboxyl-reichen alicyclischen Moleküle (engl. 
carboxylic-rich alicyclic molecules, CRAMs) zugeordnet werden konnten. Im Gegensatz 
dazu zeigten herkömmliche Sorbenten ein universelleres Extraktionsverhalten über einen 
weiten Bereich von DOM-Zusammensetzungen. Die gewonnenen Erkenntnisse auf 
molekularer Ebene können effektiv als Vorabbewertung für Extraktionsverfahren und 
Reinigungsstrategien für Umweltproben genutzt werden. 

Das dritte Forschungskapitel verfolgte das Ziel, die Faktoren zu entschlüsseln, welche 
der beobachteten CDP-Selektivität zugrunde liegen. In der Studie wurde ein vielschichtiger 
Ansatz gewählt: (i) Synthese von CDPs mit verschiedenen Hohlraumgrößen (α-, β-, γ-CDP), 
(ii) Bewertung ihrer Extraktionseffizienz für ausgewählte Mikroschadstoffe in Konkurrenz 
zu verschiedenen DOM-Größenfraktionen (<1, 1-3, 3-10, >10 kDa), um eine 
Größenselektivität zu prüfen, und (iii) Durchführung von FTICR-MS-Analysen an CDP-
extrahierten DOM-Verbindungen (<1 kDa) unterschiedlicher Herkunft (Oberflächenwasser 
und Suwannee River Fulvin- bzw. Huminsäuren), um die molekularen Eigenschaften zu 
untersuchen, die ihre selektive Sorption bestimmen. Erstens wurden keine Anzeichen für 
eine Größenselektivität der unterschiedlichen CDP-Kavitätsgrößen (i) oder mittels der 
beiden unabhängigen experimentellen Ansätze (ii) und (iii) beobachtet. Zweitens wurde eine 
dominante Auswirkung der Sorbat-Oxygenierung und Polarität auf die Extraktion von DOM 
und Zielanalyten festgestellt, wobei relativ sauerstoffarme/unpolare Verbindungen eine 
bevorzugte Retention auf allen drei CDPs aufwiesen. Drittens deuteten die Ergebnisse auf 
den Ausschluss anionischer Matrix, wie z. B. Carbonsäuren, hin, zeigten aber eine 
bevorzugte Sorption von kationischer DOM. Folglich wurde die Selektivität auf einen 
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Synergieeffekt unpolarer und zusätzlicher elektrostatischer Wechselwirkungen mit dem 
negativ geladenen Polymervernetzer zurückgeführt. Das vertiefte Verständnis des 
Sorptionsverhaltens von CDPs kann die Weiterentwicklung des Designs der Sorbenten 
erleichtern und so deren Effizienz und Selektivität für umwelttechnische und analytische 
Anwendungen steigern. 

Der zweite Teil der Arbeit befasste sich mit der herausfordernden Handhabung großer 
Probenmengen, die für die CSIA von Spurenstoffen erforderlich sind. Um diese Problematik 
zu adressieren, wurde im vierten Forschungskapitel die Eignung von mit Graphen 
modifizierten Polymermonolithen für eine Hochdurchsatz-Extraktion von Mikro-
schadstoffen aus Wasser untersucht. Ziel war es, die Synergieeffekte der hohen Porosität 
von monolithischen Adsorptionsfiltrationspolymeren (engl. monolithic adsorption filtration, 
MAF) und die einzigartigen Sorptionseigenschaften von Graphen, einem Nanomaterial auf 
Kohlenstoffbasis, zu nutzen, um eine effiziente SPE bei hohen Durchflussraten zu 
ermöglichen. In der Studie wurden Graphenoxid (GO)-Nanopartikel erfolgreich auf der 
MAF-Oberfläche immobilisiert, und die chemische Reduktion von GO verbesserte die 
Sorptionsaffinität und -kapazität für ausgewählte Pestizide um etwa eine halbe 
Größenordnung. Die geringe Sorptionskinetik und die unzureichend vergrößerte Oberfläche 
führten jedoch zu einer schwachen Extraktionsleistung des modifizierten Polymer-
monolithen in einem Proof-of-Concept SPE Experiment. Die vorgestellten Ergebnisse 
bilden eine Grundlage für künftige Methodenentwicklungen und -optimierungen.  

Insgesamt unterstreicht die vorliegende Arbeit die große Bedeutung einer sorgfältigen 
Auswahl von SPE-Sorbenten, einer gründlichen Bewertung ihrer Selektivität gegenüber 
Zielanalyten und Matrix und einer sorgfältigen Methodenevaluierung und -validierung, um 
eine akkurate und sensitive Isotopenbestimmung für aquatische Mikroschadstoffe 
sicherzustellen. Insbesondere wird β-CDP als vorteilhaften, selektiven Modell-Sorbenten für 
die Abtrennung von Umwelt-DOM in matrix-anfälligen analytischen Anwendungen 
vorgestellt. Das entwickelte SPE-CSIA-Verfahren auf CDP-Basis bietet in Kombination mit 
etablierten Probenreinigungstechniken neue Perspektiven für die substanzspezifische 
Isotopenanalyse bei umweltrelevanten Konzentrationen im niedrigen Nanogramm pro Liter 
Bereich. Die Ausweitung dieser Methode auf weitere organische Spurenstoffe zur 
Untersuchung ihres Verhaltens und Verbleibs in der Umwelt bietet Chancen für den 
Umweltschutz, denn sie ermöglicht ein besseres Verständnis der Schadstoffquellen und der 
Transformationsprozesse und erleichtert so die fundierte Entwicklung wirksamer 
Maßnahmen zum Schutz der Wasserressourcen und der Gesundheit der Ökosysteme.
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1.1 Pollution of Aquatic Systems by Organic Micropollutants 

Freshwater ecosystems, such as rivers, lakes, wetlands, and aquifers, play a pivotal role in 
support of the environment, society, and economy. The services they provide, including 
water supply, natural water purification, habitat provision for aquatic organisms, nutrient 
cycling, and climate regulation, are also of key importance to terrestrial ecosystems and as 
such, they essentially influence human well-being and health.1,2 Yet, freshwater systems are 
increasingly threatened by human activities and climate change3-5 so that problems related 
to water quality and quantity are among the major environmental issues of the present time.6 
Nowadays, 69 % of global water withdrawal are used by agriculture,7 where over 2.6 million 
metric tons of pesticides are annually applied worldwide (in 2020)8 to increase crop yields 
by controlling pests, such as weeds, insects, fungi, or rodents. The industrial sector and 
municipalities account together for the remaining 31 % of global water withdrawal.7 They 
additionally produce large amounts of wastewater, thereby introducing tens of thousands of 
anthropogenic organic chemicals,9,10 for example, industrial additives and by-products, 
pharmaceuticals and hormones, or surfactants to environmental systems.11-15 

Once released to the environment, the fate of these organic pollutants is governed by 
their physicochemical properties (e.g., water solubility, polarity, volatility, charge state)16 
and the surrounding environmental conditions, including topography,17 hydraulic 
properties17,18 and organic carbon content of the subsurface,19-21 pH and redox potential,21-26 
and in situ microbial communities.27,28 Depending on the interplay between these factors, 
the contaminant spread across environmental compartments may be either fostered or 
impaired through several processes, namely (i) transport to the atmosphere by 
volatilization,29 or transport to surface and groundwater by run-off and leaching, 
respectively;30-33 (ii) sorption to soil or sediment;34,35 (iii) bioaccumulation in the food 
web,36,37 and/or (iv) (bio)chemical transformation (i.e., abiotic or biotic degradation).38,39 

With respect to water quality, polar organic compounds such as pesticides, 
pharmaceuticals, or personal care products are of particular concern because they are highly 
soluble in water and therefore hardly removed by sorption.40 Furthermore, many of these 
mobile pollutants are inherently persistent (i.e., recalcitrant to degradation), which promotes 
their aqueous transport over large spatial and temporal scales. Consequently, the ubiquitous 
occurrence of these pollutants in aquatic systems has received increasing attention,13-15,41-49 
especially since analytical developments, most notably the hyphenation of liquid 
chromatography to mass spectrometry (LC-MS) by electrospray ionization (ESI) in the 
1990s, have fostered their detection.50 

Typically, polar organic contaminants occur in natural aquatic systems at concentrations 
in the pg L-1 to µg L-1 range,42-44,51-53 and are therefore commonly referred to as organic 
micropollutants (MPs). However, even at trace levels they potentially cause adverse chronic 
effects to humans54-59 and aquatic organisms,60-65 which can even be enhanced by additive 
and synergistic effects when present as complex mixtures.66-69 Moreover, when degraded, 
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their transformation products can occur at higher concentrations39 and may also be more 
persistent and toxic than the parent compounds,70 rendering them highly relevant to 
environmental risk assessment.  

The widespread risk potential posed by MPs and their transformation products is 
exemplified in Figure 1.1 for a small catchment (~1 km2) in southern Germany, in which 
surface (gray diamonds) and groundwater (gray circles) was screened for environmentally 
relevant contaminants in the course of this doctoral work (see S1). A total of 12 pesticides 
and 5 metabolites were detected throughout the study area, but only at low individual median 
concentrations ranging from 1 to 57 ng L-1 (Figure 1.1a). However, the mixtures of MPs 
(i) amounted to up to 2.9 µg L-1, thereby exceeding European drinking water quality limits,71 
and (ii) their composition varied significantly in water bodies of spatial proximity 
(Figure 1.1b). Consequently, MP contamination potentially endangers the water quality of 
deeper aquifers used for drinking water production on the one hand (star symbol, 
Figure 1.1b), and exposes aquatic organisms to variable chemical stressors on the other. 

Given the global importance of groundwater as a freshwater resource for drinking water 
and domestic use6 and the toxicity and persistence of organic contaminations, it is essential 
to understand the environmental behavior and fate of these pollutants. In this context, the 
assessment and quantification of natural degradation processes of organic contaminants is a 
prerequisite for the implementation of informed remediation strategies, in order to maintain 
aquatic systems in good chemical and ecological status. 

 
Figure 1.1. Occurrence of pesticides and metabolites in surface and groundwater of a catchment near Tübingen, 
Germany (for details see S1). (a) Concentration ranges in water samples taken in May (blue) and November 
2018 (red). Vertical lines represent quantification limits, whereas crossed circles and black diamonds denote 
mean values and outliers, respectively. (b) Percentage distribution of pesticide and metabolite loads in 
groundwater (gray circles) and surface water (gray diamonds) samples in May (left pie chart) and November 
2018 (right pie chart). Pie chart sizes represent summed concentrations and star symbols indicate the locations 
of groundwater production wells. Map data © 2023 GeoBasis-DE/BKG (©2009), Google.  
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1.2 Assessing the Environmental Fate of Organic Pollutants 
Using Compound-Specific Isotope Analysis (CSIA) 

The assessment of natural (bio)degradation of organic pollutants in the environment is an 
intricate endeavor. On the one hand, degradation may occur in complex environmental 
settings over long timescales of years or even decades, which renders monitoring strategies 
challenging. On the other hand, traditional measurements of compound concentrations and 
compound-to-metabolite ratios are often not conclusive since (i) concurrent nonreactive 
processes, such as volatilization, dilution, or sorption, may also influence concentration 
dynamics, and (ii) mass balances are difficult to establish due to limitations in metabolite 
detection (e.g., fast degradation of the metabolite, lack of suitable analytical methods).72 In 
contrast, the stable isotope composition of elements, such as carbon, hydrogen, nitrogen, and 
oxygen, within organic MPs specifically changes due to reactions of the molecules.73 The 
measurement of these changes in the reactant provides a type of information that is 
independent of both compound concentration and metabolite detection, and as such, can 
serve as a complementary line of evidence for in situ (bio)degradation.74-79 

1.2.1 Principle of the CSIA Technique 

Compound-specific stable isotope analysis (CSIA) enables the separation of organic 
compounds from complex mixtures and the subsequent determination of the stable isotope 
composition at natural abundance in the individual compounds (for the measuring principle, 
please refer to the next section).80 The isotopic composition of an element E in an organic 
compound is given as the ratio of the heavier to the lighter isotope, (hE/lE)comp (e.g., 13C/12C, 
2H/1H, 15N/14N,18O/16O), and is typically expressed in the Delta notation, δhE (‰), relative 
to an international reference material, (hE/lE)ref, according to equation 1.1:81,82 

𝛿𝛿ℎ𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
� 𝐸𝐸/ 𝐸𝐸𝑙𝑙ℎ �𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − � 𝐸𝐸/ 𝐸𝐸𝑙𝑙ℎ �𝑟𝑟𝑟𝑟𝑟𝑟

� 𝐸𝐸/ 𝐸𝐸𝑙𝑙ℎ �
𝑟𝑟𝑟𝑟𝑟𝑟

=
� 𝐸𝐸/ 𝐸𝐸𝑙𝑙ℎ �

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

� 𝐸𝐸/ 𝐸𝐸𝑙𝑙ℎ �
𝑟𝑟𝑟𝑟𝑟𝑟

− 1 (1.1) 

where negative δhE values indicate depletion, and positive values indicate enrichment of the 
heavier isotope in the compound relative to the reference material. 

Similar to forensics,83 doping control,84 or food and beverage authentication,85,86 isotope 
ratios can serve in environmental applications as isotopic fingerprints to allocate and 
distinguish different contamination sources or the origin of otherwise identical  
substances.87-91 Most notably, since these isotope ratios change during transformation 
reactions, they also offer unique means to detect and even quantify natural contaminant 
degradation,74,92-97 and thus they can also serve as isotopic footprints of degradation. This 
CSIA-based approach takes advantage of the so-called kinetic isotope effect (KIE) that is 
associated with many biotic and abiotic transformation reactions.73 The KIE is defined as 
the ratio of the rate constants of the light (lk) to the heavy isotopologues (hk):  
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𝐾𝐾𝐾𝐾𝐸𝐸 =
𝑘𝑘𝑙𝑙

𝑘𝑘ℎ
 (1.2) 

KIEs are caused by differences in activation energies of the light and heavy isotopologues 
which, in turn, depend on energy differences between the ground states of the isotopologues 
and their respective transition states during transformation.73 Typically, light isotopologues 
have lower activation energies than heavy isotopologues, so their rate constants are greater 
(i.e., KIE > 1). Consequently, molecules with heavy isotopes in the reacting bond are 
transformed more slowly and become enriched in the remaining fraction of the contaminant 
as the reaction proceeds. This behavior is reflected in a shift in δhE to a more positive value 
and is referred to as normal isotope fractionation. Rarely, stiffer bonds are formed in the 
transition state resulting in a lower activation of the heavy isotopologues.73 In this case of 
inverse isotope fractionation, the heavy isotopes become enriched in the transformation 
product (i.e., KIE < 1). 

The extent of isotope fractionation is reflected in the bulk isotope enrichment factor, ε, 
which relates the changes in isotope ratios of a given compound to the extent of its 
transformation as described by the Rayleigh equation:98 

𝜕𝜕 𝐸𝐸 + 1ℎ

𝜕𝜕 𝐸𝐸0 + 1ℎ = 𝑓𝑓𝜀𝜀 (1.3) 

where δhE0 is the source isotope signature of the reactant at the beginning of the 
transformation (t = 0) and δhE is the average isotope ratio of the reactant at time t, when the 
transformation has progressed to a remaining fraction of the reactant f (i.e., ct/c0). Normal 
isotope effects are indicated by negative ε values, whereas positive ε values mean that heavy 
isotopologues are preferentially transformed (i.e., inverse fractionation). This trend of 
isotope fractionation is exemplarily illustrated in Figure 1.2a for the herbicide atrazine (blue) 
that is transformed in a closed system to hydroxyatrazine by Arthrobacter aurescens through 
biotic hydrolysis (ε = -5.4 ‰).99 As the reaction proceeds, the carbon isotope value (δ13C) of 
atrazine demonstrates a progressively intensifying increase (blue line). Nevertheless, the 
isotopic signature of the instantaneously formed hydroxyatrazine (dotted line) consistently 
deviates by ε from that of atrazine. Once atrazine is completely transformed (i.e., f = 0), the 
accumulated hydroxyatrazine reaches the original carbon isotope value of atrazine (δ13C0, 
horizontal black line). 

Since KIEs resulting from bond cleavage during (bio)chemical transformations are often 
significantly larger than those induced by phase transfer processes, such as sorption or air-
water partitioning,78 the observed changes in isotope ratios of contaminants in environmental 
samples provide unique evidence of natural degradation. In fact, the extent of this 
degradation, B, can be estimated independently of data on concentration or transformation 
products using the inverse form of the Rayleigh equation:74 
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𝐵𝐵 = 1 − 𝑓𝑓 = �
𝜕𝜕 𝐸𝐸 + 1ℎ

𝜕𝜕 𝐸𝐸0 + 1ℎ �

1
𝜀𝜀
 (1.4) 

where δhE0 and δhE are the isotopic signatures of a given contaminant at the source and at a 
specific sampling location in the field, respectively, and f is the remaining contaminant 
fraction at the corresponding location. 

The CSIA approach is most powerful when isotope compositions of at least two 
elements are determined in an individual contaminant (i.e., dual element isotope analysis). 
Plotting isotope values of one element versus another facilitates (i) a better contaminant 
source apportionment and (ii) the distinction of competing transformation reactions since 
changes in isotope ratios are often reaction-specific and chemical bonds with different 
elements give rise to distinct element-specific ε values.72,95,96 The latter case is exemplarily 
illustrated in Figure 1.2b for C and N isotope fractionation of atrazine associated with 
different reaction pathways. While atrazine transformation caused by photolysis (red 
pathway) induces inverse C and N isotope fractionation, oxidative transformation processes 
(green) preferentially enrich the heavy isotopologues of both elements, and hydrolysis (blue) 
yields normal C but inverse N fractionation. 

 
Figure 1.2. (a) Changes of carbon isotopic composition of atrazine (δ13C0 = -28 ‰) and the instantaneous and 
accumulated product hydroxyatrazine as a function of the remaining atrazine fraction undergoing Rayleigh 
fractionation in a closed system through biotic hydrolysis (enrichment factor ε = -5.4 ‰).99 (b) Dual element 
isotope plot of δ13C versus δ15N for different atrazine transformation processes. The slopes of the regression 
lines (Δδ15N/Δδ13C) are approximately equal to εnitrogen/εcarbon. Panel b is modified from Hofstetter et al.,100  
includes data from [99, 101, 102], and is reprinted with permission from Elsevier (see Chapter S6.1). 
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Moreover, when KIEs are masked by other rate-limiting steps involved in the reaction, the 
underlying transformation mechanisms are better characterized by dual element isotope 
analysis.80 Since the potential masking influences the KIEs of all elements to the same 
extent,76 the relative changes in isotope ratios, ΔδhE1/ΔδhE2 (i.e., the slope of the dual 
element plot, Λ, Figure 1.2b), remain the same and are approximately equal to the ratio of 
bulk isotope enrichment factors, εE1/εE2, according to equation 1.5:103,104 

Λ =
∆𝜕𝜕 𝐸𝐸1ℎ

∆𝜕𝜕 𝐸𝐸2ℎ ≈
𝜀𝜀𝐸𝐸1
𝜀𝜀𝐸𝐸2

 (1.5) 

 

1.2.2 Measurement of Compound-Specific Isotope Ratios 

The analysis of variations in stable isotopic compositions has a long history in the 
geosciences, beginning with the discovery by Nier and Gulbransen in the mid-20th century 
that carbonates in limestone contain relatively more 13C than organic carbon in plants.105 
Since then, the measurement of stable isotope ratios has become a standard analytical tool 
to investigate complex processes in various scientific disciplines, for instance 
(bio)geochemistry,106,107 paleoclimatology,108 paleontology,109 archeology,110 animal and 
plant ecology,111,112 and hydrogeology.113 To determine the isotope ratios of the light 
elements, namely carbon (13C/12C), hydrogen (2H/1H), nitrogen (15N/14N), and oxygen 
(18O/16O), molecules of interest are typically converted into a low molecular weight gas (i.e., 
CO2, H2, N2, CO, respectively) and then transferred into an isotope ratio mass spectrometer 
(IRMS). The functionality of these dedicated mass spectrometers has not changed 
significantly since they were developed by Alfred Nier and co-workers in the 1940s:114,115 
the measurement gas molecules are (i) ionized by electron impact ionization; (ii) extracted 
and accelerated out of the ion source by an electrical potential; and (iii) guided through the 
mass analyzer, that is an uniform magnetic sector field in which the ions are deflected with 
a different radius depending on their mass-to-charge ratio.116,117 Lastly, (iv) an array of fixed 
Faraday collector cups simultaneously and continuously monitors the ion currents of the 
light and heavy isotopologues, thereby providing the high precision on the order of 10-2 to 
10-4 % that is required for detecting isotopic variations at natural abundance.118 

During the first decades, stable isotope analysis was solely performed on dual-inlet 
systems,81 which achieve highest precision at the expense of large sample amounts and 
labor-intensive offline sample preparation.119 In the 1970s, elemental analyzers were 
coupled to continuous-flow (CF-) IRMS systems in which the measurement gas molecules 
are carried to the ion source in a continuous helium stream after combustion of the bulk 
sample. The development of these online techniques minimized or overcame many 
limitations of offline preparation, such as the very low sensitivity (i.e., µg vs. mg sample 
amounts) or tedious offline gas separation.106 Still, it was only possible to measure the 
isotopic composition of the bulk sample, whereas isotope ratios in the individual compounds 
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remained unresolved. The analytical breakthrough for CSIA was then achieved in 1978 when 
Matthew and Hayes120 were the first to couple gas chromatography (GC) with CF-IRMS via 
a combustion interface that enabled a quantitative conversion of the analyte while 
maintaining chromatographic peak resolution (Figure 1.3a).121 With these modern GC-
IRMS instruments, compound-specific δ13C signatures could be measured relatively fast in 
even smaller sample sizes (i.e., ng quantities). The CSIA approach was subsequently 
extended in the 1990s to allow the measurement of compound-specific δ15N,122,123 δ18O,124 
and δ2H values125,126 by introducing novel conversion interfaces for GC-IRMS. More 
recently, CSIA for non-GC-amenable (i.e., nonvolatile and/or thermally labile) compounds 
was enabled by coupling liquid chromatography with IRMS (LC-IRMS).127 However, these 
systems are restricted to δ13C determination and aqueous solvents since the analyte 
conversion is based on post-chromatographic wet chemical oxidation of the organic carbon 
to CO2 using peroxydisulfate and concentrated phosphoric acid. The general measuring 
principle of CSIA by chromatography hyphenated with IRMS is illustrated in Figure 1.3b. 

 
Figure 1.3. (a) Schematic set-up of a GC-IRMS system configured for carbon isotope analysis (13C/12C). 
(b) General principle of compound-specific isotope analysis (CSIA) based on chromatography hyphenated 
with continuous-flow isotope ratio mass spectrometry. Compound A and B are first baseline-separated by gas 
or liquid chromatography, then converted into small measurement gases (M) that consist of few isotopologues 
(hM, lM), and finally transferred in a helium stream into the IRMS. The figure is modified from Elsner et al.80 
and reprinted with permission from Springer Nature (see Chapter S6.1). 
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1.3 Analytical Challenges Associated with Micropollutant 
CSIA 

1.3.1 Target Analyte Enrichment from Large Sample Volumes 

Nowadays, CSIA is a well-established analytical tool in environmental monitoring of legacy 
contaminants, for example chlorinated hydrocarbons, BTEX, or fuel oxygenates, which are 
typically present in the high µg L-1 to mg L-1 concentration range at contaminated field sites 
(i.e., point sources).74,77,79,92 In contrast, environmental micropollutant CSIA investigations 
are mainly limited to either micro- and mesoscale experiments in the laboratory (e.g., aquifer 
models,128-132 constructed wetlands133,134, and soil micro-/mesocosms135,136), or lysimeter137 
and point source contamination studies138-140 in the field. In contrast, applications in non-
point source scenarios on the catchment scale are only emerging.97,141-143 The transfer of the 
CSIA approach to the field to study transformation processes of MPs under real-world 
conditions is challenged by the limited sensitivity of IRMS instruments (limit of 
quantification, LOQ, in mg L-1 range) in comparison to conventional molecular mass 
spectrometers (LOQ in ng L-1 range). This disparity arises due to the lower abundance of the 
heavy isotopes, necessitating larger sample volumes or higher analyte concentrations for 
accurate measurement. For instance, to achieve the high level of precision required for 
carbon or nitrogen isotope ratio determination, typically 0.8 nmol carbon or 3 nmol nitrogen 
need to be injected on-column into GC-IRMS systems.80 

Given the low occurrence of MPs in natural aquatic systems (Chapter 1.1), the masses 
required for IRMS measurements inevitably lead to extensive analyte preconcentration from 
large volumes of water. In addition, highly degraded samples (i.e., samples of lowest 
concentration) are of greatest interest since they reflect the largest changes in isotope ratios 
(Figure 1.2, Chapter 1.2). The latter is particularly important for relatively large molecules 
such as polar organic MPs, for which the KIEs become “diluted” by atoms that are not 
involved in the rate-limiting reaction.73,144 Table 1.1 provides an example calculation of the 
required volume of sample to analyze the herbicides atrazine and S-metolachlor, and the 
fungicides boscalid and azoxystrobin, which are the model compounds used for isotope 
analysis in Chapter 2. Assuming realistic aquatic MP concentrations in the range of 0.01 to 
1 µg L-1 (Figure 1.1a), minimum SPE enrichment factors on the order of 104 to 106 must be 
achieved for the determination of δ13C and on the order of 105 to 107 for δ15N analysis. To 
accumulate enough analyte for multiple injections, these factors translate to large minimum 
extraction volumes of up to 45 and 1702 L for δ13C and δ15N analysis, respectively. 

The preconcentration of polar target analytes from such large volumes of water entails 
further analytical challenges, namely (i) the substantial co-enrichment of organic matter by 
nonselective sorbent phases, which can lead to substantial interferences during GC-IRMS 
measurements, and (ii) the labor- and time-intensive sample handling of tens to hundreds of 
liters of water. These bottlenecks of micropollutant CSIA are addressed in detail in the 
following sections of this chapter.  



Chapter 1 

10 

Table 1.1. The minimum SPE enrichment factors and water extraction volumes required for compound-
specific carbon (δ13C) and nitrogen (δ15N) isotope analysis by GC-IRMS of atrazine, S-metolachlor, boscalid, 
and azoxystrobin at typical environmental concentrations of 10 ng L-1 to 1 µg L-1. 

Analyte  Atrazine S-metolachlor Boscalid Azoxystrobin 

Formula  C8H14ClN5 C15H22ClNO2 C18H12Cl2N2O C22H17N3O5 

Structure  
 

   
Molar Mass 
(g mol-1)  215.7 283.8 343.2 403.4 

Environmental 
Concentration 
(µg L-1) 

 0.01 to 1.0 

IRMS 
requirement* 

δ13C  0.8 nmol C / 10 ng C 

δ15N  3 nmol N / 42 ng N 

Minimum 
Enrichment 
Factor (-)† 

δ13C  (2.2 – 220) × 104 (1.6 – 160) × 104 (1.6 – 160) × 104 (1.5 – 150) × 104 

δ15N  (1.3 – 130) × 105 (8.5 – 850) × 105 (5.1 – 510) × 105 (4.0 – 400) × 105 

Minimum 
Extraction 
Volume (L)‡ 

δ13C  0.45 – 45 0.31 – 31 0.32 – 32 0.30 – 30 

δ15N  2.59 – 259 17.02 – 1702 10.29 – 1029 8.06 – 806 
*according to Elsner et al.80 

†calculated based on an on-column GC-IRMS injection volume of 1 µL  
‡calculated based on the corresponding minimum enrichment factor and a final sample volume of 20 µL that allows for 
multiple sample injections 

1.3.2 Matrix Effects Caused by Unresolved Complex Mixture 

The prerequisite for accurate CSIA by chromatography-IRMS is high chromatographic 
resolution or, in other words, baseline-separated target analyte peaks.118,145 This arises from 
the inherently nonselective character of the technique due to the loss of structural 
information during the conversion of all analytes into the same chemical form before the 
transfer into the IRMS (e.g., CO2 for δ13C, N2 for δ15N analysis). Hence, overlapping peaks 
can have a detrimental effect not only on the precision, but also on the trueness of isotopic 
data since the origin of the measurement gas can no longer be distinguished. This analytical 
drawback of high-precision IRMS is of particular concern for CSIA of analytes at low 
environmental concentrations and in the presence of complex matrices.80,146,147  

In natural aquatic systems, organic MPs invariably co-occur with dissolved organic 
matter (DOM), which is up to five orders of magnitude more abundant (i.e., low mg L-1 
range) and represents thousands of heterogeneous and polydisperse compounds that are 
ultimately derived from decaying biota (for detailed discussion see Chapter 1.4.2.1). While 
this matrix can be cut off relatively easily during the enrichment of volatile organic 
contaminants by, for example, purge and trap,148 the low volatility of polar organic MPs 
prevents the application of such selective and straightforward sample preparation techniques. 
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For the preconcentration of these contaminants from aqueous matrices, solid-phase 
extraction (SPE) has become the method of choice over the past decades.149,150 However, 
nonvolatile DOM constituents are substantially co-enriched during large-volume SPE, 
especially when common nonselective SPE sorbents are employed (see Chapter 1.4.1.1). In 
consequence, SPE extracts typically contain highly complex mixtures of target analytes and 
matrix constituents. The complete chromatographic resolution is often not achievable for 
these extracts and matrix components with unknown isotopic signatures co-elute with the 
targets as so-called unresolved complex mixture (UCM),116,151,152 as shown in Figure 1.4 for 
a GC-IRMS measurement. Besides, CSIA of highly polar (i.e., nonvolatile) or thermally 
labile analytes by LC-IRMS is even more prone to adverse matrix effects due to lower 
chromatographic resolution and sensitivity compared with GC-based techniques.146 

 
Figure 1.4. Gas chromatography – isotope ratio mass spectrometry (GC-IRMS) chromatogram of the main 
mass trace (m/z 44) for the δ13C determination of atrazine and S-metolachlor post-spiked to a surface water 
matrix after solid-phase extraction (SPE) of 300 mL sample using the commercial Oasis HLB sorbent (Waters 
Corporation). The raised baseline, highlighted in yellow color, reflects unresolved complex mixture (UCM) as 
a result of co-enrichment of dissolved organic matter (DOM) from the water sample. 

Bias in isotope analysis introduced by UCM can be corrected under two premises using the 
background correction algorithms that are provided by the companion software tool of the 
manufacturer.116 First, peak intensities of target analytes must be sufficiently larger than the 
raised matrix baseline. And second, differences in isotopic compositions between target 
analyte and UCM must be small. In fact, Bakkour found that reliable δ13C determination by 
GC-IRMS for a typical freshwater matrix is limited to an approximate carbon-normalized 
DOM-to-analyte threshold concentration ratio (CDOM/Canalyte) in the extract of 
10 molC molC-1.153 In other words, if a sample extract contains more than ten times the 
amount of matrix- than analyte-borne organic carbon, the software will be unable to 
accurately subtract the chromatographic background. In consequence, the measured carbon 
isotope ratios would not reflect the compound-specific value, but a mixture of the isotopic 
signatures of both the target analyte and the interfering matrix. 
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The UCM can also pose analytical difficulties for nitrogen isotope analysis, even though 
the abundance of nitrogen in DOM is much lower than that of carbon (e.g., DOC/DON ratios 
typically range between 10 and 50 mgC mgN-1 in surface waters).154 For instance, large 
amounts of (co-)eluting interferences may exhaust the oxidation and reduction capacities of 
the reactors in the GC-IRMS interface, leading to incomplete conversion of the target 
analytes and consequently to inaccurate δ15N determination.122 Furthermore, CO stemming 
from incomplete combustion of UCM can cause isobaric interferences at m/z 28 and 29 
(i.e., CO+ fragment ions formed in the ion source), which can substantially affect the 
measured nitrogen isotope values.80,117 

Compromised carbon and nitrogen isotope analyses due to strong matrix effects have 
therefore been frequently reported in literature,97,141,155-157 and the combination of 
insufficient chromatographic resolution and low environmental pollutant concentration has 
been identified as a major bottleneck for CSIA applications in non-point source settings on 
the catchment scale.147,151,158 Hence, there is a strong demand for analytical developments to 
push limits of sensitive and accurate CSIA toward the environmentally relevant sub-µg L-1 
concentration range.146,157,159 To this end, two different avenues can be pursued: The first 
one is to increase sensitivity and peak resolution through instrumental advances, such as 
modified injection systems,160 reduced peak broadening by narrow-bore capillaries,161 
optimized reactor design,162 and comprehensive two-dimensional GC techniques.163 The 
second is to avoid, or eliminate interfering matrix components by advanced sample 
preparation procedures, including sample extraction and cleanup.147,158 As Blessing et al. 
pointed out in a recent review on advances, pitfalls and perspectives for micropollutant 
CSIA, the analytical emphasis should be placed on optimized sample preparation in future 
research efforts.146 Therefore, the context of this thesis focuses in the following on advances, 
shortcomings, and perspectives related to this aspect of analytical improvement for CSIA. 

Recent method developments in sample preparation, including validated large-volume 
(LV) SPE protocols,164 sample cleanup by preparative high-performance liquid 
chromatography (HPLC) combined with large-volume and cold-on-column injection,165 and 
cleanup by molecularly imprinted SPE (MISPE),166 enabled (i) analyte enrichment from 
large sample volumes (i.e., ≥ 10 L) without inducing isotope discrimination and (ii) accurate 
CSIA of MPs in environmental matrices down to approx. 0.5 µg L-1. However, even when 
LV SPE is implemented in combination with these selective cleanup procedures, matrix 
effects still hamper or even prohibit reliable isotope analysis in the sub-µg L-1 concentration 
range, as illustrated in Figure 1.5. This is in particular true when the water sample contains 
high levels of dissolved organic carbon (DOC > 2 mgC L-1), as is the case for many natural 
surface waters (e.g., river systems, wetlands). Thus, additional optimization approaches of 
sample preparation workflows for target analytes in environmental matrices are direly 
needed. To fill this gap, a novel strategy complementary to sample cleanup is outlined in 
Chapter 1.4.1, which aims at increasing selectivity already in the analyte extraction step to 
avoid matrix co-enrichment in advance. 
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Figure 1.5. Carbon-normalized dissolved organic matter (DOM)-to-atrazine ratios, CDOM/Catrazine, in water 
samples and sample extracts after consecutive sample preparation by (i) solid-phase extraction (SPE) using the 
commercial Oasis HLB sorbent, followed by (ii) SPE with molecularly imprinted polymers (MISPE), and 
(iii) preparative high performance liquid chromatography (HPLC), depending on initial aqueous dissolved 
organic carbon (DOC) and atrazine concentration (top and bottom y-axis, respectively). Data points within the 
area highlighted in yellow (i.e., CDOM/Catrazine ≤ 10 molC molC-1) represent sample extracts for which accurate 
δ13C determination is feasible.153 

1.3.3 Laborious Handling of Large Sample Volumes 

From a practical point of view, the laborious handling of tens to hundreds of liters of water 
is another key drawback for implementing micropollutant CSIA approaches into research 
and monitoring projects. First, the stringent analytical requirements for these large sample 
volumes entail technical, economic, and logistic difficulties which are associated with the 
active sampling in the field, the transport to the laboratory, as well as the sample preservation 
and storage. Second, and most notably, the subsequent analyte enrichment by LV SPE is 
highly labor-intensive and time-consuming. To better illustrate this practical issue, Table 1.2 
summarizes technical parameters of three literature SPE methods (ref. 157,164,165) and the 
SPE protocol used for analyte preconcentration in Chapter 2 of this doctoral thesis. All these 
SPE methodologies were successfully validated for isotope integrity of the analyte atrazine 
during the enrichment process and used for preconcentration prior to CSIA. Given the 
required minimum extraction volumes for carbon (45 L) and nitrogen isotope analysis 
(259 L) of atrazine at an environmental concentration of 10 ng L-1 (Table 1.1), the SPE 
methods listed would involve between 4 and 12 (δ13C) and 22 and 65 (δ15N) parallel 
extractions in separate SPE cartridges/disks, respectively. The costs for consumables, 
solvents, and sorbent material (i.e., up to tens (δ13C) to hundreds (δ15N) of grams, Table 1.2) 
would consequently be significant even for a single sample. 
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Furthermore, the extraction procedures – if in the best case performed simultaneously – 
would last between 2 and 67 hours, since SPE is typically limited to relatively low flow rates 
in the mL min-1 range (Table 1.2). On top of this net SPE run time, there would be an 
additional need for extensive pre- and post-processing, including for instance sorbent 
packing, conditioning, washing, and elution, which would tie up considerable manpower in 
the laboratory. Micropollutant CSIA would therefore greatly benefit from advanced sample 
preparation methodologies based on high-throughput extraction concepts, which may even 
offer the potential to be implemented in automated onsite sampling devices. A strategy for 
transferring an efficient monolith-based LV extraction procedure for concentrating viruses 
and bacteria from water to a MP application is presented in Chapter 1.4.3. 

Table 1.2. Solid-phase extraction (SPE) runtime and number of SPE cartridges/disks required (i.e., number of 
parallel extractions) for the extraction of atrazine at an environmental concentration of 10 ng L-1 to meet the 
stringent requirements of GC-IRMS. The parameters are given for three literature SPE methods and the 
protocol used in this thesis in Chapter 2, all of which were validated for isotope integrity during the enrichment 
of atrazine. 

Reference  Schreglmann  
et al. (2013)165 

Torrentó  
et al. (2019)164 

Melsbach  
et al. (2020)157 

Glöckler et al. 
(Chapter 2)* 

SPE Sorbent  
Bakerbond 
Speedisk  

H2O-philic DVB 

Phenomenex 
Sepra ZT & 
Bakerbond  

SDB-1 

Chromabond 
Easy 

Oasis + Supel-
Select HLB, 

LiChrolut EN,  
β-CDP 

Sorbent Bed  
Weight (g)  n.a. 8 each 0.2 6 

SPE Format  Disk  
(47 mm) 

Cartridge  
(60 mL) 

Cartridge  
(6 mL) 

Cartridge  
(35 mL) 

Volumetric Flow 
Rate (mL min-1)  100 5 1 20 

Extraction volume 
per bed weight (L)  10 10 4 12 

Required 
Extraction 
Volume† (L) 

δ13C  45 

δ15N  259 

Number of 
Parallel 
Extractions‡ 

δ13C  5 5 12 4 

δ15N  26 26 65 22 

Required 
Sorbent 
Mass† (g) 

δ13C  n.a. 40 each 2.4 24 

δ15N  n.a. 208 each 13 132 

Net Extraction  
Runtime§ (h)  1.7 33.3 66.7 10 

*up-scaled method for large-volume extraction based on linear flow velocities validated for carbon isotopic integrity 
†volumes based on calculations for the enrichment of atrazine at a concentration of 10 ng L-1 as provided in Table 1.1 
‡calculated based on required extraction volume and volume per bed weight 
§assuming that all extractions are run in parallel at the same time 
n.a. = not available  
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1.4 Strategies to Tackle the Analytical Limitations 

1.4.1 Enhancing Selectivity in Solid-Phase Extraction Using Innovative 
Sorbent Materials 

1.4.1.1 Lack of Selectivity in Conventional SPE Procedures 

Owing to its versatility, ease of use, and relatively low cost, solid-phase extraction (SPE) 
has become the most widely used technique for analyte enrichment from liquid matrices.150 
In SPE, a liquid sample containing the target analytes is percolated through a solid phase, 
which is usually a sorbent packed in a polypropylene cartridge. The sorbent thereby retains 
the analytes by reversible dispersive (i.e., nonpolar), polar, and/or ionic intermolecular 
forces.167 Inorganic and organic matrix components can then be partially washed off and, 
finally, the target analytes are recovered by elution with a suitable solvent (e.g., methanol or 
ethyl acetate). This separation process is based on the partitioning of the analytes between 
the solid and liquid phase, which is described by the equilibrium partitioning coefficient, 
Kd (L kg-1), according to the Nernst’s distribution law assuming a linear sorption at constant 
temperature and infinite dilution: 

K𝑑𝑑 =
𝐶𝐶𝑠𝑠
𝐶𝐶𝑙𝑙

   (𝑇𝑇 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. ) (1.6) 

where Cs (mg kg-1) and Cl (mg L-1) are the analyte concentrations in the solid and liquid 
phase, respectively. The analytes of interest are efficiently retained when their sorption 
affinity is significantly higher for the sorbent than for the liquid phase (i.e., Kd >> 1). 

Since the retention is governed by interactions between the functional groups of the 
target analytes and the sorbent, the choice of sorbent phase is key for an effective sample 
preparation workflow. To this end, a wide suite of reversed-phase SPE sorbents has been 
developed over the past few decades to provide high extraction efficiencies for a variety of 
different compounds, ranging from highly polar to moderately and nonpolar, and featuring 
acidic, basic, or neutral properties.149 At this point, this work does not intend to provide an 
exhaustive list of commercially available sorbents (for this see for example ref. 149,168-
170), but summarizes the most relevant developments and their major limitations for the 
application in micropollutant CSIA studies. 

The first sorbents commercially introduced were silica-based and modified with 
functional groups, such as C4, C8, C18, CH, NH2, or phenyl. Later, they were followed by 
carbon-based sorbents, including activated carbon, graphitized carbon blacks, carbon 
nanotubes, and porous graphitic carbon. However, it was not until the development of high 
surface area polymeric sorbents with well-defined porosity that the limitations inherent to 
these early SPE sorbents could be overcome (e.g., low sorption capacities, pH limitations, 
irreversible sorption).169 Conventional porous polymeric sorbents are mostly polystyrene 
divinylbenzene (PS-DVB) co-polymers with specific surface areas of up to 700 – 800 m2 g-1, 



Chapter 1 

16 

such as Amberlite XAD-4 manufactured by Rohm and Haas, PLRP-S and Bond Elut ENV 
by Agilent, or Strata SDB-L by Phenomenex. Their chemical structure and high surface area 
facilitate strong interactions with the target analytes through dispersive van der Waals and 
π-π interactions.167 PS-DVB polymers have been further developed by hyper-cross-linking 
the monomers through a Friedel-Crafts reaction, which resulted in ultrahigh surface areas of 
up to 2000 m2 g-1 and substantially increased retention capacities.171 Examples of 
commercial hypercross-linked sorbents are LiChrolut EN (Merck), Bakerbond SDB-1 
(J.T. Baker), Chromabond HR-X (Macherey-Nagel), and Envi-Chrom P (Supelco).  

The sorbent optimization continued with introducing polar moieties into the polymer 
network by copolymerization of DVB and a hydrophilic monomer, most notably 
N-vinylpyrrolidone and methacrylate.167 The advantages of these so-called hydrophilic 
porous polymers are (i) the better water wettability of the resin that increases the contact 
between sorbent phase and analyte, and in turn the retention, and (ii) the promotion of 
additional polar interactions (i.e., dipole-dipole, hydrogen bonding) that especially improve 
the retention of polar analytes.168 The most prominent polymeric sorbent is the hydrophilic 
lipophilic balanced (HLB) poly(vinylpyrrolidone-DVB) copolymer Oasis HLB (Waters 
Corporation). Owing to its high retention capacity and robustness, Oasis HLB has become 
the most widely used commercial sorbent in SPE of diverse compounds (e.g., pesticides, 
pharmaceuticals) from different sample matrices, including environmental waters, food, and 
biological fluids.172 Another way of manufacturing hydrophilic sorbents is to modify the 
surface of conventional PS-DVB polymers post-polymerization, for instance with acetyl, 
hydroxyl, benzoyl or pyrrolidone groups.167 Chemically modified sorbents are commercially 
available, for example, under the brand names Supel-Select HLB (Supelco), Bond Elut PPL 
(Varian), and Strata-X/Sepra ZT (Phenomenex). All mentioned reversed-phase SPE sorbents 
were designed to suit various analytical fields by offering high capacity for uncharged 
compounds with a broad range of polarities. Consequently, they are also referred to as low-
specificity or nonselective sorbents.171 The universal extraction character of commercial 
sorbents was complemented by mixed-mode phases that combine reversed-phase and ion-
exchange functionalities for optimal retention of both neutral and ionizable compounds 
(e.g., Chromabond Easy or the Oasis mixed-mode suite: MCX, MAX, WCX, WAX).173  

As seen in Table 1.2, universal (i.e., nonselective) SPE sorbents given as examples in 
this chapter are frequently used for sample preparation in CSIA studies. However, their 
optimization toward a broad polarity range also fosters substantial coextraction of concurrent 
organic matrix. In quantitative terms, this can be illustrated by consulting the sorbents’ 
system constants in polyparameter linear free energy relationships (pp-LFERs) for water as 
the sample solvent. pp-LFERs represent a robust approach to characterize the equilibrium 
partitioning of uncharged organic compounds in environmental and technical systems 
(e.g., SPE).174 To this end, the most widely used pp-LFERs are the linear solvation energy 
relationships (LSERs) established by Abraham and co-workers,175,176 as presented in 
equation (1.7) for the partitioning between two condensed phases: 
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log𝐾𝐾𝑑𝑑 = 𝑐𝑐 + 𝑒𝑒𝐸𝐸 + 𝑐𝑐𝑠𝑠 + 𝑎𝑎𝑎𝑎 + 𝑏𝑏𝐵𝐵 + 𝑣𝑣𝑣𝑣 (1.7) 

where Kd is the free energy related equilibrium partitioning coefficient. The capital letters 
are solute descriptors, which are also referred to as Abraham or LSER descriptors: E, excess 
molar refraction; S, dipolarity/polarizability parameter; A, solute hydrogen bond 
acidity/donor; B, solute hydrogen bond basicity/acceptor; and V, McGowan molar volume. 
The small letters are the complementary solute-independent system constants, which are 
characteristic of the sorbent and liquid phase and which are determined experimentally by 
multi linear regression analysis.176 The parameter c is a model constant which is not related 
to any specific interaction. The LSER equation consists of product terms of Abraham 
descriptor and corresponding system parameter, each of which represents the energetic 
contribution of a defined type of intermolecular interaction to the correlated Kd value. The 
eE term describes dispersive interactions (e.g., electron lone pair), sS describes interactions 
related to the surface polarity (e.g., dipole interactions), aA and bB represent hydrogen 
bonding interactions (i.e., aA: between H-bond donating solute and accepting sorbent, 
bB: vice versa), and vV represents energetic differences in cavity formation and dispersion 
interactions during the transfer of the analyte from the liquid to the solid phase. 

Figure 1.6 depicts the system constants for the sorbents PLRP-S and Oasis HLB with 
water as the liquid phase, where only constants with a positive sign (red background) 
contribute to sorbent retention. For PLRP-S, which is deemed a nonselective PS-DVB 
sorbent,177 retention is favored by the lower cohesion of the sorbent (v constant) and stronger 
electron lone pair interactions than water (e constant, mainly reflecting π-π interactions with 
the DVB monomer). However, the sorbent cannot compete with water for polar interactions 
in the form of dipole (negative s constant) and hydrogen bond interactions (negative a and b 
constants). This behavior is typical for all aqueous reversed-phase systems since the 
retention is inevitably dominated by the characteristic properties of water: (i) the strong 
cohesion that energetically promotes the analyte transfer to the sorbent phase, and (ii) the 
strong hydrogen-bond accepting capacity that reduces the retention of hydrogen-bond 
donating analytes.171 The further loss of selectivity of Oasis HLB is reflected by the increase 
of the a and b constants to less negative values (Figure 1.6), which means higher affinities 
of the optimized polymer design toward more polar compounds, including target analytes 
but also matrix components. The incorporation of the hydrophilic N-vinylpyrrolidone 
monomer into the polymer network explains the increased value of the hydrogen bond 
basicity for the solvated sorbent in contact with water (a constant). 

The inherent lack of selectivity of commercial polymeric sorbents to exclusively extract 
the target analytes is thus recognized as a major drawback of MP analysis in surface water,177 
and resulting analytical interferences in chromatographic separation have been previously 
reported for different sorbents.178,179 It must be noted here that solutions exist for highly 
selective SPE applications, such as affinity chromatography-based phases (e.g., immuno-
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affinity,180 or molecular imprinting181). However, these selective SPE materials have to be 
tailor-made for every analyte of interest, which (i) requires expertise in for example the 
production of antibodies, (ii) entails high financial and time costs, and (iii) impedes 
straightforward and rapid method development. Therefore, increasing the selectivity in 
sample preparation by employing alternative sorbents that are not optimized for a wide 
polarity spectrum and thus exhibit high selectivity may offer a simple strategy to avoid 
substantial co-enrichment of matrix. Since sorbent chemistry is an active and dynamic 
research field in material sciences,171 matrix-susceptible analytical techniques, such as 
micropollutant CSIA, may therefore greatly benefit from novel and innovative sorbent 
technologies that have not (yet) crossed over to the commercial market. 

 
Figure 1.6. Linear solvation energy relationship (LSER) system constants for the polymeric SPE sorbents 
PLRP-S182 and Oasis HLB183 for water as the sample solvent. Positive constants contribute to sorbent retention 
(red background), whereas negative constants indicate reduced retention (green background). 

1.4.1.2 Porous Cyclodextrin Polymers as Selective Model Sorbent 

Promising selective sorbent candidates are porous cyclodextrin-based polymers that recently 
emerged in the field of water purification technologies.184 Discovered more than 130 years 
ago by Antoine Villiers, cyclodextrins (CDs) are macrocyclic oligosaccharides composed of 
several glucose units linked by α-1,4-glycosidic bonds, which can be economically and 
sustainably produced by the enzymatic degradation of starch.185,186 Owing to their toroidal, 
cone-shaped structure and apolar cavity (in relation to water), CDs can form inclusion 
complexes with thousands of organic compounds through host-guest interactions, which are 
mainly based on hydrophobic (i.e., favorable change in free energy during inclusion) and 
van der Waals forces.187,188 This characteristic encapsulation property and the advent of 
large-scale CD production in the 1980s stimulated a multitude of applications in various 
industrial sectors, including pharmaceutics, food, biotechnology, agrochemistry, catalysis, 
or chromatography.189 The long research and application history of CDs is comprehensively 
reviewed by Crini et al.185,190 Today, the so-called native CDs α-, β-, and γ-CD are 
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commercially available and are composed of six, seven, and eight glucose units, which 
translate into diameters of the interstitial cavity of 0.57, 0.78, and 0.95 nm, respectively.186 

To make use of CDs as efficient sorbent material, the water-soluble molecules must first 
be transferred into insoluble polymer networks.191 However, previous CD-based sorbents, 
especially those co-polymerized with epichlorohydrin, suffered from low surface areas and 
slow sorption kinetics so that they could not surpass the performance of traditional 
sorbents.192 By cross-linking β-CD with a perfluoroarene (i.e., tetrafluoroterephthalonitrile, 
TFN), Dichtel, Helbling, and co-workers succeeded in synthesizing the first high-surface-
area CD polymer (TFN-CDP, ~260 m2 g-1)193 as schematically illustrated in Figure 1.7. Its 
permanent mesoporous structure facilitates immediate access to the binding sites (i.e., 
superior sorption kinetics) and high sorption capacity so that TFN-CDP was demonstrated 
to outperform carbon-based194 and polymeric sorbents (i.e., Oasis HLB)195 in the removal of 
a variety of organic micropollutants from water (e.g., pesticides, pharmaceuticals, and 
lifestyle chemicals). Most notably, TFN-CDP offers a high selectivity for uncharged and 
cationic MPs over concurrent DOM as demonstrated by only limited inhibitory effects on 
micropollutant sorption onto CDPs in fresh- and wastewater.194-196 Although a low level of 
matrix co-enrichment has not yet been quantitatively proven, TFN-CDP holds promise as an 
ideal sorbent candidate for selective analyte extraction prior to sensitive CSIA. 

 
Figure 1.7. Scheme of cross-linking β-cyclodextrin (β-CD) with tetrafluoroterephthalonitrile (TFN) to yield 
TFN-CDP with phenolates in the cross-linkers as introduced by a side reaction of the polymerization. The 
figure was adapted from Klemes et al.197 and is licensed under CC BY 3.0. 

In order to further support selectivity optimization by sorbent design, a fundamental 
understanding of the sorption mechanisms is essential. However, although several attempts 
have been made to explain the observed selectivity of TFN-CDP, the underlying molecular 
drivers still remain elusive. Ling and co-workers concluded a size selectivity of the uniform 
CD cavities for compounds smaller than 0.6 kDa upon observing inhibited MP sorption in 
water samples rich in low-molecular weight DOM.196 Yet, no size exclusion effect could be 
evidenced for selected MPs between 0.1 and 0.8 kDa applying quantitative structure-activity 
relationships (QSARs), so that the authors only postulated an upper size cut-off above 
0.8 kDa.198 In fact, the QSARs showed an opposite trend, namely a positive correlation 
between sorbate size and affinity to TFN-CDP. This was attributed to the fact that small 
molecules have access to the binding sites in the CD cavities, but interactions with them are 
limited due to their small size. Yet, this correlation can also be explained by the higher 
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amount of free energy required for water cavity formation for molecules of increasing size 
(cf. vV term in equation (1.7)), rendering their partitioning to the sorbent more favorable. On 
the other hand, it is known that the partitioning into the cavities of CD-based polymers is 
stronger for molecules of higher hydrophobicity,199,200 a compound-specific property that 
positively co-correlates with molecular size. 

Furthermore, the importance of cross-linker interactions for the sorption process was 
highlighted by successfully tuning the sorbent selectivity toward different classes of organic 
contaminants (e.g., those of varying charge) through manipulation of the cross-linker 
chemistry. For example, the incorporation of protonated amines into the CDP-cross-linker 
increased the affinity for anionic compounds,201-203 whereas negatively charged cross-linkers 
offer a high affinity for cationic compounds.194,197 The decisive role of electrostatic 
interactions for sorption on TFN-CDP was confirmed by QSARs, where descriptors 
representing interactions between negatively charged cross-linker moieties (i.e., phenolates 
introduced by a side reaction of polymerization, see Figure 1.7)197 and cationic MPs were 
the most powerful sorption predictors.198 It is therefore also conceivable that TFN-CDP 
strongly discriminates against negatively charged DOM constituents (e.g., carboxylic acids) 
through electrostatic repulsive forces. Moreover, Ching et al. identified the cross-linker 
hydrophobicity, in addition to its charge, as a crucial parameter for sorption to the polymer 
network.204 

The notion of a synergistic interplay between inclusion complexes and complementary 
cross-linker interactions for TFN-CDP is consistent with previous literature on CD-based 
polymers, which stated that sorption depends on both the presence of CD moieties and the 
characteristics of the cross-linker (see Morin-Crini et al. 2018,200 and references therein). 
Still, important research questions remain open regarding the molecular drivers of TFN-
CDP’s selectivity for MPs over concurrent DOM. First, it has not yet conclusively elucidated 
whether size exclusion of large DOM compounds is the dominating factor, or whether other 
sorbent/sorbate properties, such as polarity (e.g., ability to form hydrogen bonds) or charge 
state, govern the selectivity. Second, the formation of host-guest inclusion complexes in 
TFN-CDP is generally challenged by recent atomistic molecular dynamics simulations for a 
closely related CDP (i.e., β-CD cross-linked with decafluorobiphenyl, DFB-CDP). In that 
study, analyte sorption was demonstrated to occur mainly onto the polymer network outside 
the CD cavities.205 To better understand the selective sorption behavior, which in turn can 
help optimize efficient sorbent design, determining the relative importance of the proposed 
sorption mechanisms is a prerequisite. To this end, further studies involving complex 
mixtures of target analytes and matrix compounds that are representative of a broad range of 
physicochemical properties (e.g., size, polarity, etc.) are required.  
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1.4.2 Sorbent Selectivity Assessment toward Dissolved Organic Matter 
(DOM) 

1.4.2.1 Potential Control of DOM Composition on Sorbent Selectivity 

As pointed out above, it is critical for accurate micropollutant CSIA to assess the SPE sorbent 
selectivity not only toward the target contaminant but also toward the most abundant 
interfering constituent of the natural water, namely DOM. However, when quantifying the 
coextracted DOM using bulk DOC analysis to obtain an a priori estimate of CSIA feasibility 
(i.e., CDOM/Canalyte, as discussed in Chapter 1.3.2), it remains unclear which exact DOM 
fractions are retained or excluded by the sorbent. The detailed characterization of these 
fractions is, nonetheless, a crucial step to decipher their control on sorbent selectivity at the 
molecular level, thereby contributing to the further optimization of selective sample 
preparation workflows as outlined in this chapter. 

DOM refers to the dissolved fraction of natural organic matter (NOM) in aquatic systems 
and is operationally defined as the organic molecules that pass through a membrane filter 
with a nominal pore size of 0.45 µm.206 It represents a complex mixture of thousands of 
organic compounds with extraordinary molecular diversity, formed as refractory 
decomposition products upon chemical and microbial degradation of dead matter (e.g., 
plants, animals, and microorganisms). The molecule sizes are highly variable, such that the 
molecular weight distribution of DOM in natural water can range from a few hundred to 
several thousand Daltons.207 As a source of energy, carbon, and other nutrients (e.g., 
nitrogen, phosphorous) for aquatic biota, DOM is an important component of freshwater 
ecosystems and involved in several biogeochemical processes, such as carbon cycling and 
microbial growth. Traditionally, DOM is classified into three major classes based on 
adsorption and ion exchange chromatography, namely humic substances, hydrophilic acids, 
and other simple compounds (e.g., small amino acids, carbohydrates, and hydrocarbons).208 
Humic substances are the most prominent group of DOM compounds and are defined as the 
fraction that is isolated from water by sorption onto XAD resins.208 This group is further 
divided into sub-classes, where humic substances that precipitate in acidic solution (i.e., 
pH = 1) are referred to as humic acids, and those remaining dissolved are fulvic acids.209 
However, this classification is operational and, thus, not necessarily based on compositional 
or structural differences of the molecules. Humic and fulvic acids, especially those provided 
by the International Humic Substances Society (e.g., Suwannee River, Pony Lake), are 
nonetheless routinely used as reference substances in DOM research. 

More recently, the appreciation of the significant role of DOM in ecosystem functions 
together with analytical advances have stimulated the detailed DOM investigation at the 
molecular level.210-212 These developments enabled the characterization and classification of 
DOM based on elemental composition and structural features of individual compounds 
resolved in the complex mixture. DOM compound classes are now assigned to their major 
biogeochemical precursor molecules and mainly encompass lipid-like, protein-like, 
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carbohydrate-like, lignin-like, tannin-like, and condensed aromatic compounds.207 Other 
common DOM structures worth mentioning are carboxylic-rich alicyclic molecules 
(CRAMs),213 which are derived from linear terpenoids,212,214-216 and represent highly 
abundant constituents of freshwater DOM.217-220 In general, DOM of all classes consist of 
(i) a carbonaceous structural framework, that is, an aromatic and/or aliphatic backbone,221,222 
and (ii) a variety of functionalities, including neutral, acidic, and basic functional groups 
(Figure 1.8).207,208 As such, DOM is best described as an organic matter continuum, with 
compounds ranging from small to large, highly unsaturated to saturated, and nonpolar to 
highly polar.207 The retention of the individual DOM components during the SPE process 
strongly depends on possible interactions between their building blocks and the SPE sorbent. 
These mainly comprise nonpolar interactions with the aromatic and aliphatic DOM skeleton 
(i.e., van der Waals, π-π), polar interactions with polar neutral functionalities (i.e., hydrogen 
bonding, dipole-dipole), and electrostatic repulsive and attractive forces between localized 
charges on the sorbent surface and anionic or cationic DOM functional groups. 

Hence, the examination of the sorption behavior of SPE sorbents from a matrix point of 
view, based on molecular information obtained from thousands of DOM compounds with 
widely varying physicochemical properties, bears great potential benefits for analytical 
advancements. First, insights into the chemodiversity of both retained and discriminated 
compounds can shed light upon molecular properties driving the sorbent selectivity (e.g., 
size, unsaturation, polarity), and may lead toward the development of even more selective 
polymer designs. Second, the identification of common molecular properties of retained 
DOM constituents can contribute to further optimizing the sample preparation procedure, 
since cleanup strategies could be specifically tailored for certain interfering compound 
classes. Third, molecular-level knowledge obtained from environmental samples can be 
transferred to other potential analytical fields, such as bio- or food analysis, to provide 
educated estimates of advantages and limitations of novel SPE materials (e.g., TFN-CDP) 
for different sample matrices. 

In DOM research at the molecular level, an orthogonal analytical approach is often 
adopted, using complementary high-resolution techniques to compensate for limitations of 
one instrument with advantages of the other. Specifically, the combination of Fourier 
transform ion cyclotron resonance mass spectrometry (FTICR MS) and multi-dimensional 
(e.g., 1H and 13C) nuclear magnetic resonance (NMR) spectroscopy is most frequently 
applied to gain deep insights into the chemical composition and structure of complex DOM 
molecules.213,223,224 However, structural elucidation by NMR is limited to a small fraction of 
the total DOM pool and requires highly concentrated DOM isolates,225 which hampers the 
study of sorbent selectivity. Unlike NMR, FTICR MS offers detailed information on most 
individual compounds, and thus was primarily utilized in this work to establish a 
comprehensive and reliable understanding of DOM composition in sorbent extracts. 
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Figure 1.8. Graphical representation of the typical aromatic and aliphatic (e.g., alkyl or alicyclic groups) 
building blocks of the carbonaceous structural framework of dissolved organic mattter (DOM) and important 
functionalities, including acidic, basic, and neutral functional groups. 

1.4.2.2 Molecular DOM Characterization by Fourier Transform Ion Cyclotron 
Resonance Mass Spectrometry (FTICR MS) 

FTICR MS is currently the technique of choice for state-of-the-art DOM research at the 
molecular level (e.g., ref. 210,211,226,227). In FTICR MS, the sample molecules are first 
ionized by electrospray ionization (ESI) and then transferred into an ion cyclotron cell, 
where they are trapped in a homogeneous magnetic field (usually 7 – 21 T) and circulate in 
spiral paths around the central axis of the cell at their characteristic cyclotron frequency, ωc. 
The cyclotron frequency is determined by the magnitude of the magnetic field and inversely 
proportional to the mass-to-charge ratio m/z: 

ω𝑐𝑐 =
𝑞𝑞𝐵𝐵
𝑚𝑚

 (1.8) 

where B is the magnetic field strength and q is the ion charge. The latter is calculated by 
multiplying the number of charges z by the charge of an electron, which means that m/q is 
directly related to m/z. 

For detection, an electric field orthogonal to the magnetic field excites the ions, which 
increases the radius of their orbit but not their cyclotron frequency.228 Consequently, the ions 
oscillate closer to a pair of detector plates, where they can induce an image current on the 
electrodes. As the ions lose the orbit radius due to field inhomogeneities and collapse toward 
the central core of the cell, the image current trace is detected as a function of time and 
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recorded as the so-called free induction decay (FID). Software then performs a Fourier 
transformation on the FID to convert the signal from the time to the frequency domain and 
finally to the m/z domain by mass-calibration.211 Due to its highly accurate measurement of 
ion frequencies, FTICR MS possesses the advantage over other mass spectrometry 
techniques of an unparalleled ultrahigh mass resolving power (i.e., R = 105 – 106) and mass 
accuracy (i.e., parts-per-billion (ppb) level) across a wide mass range from a hundred to 
several thousand Daltons. These unique features allow for (i) sufficient resolution and 
distinction of peaks with close mass differences of a few millidaltons (e.g., O vs. CH4, 
Δm = 0.036 Da) that are typical for complex chemical mixtures such as environmental 
DOM. Further (ii) they enable the confident assignment of elemental formulas (i.e., 
CcHhOoNnSs, where c, h, o, n, and s are the numbers of the respective element) to thousands 
of individual compounds. 

To reduce the complexity of FTICR MS data and to facilitate straightforward 
interpretation, several methods of data analysis have been developed. For example, 
visualization in the form of a van Krevelen diagram (i.e., the elemental H/C ratio of 
compounds plotted against the O/C or less common the N/C ratio) can be used as a molecular 
mapping technique to evaluate how DOM formulas overlap with those of general compound 
classes (e.g., lipid-like, lignin-like, tannin-like, etc., Figure S3.5).229 In addition, molecular 
properties of DOM compounds, including size, degree of oxygenation, or degree of 
unsaturation, can be examined using van Krevelen diagrams in combination with other data 
visualization such as mass-edited H/C and O/C plots (i.e., elemental ratios versus m/z 
values). Double bond equivalents (DBE) and the alternative aromaticity index, the latter also 
accounting for common C=O double bonds in DOM, are useful parameters to characterize 
the unsaturation and aromaticity of DOM molecules.230,231 Moreover, multivariate statistical 
approaches, such as principle component analysis (PCA) or hierarchical cluster analysis 
(HCA), are indispensable tools to reduce the large (normalized) datasets to a few factors, 
which allows for straightforward sample comparison.232 FTICR MS is therefore ideally 
suited as a fingerprinting technique to (i) specifically pinpoint DOM compound classes that 
are preferentially retained and excluded by selective sorbent materials and (ii) to probe for 
characteristic molecular properties of DOM molecules that govern their selective sorption. 
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1.4.3 High-Throughput Extraction by Chemically Modified Polymer 
Monoliths 

Porous monolithic materials are known as efficient sorbents in separation sciences (e.g., 
liquid and electrochromatography) and represent alternative stationary phases to particle 
packed SPE formats.233,234 For LV applications in CSIA workflows they appear particularly 
attractive, since their macroporous structure (i.e., pores in the µm range) enables analyte 
extraction at high flow rates (i.e., hundreds of milliliters to liters per minute) and moderate 
backpressures resulting in shorter sample processing times.235 The main types of monoliths 
are either silica-based (inorganic) or polymer-based (organic). Whereas silica-based 
monoliths are difficult to prepare, polymer-based monoliths offer excellent tuneability of the 
surface chemistry to target specific compound classes along with comparative ease of 
synthesis.236 They are readily produced by a single-step polymerization of a mixture of 
functional and cross-linking monomers, porogenic solvents that control the porosity, and a 
radical initiator.233 Common functional monomers are styrene and alkyl methacrylate, while 
dimethyl methacrylate and DVB are frequently used cross-linking monomers.235 The in situ 
synthesis is usually conducted in suitable molds or housings, which renders polymer-based 
monoliths highly versatile, as applications in a wide variety of formats are possible. In 
addition, the rigidity and portability of the monolithic discs facilitate the preconcentration of 
LV samples directly in the field using dedicated on-site extraction devices. 

However, polymer-based monoliths typically lack a dual porosity, that is, they do not 
exhibit additional mesopores (i.e., 2 – 50 nm). As a consequence of the resulting low specific 
surface area in the low m2 g-1 range, polymeric monoliths are not efficient for SPE of small 
molecules, such as pesticides or pharmaceuticals,236 and show high affinities only for viruses 
and macromolecules (e.g., proteins, nucleic acids).237 A strategy for fast and efficient 
extraction of small molecules is to combine the high porosity of polymeric monoliths with 
the unique properties of nanomaterials by either embedding during polymerization or 
immobilization on the monolith surface post-polymerization. For instance, the incorporation 
of carbon-based nanomaterials, which exhibit an extremely high ratio of surface area to 
volume, can significantly increase the surface area of the monolith.238 As a result, sorption 
affinities and kinetics for small molecules are generally improved, while selectivity toward 
different analyte classes can be tailored through specific interactions provided by the 
functionalities of the chosen nanomaterial. Promising carbon-based nanoparticles are 
graphene sheets, which consist of two-dimensional, “honeycomb-like” layers of sp2-
hybridized carbon atoms (Figure 1.9). The ultrahigh specific surface area of graphene (i.e., 
theoretically up to 2630 m2 g-1) and its large delocalized π-electron system provide high 
sorption capacities for nonpolar aromatic ring structures (as ubiquitously present in organic 
MPs) due to strong van der Waals and π-π interactions.239 Graphene is considered highly 
nonpolar and is thus efficient in retaining nonpolar analytes with log KOW values above 3.240 
For more polar analytes, graphene oxide (GO) represents the more suitable sorbent material, 
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as its various functional groups (i.e., hydroxy, carboxy, epoxy, Figure 1.9) promote 
additional polar interactions.241 Furthermore, the functionalities enhance the water 
wettability and facilitate the covalent coupling to the polymeric monolith. Graphene-
modified monoliths have been successfully applied for the extraction of different 
contaminants from small volumes of water, for example, herbicides,242 insecticides,243 
benzotriazole,244 polychlorinated biphenyls and steroid hormones,245 and phenolic 
compounds.246 Moreover, it was shown that chemical reduction of the incorporated GO to 
reduced graphene oxide (rGO) yielded optimal sorption properties for reversed-phase SPE 
applications.247 rGO provides the best balance between affinity toward aromatic compounds 
through nonpolar π-π stacking, and residual polar functional groups (Figure 1.9) which 
impart a hydrophilic lipophilic balanced character to the sorbent material. Hence, monoliths 
modified with rGO are promising high-performance yet nonselective sorbent candidates for 
fast LV SPE applications in environmental analyses (e.g., micropollutant CSIA). 

 
Figure 1.9. Structures of graphene (G), graphene oxide (GO), and reduced graphene oxide (rGO). 
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1.5 Objectives and Approach of the Thesis 

CSIA is an indispensable tool for understanding the behavior of organic compounds in the 
environment, assessing their sources and degradation pathways, and identifying underlying 
transformation mechanisms (Chapter 1.2). However, as outlined in Chapter 1.3, analytical 
challenges associated with the limited sensitivity of the technique still hamper the transfer 
of the CSIA approach to low-occurring MPs in field applications. This work addresses these 
limitations by advancing sample preparation methodologies, with particular research 
emphasis on analyte extraction from environmental aquatic matrices, through implementing 
the strategies presented in Chapter 1.4: (i) Enhancing selectivity in SPE using innovative 
sorbent materials, (ii) assessing the sorbent selectivity toward organic matrix constituents at 
the molecular level by nontargeted FTICR MS analysis, and (iii) enabling high-throughput 
extraction using chemically modified polymer monoliths. The overarching goal of this 
dissertation is therefore to provide improved extraction methods, which in combination with 
established sample cleanup procedures can help push the lower limits of accurate CSIA 
toward the environmentally relevant sub-µg L-1 concentration range.  

To meet this goal, two different approaches were taken. The first approach addressed 
the analytical interferences caused by organic matter that is co-enriched during SPE using 
conventional universal sorbent phases. Here, the specific objectives were (i) to increase 
selectivity in the analyte extraction step by employing a cyclodextrin-based SPE sorbent to 
mitigate matrix co-enrichment in advance and (ii) to gain in-depth knowledge about the 
controls on sorbent selectivity that can contribute to further optimize selective sample 
preparation workflows. The second approach addressed the bottleneck of laborious large-
volume sample preparation for micropollutant CSIA. It specifically aimed at developing a 
high-throughput extraction method that can be combined with selective cleanup strategies 
for effective CSIA applications. The following four research projects were designed and 
completed, with projects 1 to 3 pursuing the objectives of the first approach and project 4 
following the second approach. 

Chapter 2, entitled Avoiding Interferences in Advance: Cyclodextrin Polymers to 
Enhance Selectivity in Extraction of Organic Micropollutants for Carbon Isotope Analysis, 
presents the first application of novel cyclodextrin-based polymers as selective SPE sorbents 
in CSIA methodologies. Specifically, the synthesized polymers of different cavity size (i.e., 
α-, β-, γ-CDP) were (i) investigated for their selectivity toward a selection of pesticides in 
presence of interfering DOM based on recovery, partitioning, and Gibbs free energy of 
adsorption data, (ii) assessed for their applicability to carbon isotope analysis of the model 
compounds atrazine, S-metolachlor, boscalid, and azoxystrobin in natural water, and 
(iii) benchmarked against commonly used commercial, polymeric SPE sorbents (i.e., 
Oasis HLB, LiChrolut EN, and Supel-Select HLB). The study provides matrix-dependent 
limits of accurate carbon isotope analysis on GC-IRMS, as well as a comprehensive 
validation of carbon isotopic integrity for the cyclodextrin-based SPE-CSIA procedure. 
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In Chapter 3, entitled Selectivity of β-Cyclodextrin Polymer toward Aquatic 
Contaminants: Insights from Ultrahigh-Resolution Mass Spectrometry of Dissolved Organic 
Matter, the selective β-CDP-based SPE procedure presented in Chapter 2 was applied to 
pristine surface and groundwater samples. Subsequently, nontargeted Fourier transform ion 
cyclotron resonance mass spectrometry (FTICR MS) analysis was performed to elucidate 
the molecular chemodiversity of the extracted DOM in comparison to the universal SPE 
sorbents Oasis HLB, LiChrolut EN, and Supel-Select HLB. The ultrahigh-resolution MS 
data presented in this chapter offers detailed molecular-level information on thousands of 
matrix compounds retained and excluded by the sorbents, contributing to a better 
understanding of sorbent selectivity and thus to sample preparation optimization. In 
particular, the findings of this study are placed in a broader context to offer implications for 
matrix-susceptible methodologies to the general analytical chemist. 

Chapter 4, entitled Discriminative Behavior of Cyclodextrin Polymers against Dissolved 
Organic Matter: Role of Cavity Size and Sorbate Properties, systematically investigated the 
underlying molecular drivers of α-, β-, and γ-CDP’s selectivity, which was observed and 
described in Chapter 2 and 3, in order to contribute to future sorbent design and selectivity 
optimization. Specifically, the study examined the role of (i) a potential size-driven 
selectivity induced by the uniform CD cavities that has been previously suggested in 
literature and (ii) other sorbate properties that may govern their selective sorption on the 
CDPs (e.g., degree of oxygenation, unsaturation, and aromaticity). To this end, new insights 
into the sorption mechanisms were gained through independent experimental designs, 
including SPE experiments with a selection of MPs in competition with different DOM size 
fractions (i.e., <1, 1 – 3, 3 – 10, >10 kDa) and ultrahigh-resolution FTICR MS analysis of 
extracted DOM from different origin (i.e., pristine surface water, Suwannee River humic and 
fulvic acid), which is representative of a broad range of physicochemical properties. 

Chapter 5, entitled Graphene-Modified Polymer Monoliths for High-Throughput 
Extraction of Micropollutants: A Proof-Of-Concept Study, exploited the synergistic effect 
of combining the high porosity of polymer-based monolithic stationary phases with the 
unique sorption properties of graphene, a carbon-based nanomaterial, for SPE of a suite of 
pesticides at high flow rates. The specific aim was to transfer the Monolithic Adsorption 
Filtration (MAF), which had already been successfully established at the Chair of Analytical 
Chemistry and Water Chemistry at TUM for the extraction of viruses and bacteria, to a large-
volume SPE application for small molecules such as organic MPs. 

In Chapter 6, the main findings of this work are synthesized into a general conclusion, 
and areas are identified that require further investigation in future research. 
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Abstract 

Compound-specific isotope analysis (CSIA) of organic water contaminants can provide 
important information about their sources and fate in the environment. Analyte enrichment 
from water remains nonetheless a critical yet inevitable step before measurement. 
Commercially available solid-phase extraction (SPE) sorbents are inherently nonselective 
leading to coextraction of concurrent dissolved organic matter (DOM) and in turn to 
analytical interferences, especially for low-occurring contaminants. Here, we (i) increased 
extraction selectivity by synthesizing cyclodextrin polymers (α-, β-, γ-CDP) as SPE 
sorbents, (ii) assessed their applicability to carbon isotope analysis for a selection of 
pesticides, and (iii) compared them with commonly used commercial sorbents. Extraction 
with β-CDP significantly reduced backgrounds in gas chromatography-isotope ratio mass 
spectrometry (GC-IRMS) and enhanced sensitivity by a factor of 7.5, which was further 
confirmed by lower carbon-normalized CDOM/Canalyte ratios in corresponding extracts as 
derived from dissolved organic carbon (DOC) and liquid chromatography-tandem mass 
spectrometry (LC-MS/MS) analysis. Gibbs free energies of adsorption demonstrated weak 
competition between DOM and analyte on the three CDPs. No isotopic fractionation (Δδ13C 
within ± 0.3 ‰) was observed for the investigated pesticides after using β-CDP as an SPE 
sorbent covering a range of concentrations (5–500 µg L-1), flow velocities (5–40 cm min-1), 
and sorbent regeneration (up to six times). The present study highlights the benefit of 
selecting innovative extraction sorbents to avoid interferences in advance. This strategy in 
combination with existing cleanup approaches offers new prospects for CSIA at field 
concentrations of tens to hundreds of nanograms per liter. 
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2.1 Introduction 

Compound-specific isotope analysis (CSIA) has been established as a powerful analytical 
technique to evaluate the origin and fate of organic contaminants in environmental 
systems.73,100,116,144,158 While characteristic stable isotope ratios (e.g., 13C/12C, 2H/1H, 
15N/14N) in individual compounds can delineate different sources of otherwise identical 
chemicals,87-91 the measurement of changes in such compound-specific isotope signatures 
can detect their (bio)degradation in field settings where concentration measurements alone 
would not be conclusive.92-97 When changes are measured for isotopes of different elements, 
the identification of characteristic isotope effects may even decipher underlying 
transformation mechanisms.72,76,248-251 Today, CSIA is well established for legacy 
contaminants (e.g., chlorinated hydrocarbons, BTEX, or fuel oxygenates) which are 
typically present in the high µg L-1 to mg L-1 concentration range at contaminated sites.77 In 
contrast, polar organic micropollutants, such as pesticides, pharmaceuticals, and personal 
care products, occur in much lower environmental concentrations rendering the transfer of 
the CSIA approach to field applications analytically challenging.80,146,147 Given that 1 to 10 
nanomoles of carbon is the minimum for precise isotope analysis by gas or liquid 
chromatography coupled with isotope-ratio mass spectrometry (GC- or LC-IRMS),118,121 this 
implies that tens to hundreds of liters of water need to be extracted when micropollutant 
concentrations are in the nanogram per liter range.  

A wide suite of solid-phase extraction (SPE) sorbents has been commercially introduced 
during the last decades, which are available for sample preconcentration.150 In particular, the 
development of hyper-cross-linked and hydrophilic polymeric sorbents has overcome 
inherent limitations of traditional silica- or carbon-based sorbents, such as low sorption 
capacities, pH limitations, or irreversible sorption.167 To suit a large variety of analytical 
applications, polystyrene-divinylbenzene (PS-DVB)-based polymers were designed to favor 
both hydrophobic and polar intermolecular interactions, thus capturing organic compounds 
with a broad range of polarities.168 However, this broad-range substrate spectrum comes with 
a lack of selectivity252 that inevitably promotes concomitant enrichment of dissolved organic 
matter (DOM) during sample preparation. In consequence, matrix constituents of unknown 
isotopic composition (hereafter referred to as unresolved complex mixture (UCM)) lead to 
analytical interferences and may compromise reliable isotope ratio measurements.145,151,152 
Hence, there is a strong demand for improved and carefully validated sample preparation 
procedures to push quantification limits of sensitive and accurate CSIA toward 
environmentally relevant concentrations.146,157,159 

So far, the emphasis of sample preparation strategies for CSIA has been on cleanup 
approaches to eliminate co-enriched organic matrices from extracts using, for example, 
preparative high-performance liquid chromatography (HPLC)165 or selective molecularly 
imprinted polymers (MIPs).166 In contrast, this work has a fundamentally new focus. Our 
aim is to increase selectivity already in the analyte extraction step in order to mitigate co-
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enrichment of DOM in advance. We hypothesize that sorbents, which are not optimized for 
a wide polarity spectrum, may possess the warranted selectivity by offering high affinities 
toward compounds of interest, while discriminating against polar organic matter. Recently, 
porous cyclodextrin polymers (CDPs) have gained growing attention as alternative sorbents 
for water purification technologies.184,193 Cyclodextrins are macrocyclic oligosaccharides 
composed of glucose units, which are linked by α-1,4-glycosidic bonds,185 and their cavities 
are well known to form inclusion complexes with diverse organic compounds.188 When the 
cyclodextrin composed of seven glucose units (β-CD) is cross-linked with rigid aromatic 
groups via nucleophilic aromatic substitution, the permanent mesoporous structure of this 
polymer derivate (β-CDP) entails a high surface area (i.e., 263 m2 g-1) so that these materials 
offer the benefit of excellent sorption properties and regeneration capacity.193 Comparative 
studies demonstrated that β-CDP outperformed carbon-based194 and polymeric sorbents195 
in rapid removal of a variety of organic micropollutants from water, owing to a synergistic 
interplay of inclusion complexes and secondary cross-linker interactions.201,253 CDPs, 
therefore, hold promise as ideal sorbent candidates for analyte extraction before CSIA. In 
particular, concurrent DOM was shown to have only limited inhibitory effects on 
micropollutant sorption onto CDPs,194,196 implying a low level of matrix co-enrichment. Yet, 
a quantitative assessment of DOM coextraction by CDPs and its impact on accurate isotope 
ratio determination has never been explored. 

The objectives of this work were therefore (i) to assess the applicability of β-CDP for 
carbon isotope analysis of micropollutants in natural water and define matrix-dependent 
limits of accurate isotope analysis on GC-IRMS; (ii) to quantitatively assess selectivity of 
CDPs of varying cavity size (i.e., α-, β-, γ-CDP) for a selection of pesticides; (iii) to 
accomplish this through determining the relative recoveries of target analytes and DOM in 
SPE, measuring partition coefficients of target analytes in batch experiments, and exploring 
competition between target analyte and DOM in column experiments; and lastly (iv) to 
validate carbon isotopic integrity after CDP-based enrichment in regard to analyte 
concentrations, flow rates, and reusability potential. The performance of CDPs was 
benchmarked against Oasis HLB, LiChrolut EN, and Supel-Select HLB as three commercial, 
polymeric SPE sorbents. 
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2.2 Experimental Section 

2.2.1 Chemicals and Materials 

A detailed description of chemicals and materials is provided in the Supporting Information 
including CAS number, purity, grade, and supplier (S2.1); standard solutions and ultrapure 
water (S2.2); sorbents and packing materials (S2.3); and physicochemical properties of the 
selected target analytes (Table S2.2). 

2.2.2 Preparation and Characterization of Porous Cyclodextrin Polymers 

Porous cyclodextrin polymers were synthesized based on the nucleophilic aromatic 
substitution of cyclodextrin hydroxyl groups by tetrafluoroterephthalonitrile (TFN). The 
improved procedure reported by Alsbaiee et al.193 was utilized for the synthesis of β-CDP 
and adapted for the synthesis of α- and γ-CDP. To this end, a flame-dried 500 mL round-
bottom flask was charged with the respective amounts of reagents (Table S2.5) at a molar 
ratio of 1.0:2.9:12.8 of cyclodextrin:cross-linker:potassium carbonate, respectively. After 
adding 160 mL of an anhydrous tetrahydrofuran/dimethylformamide mixture (9:1, v/v) the 
flask was connected to a reflux condenser and the system was flushed with nitrogen for 
10 min. Subsequently, the nitrogen inlet was removed and the reflux condenser was closed 
with a septum. The mixture was placed in an oil bath (85 °C) and stirred for 48 h. Thereafter, 
the suspension was slowly cooled to room temperature while the solids could settle at the 
bottom of the flask. The supernatant was decanted and the residual potassium carbonate was 
removed by washing with 1 M hydrochloric acid until CO2 evolution stopped. The remaining 
suspension was filtered and sequentially washed with 250 mL of ultrapure water, 200 mL of 
tetrahydrofuran, 200 mL of dichloromethane, and 200 mL of methanol. The polymers were 
finally dried under vacuum for 48 h and, subsequently, sedimented in methanol to obtain 
particle sizes larger than 40 µm. Scanning electron microscopy imaging (S2.4.2) and Fourier 
transform infrared spectroscopy (S2.4.3) confirmed successful synthesis of the polymers. 

2.2.3 Sampling and Pretreatment of Surface Water Samples 

Surface water samples were taken in the creek Wiesäckerbach, Garching, Germany (latitude 
48.121905, longitude 11.511416) using glass bottles, which were pre-washed with methanol 
and ultrapure water. Samples were immediately passed through pre-rinsed 0.45 µm nylon 
membrane filters (47 mm, GVS, USA). In accordance with dissolved organic carbon (DOC) 
stability tests (Figure S2.3), further experiments were performed within 5 days of sample 
storage at 4 °C in the dark. DOC concentrations of water samples ranged between 2.3 and 
3.5 mg L-1. Other physicochemical parameters of the surface water are given in Table S2.6. 
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2.2.4 Sample Preparation Procedures Using Cyclodextrin-Based and 
Conventional Sorbents 

Sample preparation in this work consisted of SPE of pristine or analyte-spiked surface water 
samples using CDPs and commercial SPE sorbents, and different pre- and post-treatment 
steps. Throughout all SPE experiments, self-packed polypropylene SPE cartridges (1, 3, and 
6 mL, Supelco) were used with sorbent bed weights ranging from 20 to 500 mg and a 
constant ratio between sorbent bed weight and sample volume at 0.5 mg mL-1. Before 
extraction, water samples were adjusted to either pH 3 or pH 7 using 1 M HCl or 1 M NaOH. 
Unless specified otherwise, SPE was performed using a 12-port vacuum SPE manifold at a 
volumetric flow rate of ≤ 1.0 mL min-1 corresponding to linear flow velocities of 
≤ 4.1 cm min-1 (1 mL cartridge), ≤ 1.6 cm min-1 (3 mL) and ≤ 0.8 cm min-1 (6 mL). Upon 
elution with methanol, extracts were further processed to suit the analytical requirements of 
subsequent chemical and isotopic analyses. Detailed information on the experimental design 
is given in the following sections. All SPE experiments were conducted in triplicates and 
associated uncertainties were propagated according to the Gaussian error propagation law. 

2.2.4.1 Impact of Organic Matrix on GC-IRMS Determination of δ13C 

To explore the impact of co-enriched organic matrix on carbon isotope analysis of pesticides 
using GC-IRMS and to investigate the role of selective SPE, we compared identical SPE-
CSIA procedures utilizing either β-CDP or Oasis HLB. To this end, 1 L pristine water 
samples (2.3 mgC L-1, pH 7) were extracted using 500 mg of sorbent in 6 mL cartridges, 
which were conditioned with 10 mL of methanol and 20 mL of ultrapure water. Once the 
samples were loaded, cartridges were dried under vacuum overnight and subsequently eluted 
with 6 mL of methanol. Eluates were evaporated to dryness (65 °C, N2, TurboVap LV, 
Biotage, Sweden) and then reconstituted in 0.5 mL of methanol. A series of different organic 
matrix amounts were obtained by transferring different volumes of the eluate (i.e., 10 to 
150 µL, equivalent to 20 to 300 mL of extracted water) to separate vials. After evaporation, 
the dry residues were reconstituted in 30 µL of methanolic in-house standard, containing the 
GC-amenable analytes atrazine, S-metolachlor, boscalid, and azoxystrobin of known 
isotopic composition and at concentrations of 0.21, 0.11, 0.09, and 0.08 mmol L-1, 
respectively (i.e., equivalent to 5 nmol C injected into the GC column). Finally, carbon 
isotope ratios were measured by GC-IRMS. 

2.2.4.2 Micropollutant and DOM Extraction 

We compared the extraction efficiencies of CDPs and commercial sorbents for 11 target 
analytes at environmentally relevant concentrations of 1 µg L-1 (for spiking refer to S2.6.1) 
and DOM, the latter being quantified by dissolved organic carbon (DOC) analysis. The 
influence of the pH on the sorption behavior was studied by performing SPE experiments at 
both acidic (pH 3) and neutral (pH 7) conditions. Initial analyte and DOC concentrations 
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were determined immediately before experiments. Before sample loading, SPE cartridges 
were conditioned with 1 mL of methanol followed by 500 mL of ultrapure water. In pre-
experiments, this procedure was shown to reduce organic carbon bleeding from sorbent 
material to a constant low level (Figure S2.4). Twenty mL of water sample was then loaded 
onto 10 mg of sorbent. Filtrates were collected and subjected to DOC analysis. After loading, 
sorbents were dried under vacuum and subsequently eluted with 0.5 mL of methanol. 
Similarly, we prepared procedural blanks by loading every sorbent with ultrapure water. 
Finally, analytes and DOC were quantified in eluates. 

Recoveries of analyte i (Ri) and DOC (RDOC) were calculated according to equation (2.1) 
and (2.2), respectively: 

𝑅𝑅𝑖𝑖 [%] =
�
𝐶𝐶𝑖𝑖,𝑟𝑟𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒𝑟𝑟
𝐸𝐸𝐸𝐸 �

𝐶𝐶𝑖𝑖,𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑖𝑖𝑒𝑒𝑙𝑙
× 100 (2.1) 

𝑅𝑅𝐷𝐷𝐷𝐷𝐷𝐷  [%] =
𝑚𝑚𝐷𝐷,𝑟𝑟𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒𝑟𝑟

𝑚𝑚𝐷𝐷,𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑖𝑖𝑒𝑒𝑙𝑙
× 100 (2.2) 

where Ci,analyte and Ci,initial (µg L-1) are the measured concentrations in the eluate and the 
original sample, respectively, and EF is the enrichment factor of SPE. mC,eluate and mC,initial 

(µg) are the carbon masses determined in the eluate (corrected for carbon bleed from sorbent 
material) and in the original water sample, respectively. DOC mass balances were calculated 
on the basis of measured DOC concentrations in filtrates and eluates, which were corrected 
for organic carbon bleed stemming from sorbent material, according to equation (2.3): 

𝑚𝑚𝐷𝐷,𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑖𝑖𝑒𝑒𝑙𝑙 = �𝑚𝑚𝐷𝐷,𝑟𝑟𝑖𝑖𝑙𝑙𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒𝑟𝑟 𝑠𝑠𝑒𝑒𝑐𝑐𝑐𝑐𝑙𝑙𝑟𝑟 − 𝑚𝑚𝐷𝐷,𝑟𝑟𝑖𝑖𝑙𝑙𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒𝑟𝑟 𝑏𝑏𝑙𝑙𝑒𝑒𝑖𝑖𝑏𝑏� + �𝑚𝑚𝐷𝐷,𝑟𝑟𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒𝑟𝑟 𝑠𝑠𝑒𝑒𝑐𝑐𝑐𝑐𝑙𝑙𝑟𝑟 − 𝑚𝑚𝐷𝐷,𝑟𝑟𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒𝑟𝑟 𝑏𝑏𝑙𝑙𝑒𝑒𝑖𝑖𝑏𝑏� (2.3) 

where mC,initial, mC,filtrate sample and mc,eluate sample are the determined carbon masses in the 
original water sample, as well as in the filtrate and eluate, respectively. mC,filtrate blank and 
mC,eluate blank are the quantified carbon bleed values in the ultrapure water directly collected 
before sample loading and in the eluates of procedural blanks, respectively. Based on 
recoveries of analytes and DOC, we calculated carbon-normalized ratios of DOM and 
analyte concentrations in the extracts, CDOM/Canalyte, given in molC molC-1.  

2.2.4.3 Validation of the SPE-CSIA Procedure Using β-CDP 

Potential carbon isotope discrimination of atrazine, S-metolachlor, boscalid, and 
azoxystrobin induced by the extraction using β-CDP was examined for varying 
concentrations (i.e., 5–500 µg L-1) and linear flow velocities (i.e., 4.9–39.3 cm min-1). In 
addition, regeneration of β-CDP was validated by repetitively loading the same SPE 
cartridges with spiked surface water, followed by elution and subsequent sorbent washing 
with 2 x 2.5 mL of methanol. SPE of spiked surface water (3.5 mgC L-1) was performed at 
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pH 7 as mentioned above, except for experiments with varying flow velocities. Here, an 
automated SPE system (SmartPrep Extractor, Horizon Technology) allowed the exact and 
constant adjustment of volumetric flow rates (i.e., 0.5–4.0 mL min-1). Detailed experimental 
parameters are summarized in Table S2.7. Fifty µL aliquots of eluates were taken for 
concentration determination by HPLC analysis after dilution with ultrapure water (10 times). 
The remaining volume was carefully evaporated at room temperature under a gentle stream 
of N2 to obtain analyte concentrations in the linear range of GC-IRMS analysis. 

2.2.5 Batch Equilibrium Sorption Studies 

Sorption parameters were determined for the 11 model compounds on CDPs and commercial 
sorbents by means of the batch equilibrium method following OECD254 and US EPA 
guidelines255 as described in detail in the Supporting Information (S2.7). The amount of 
analyte sorbed per mass of sorbent at equilibrium (q) was calculated via mass balance and 
sorption isotherms were fitted to the Freundlich and Langmuir sorption model according to 
equation (2.4) and (2.5), respectively: 

𝑞𝑞 = 𝐾𝐾𝐹𝐹 × 𝐶𝐶𝑒𝑒𝑎𝑎
1 𝑖𝑖�  (2.4) 

𝑞𝑞 =
𝑞𝑞𝑐𝑐𝑒𝑒𝑚𝑚 × 𝐾𝐾𝐿𝐿 × 𝐶𝐶𝑒𝑒𝑎𝑎

1 + 𝐾𝐾𝐿𝐿 × 𝐶𝐶𝑒𝑒𝑎𝑎
 (2.5) 

where q (mg g-1) is the amount of analyte sorbed per mass of sorbent at equilibrium, Caq 

(mg L-1) is the aqueous equilibrium concentration of the compound, KF [(mg/g)/(mg/L)1/n] 
and KL (L mg-1) are the Freundlich and Langmuir sorption coefficients, respectively, 1/n (-) 
is the degree of isotherm nonlinearity and qmax (mg g-1) is the maximum sorption capacity. 
Isotherm fitting was performed using the software OriginPro 2020 and uncertainties were 
propagated according to the Gaussian error propagation law. 

2.2.6 Column Sorption Studies 

We studied the influence of background DOM on the sorption of 2,6-dichlorobenzamide 
(BAM) to the different sorbent materials by adopting an HPLC-based flow-through 
approach.256-258 To this end, the column packing procedure was adapted from literature 
protocols258-260 as described in Chapter S2.8.1. Characteristics of all packed columns are 
listed in Table S2.10. The retention of BAM on the columns, filled with silicon carbide 
(SiC)-supported sorbent material, was then studied in HPLC experiments under stimulated 
competition between DOM and analyte as explained in Chapter 2.2.6.1. Finally, the affinity 
of BAM to the different sorbents under variable DOM background concentrations was 
quantified by determining the Gibbs free energy of adsorption, ΔG0, from the adsorption 
partition coefficients (Kd) which were derived from retention times on the different sorbent 
columns (Chapter 2.2.6.2). 
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2.2.6.1 Experimental HPLC-Based Approach 

Retention of 2,6-dichlorobenzamide (BAM) on the sorbent columns was studied on a Nexera 
XR HPLC system (Shimadzu, Japan) equipped with a diode array detector (SPD-M20A, 
Shimadzu, Japan). Thiourea was used as conservative tracer to determine the system hold-
up time. We used an optimized mobile phase consisting of ultrapure water and ethanol (9:1, 
v/v, pH 7, 10 mM CaCl2) for elution. The influence of background DOM on analyte sorption 
was studied by adding different amounts of Aldrich humic acid (AHA) to the mobile phase 
(i.e., 0.0 to 5.0 mgC L-1). After changing the eluent, columns were equilibrated for at least 
3 h until both backpressure and detector signal were stable. Thereafter, triplicate 5 µL 
injections of BAM standards (10 mg L-1, 1 % MeOH) and blanks (1 % MeOH) were 
performed at a flow rate of 0.1 mL min-1. The temperature of the column oven was set to 
25 ± 1 °C and the breakthrough curves were detected at λ = 200 nm. Chromatograms were 
corrected for interfering co-solvent peaks (1 % MeOH) by subtracting the signal of blanks 
that were measured together with samples in a bracketing sequence. Mean retention times 
(tR) were then determined by the half mass approach,259 that is, the time point at which the 
breakthrough curve is divided into two equal parts, to account for peak asymmetry caused 
by tailing. 

2.2.6.2 Determination of Partition Coefficient and Gibbs Free Energy of 
Adsorption 

Equilibrium partition coefficients of BAM influenced by the co-solvent EtOH present in the 
mobile phase, Kd w,EtOH (L kg-1), were derived from measured net retention times on the 
different columns according to equation (2.6), as described elsewhere:258 

𝐾𝐾𝑑𝑑 𝑤𝑤,𝐸𝐸𝑒𝑒𝐷𝐷𝐸𝐸 =  �𝑐𝑐𝑅𝑅,𝑖𝑖𝑟𝑟𝑒𝑒 − 𝑐𝑐𝑅𝑅,𝑖𝑖𝑟𝑟𝑒𝑒
𝑆𝑆𝑖𝑖𝐷𝐷 �  ×  

𝑄𝑄
𝑚𝑚𝑠𝑠

 (2.6) 

where tR,net (min) is the measured retention time corrected for the hold-up time, tSiCR,net (min) 
is the corresponding corrected retention time on the reference column filled with 100 % SiC 
(for determination refer to next paragraph), Q (L min-1) is the flow rate, and ms (kg) is the 
mass of the sorbent in the column. 

Even though SiC is considered to be quasi-inert, potential sorption of BAM was 
examined on a reference column, which was filled with 100 % SiC (Table S2.10, 
column #7). As previously reported,258 analyte sorption on the SiC support in the sorbent 
columns, tR,netSiC (min), can be derived by extrapolation to the actual amount of SiC present 
in the sorbent column according to equation (2.7): 

𝑐𝑐𝑅𝑅,𝑖𝑖𝑟𝑟𝑒𝑒
𝑆𝑆𝑖𝑖𝐷𝐷 =  �𝑐𝑐𝑅𝑅𝑆𝑆𝑖𝑖𝐷𝐷 − 𝑐𝑐0𝑆𝑆𝑖𝑖𝐷𝐷�  × 𝜀𝜀 (2.7) 
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where tRSiC (min) is the measured retention time of the analyte in the reference column, t0SiC 

(min) is the hold-up time, and ε (-) is the mass ratio of SiC in the sorbent vs. reference 
column. 

Partition coefficients between the sorbent and pure water, Kd w (L kg-1), are affected by 
the co-solvent according to equation (2.8):16 

𝐾𝐾𝑑𝑑 𝑤𝑤 =  𝐾𝐾𝑑𝑑 𝑤𝑤,𝐸𝐸𝑒𝑒𝐷𝐷𝐸𝐸  ×  
𝛾𝛾𝑤𝑤,𝐸𝐸𝑒𝑒𝐷𝐷𝐸𝐸

𝛾𝛾𝑤𝑤
 (2.8) 

where γw,EtOH and γw are the activity coefficients of 2,6-dichlorbenzamide in water/EtOH 
mixtures and pure water, respectively. Corrected activity coefficients were therefore 
estimated by applying poly-parameter linear free energy relationships (pp-LFERs) that 
describe the co-solvent effect of EtOH on activity coefficients of organic solutes according 
to equation (2.9):16  

𝑙𝑙𝑐𝑐𝑙𝑙 �
𝛾𝛾𝑖𝑖 𝑤𝑤

𝛾𝛾𝑖𝑖 𝑤𝑤,𝐸𝐸𝑒𝑒𝐷𝐷𝐸𝐸
� = 𝑣𝑣𝑤𝑤,𝐸𝐸𝑒𝑒𝐷𝐷𝐸𝐸𝑣𝑣𝑖𝑖 + 𝑒𝑒𝑤𝑤,𝐸𝐸𝑒𝑒𝐷𝐷𝐸𝐸𝐸𝐸𝑖𝑖 + 𝑐𝑐𝑤𝑤,𝐸𝐸𝑒𝑒𝐷𝐷𝐸𝐸𝑠𝑠𝑖𝑖 + 𝑎𝑎𝑤𝑤,𝐸𝐸𝑒𝑒𝐷𝐷𝐸𝐸𝑎𝑎𝑖𝑖 + 𝑏𝑏𝑤𝑤,𝐸𝐸𝑒𝑒𝐷𝐷𝐸𝐸𝐵𝐵𝑖𝑖 + 𝑐𝑐 (2.9) 

where γi w and γi w,EtOH are the activity coefficients of compound i (i.e., BAM) in water and 
in the water/EtOH mixture, respectively. Capital letters represent compound-specific 
descriptors (so-called Abraham parameters) which are relevant for the partitioning process: 
the McGowan characteristic volume (Vi) given in cm3 mol-1 100-1, the excess molar 
refractivity (Ei) given in cm3 mol-1 10-1, the dipolarity/polarizability parameter (Si), the 
H-donor property (Ai), and the H-acceptor property (Bi). Small letters represent the 
complementary, solute-independent descriptors of the water/EtOH system. Abraham 
parameters for BAM, obtained from the UFZ-LSER database,261 and descriptors for the 
water/EtOH system, derived by Abraham and Acree,262 are summarized in Table S2.11 and 
Table S2.12. 

We calculated standard Gibbs free energies of adsorption, ΔG0 (kJ mol-1), according to 
equation (2.11), after converting partition coefficients to dimensionless parameters 
(equation (2.10))263, Kd0 (-), to comply with provisions of the IUPAC:264 

𝐾𝐾𝑑𝑑0 =  𝐾𝐾𝑑𝑑 𝑤𝑤 × 𝑀𝑀𝑠𝑠𝑐𝑐𝑟𝑟𝑏𝑏𝑒𝑒𝑒𝑒𝑟𝑟 × 55.5 𝑚𝑚𝑐𝑐𝑙𝑙 𝐿𝐿−1 / 103 (2.10) 

∆𝐺𝐺0 =  −RT × ln (𝐾𝐾𝑑𝑑0) (2.11) 

where Msorbate (g mol-1) is the molecular weight of BAM, 55.5 mol L-1 is the molar 
concentration of water, R is the gas constant (8.314 J K-1 mol-1), and T is the absolute 
temperature (298.15 K). As a measure of the change in energy between the phase transfer of 
BAM in the absence and presence of AHA in the eluent, we derived ΔΔG0 values as a 
function of DOC, ΔΔG0 f(DOC) [(kJ mol-1)/(mgC L-1)], by a linear regression of the 
determined ΔG0 values. 
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2.2.7 Chemical and Isotopic Analyses 

2.2.7.1 Compound Quantification Using LC-MS/MS and HPLC 

Analyte concentrations in SPE eluates were quantified by ultrahigh-performance liquid 
chromatography (UHPLC, PLATINblue, Knauer, Germany) coupled to tandem mass 
spectrometry (MS/MS, AB Sciex Triple Quad 6500, Sciex). Concentrations of atrazine, 
S-metolachlor, boscalid, and azoxystrobin in extracts obtained from the SPE validation 
experiments were measured by an HPLC system (Nexera XR, Shimadzu, Japan) equipped 
with a diode array detector (SPD-M20A, Shimadzu, Japan). Details on both methods are 
given in the Supporting Information (S2.9). 

2.2.7.2 Compound-Specific Carbon Isotope Analysis 

Carbon isotope ratio measurements of atrazine, S-metolachlor, boscalid and azoxystrobin 
were performed on a GC-IRMS system consisting of a TRACE GC Ultra gas chromatograph 
which was coupled to a Finnigan MAT 253 isotope ratio mass spectrometer via a Finnigan 
GC Combustion III interface (all Thermo Fisher Scientific, Germany). Liquid samples of 
3 µL were injected by a GC PAL autosampler (CTC, Switzerland) into a split/splitless 
injector equipped with a splitless liner (5 mm inner diameter x 105 mm length, Thermo 
Fisher Scientific, Germany) at a temperature of 250 °C. The injector was operated for 1 min 
in splitless mode with a surge pressure of 250 kPa followed by split mode with a split flow 
of 20 mL min-1. Separation of analytes was accomplished at a constant helium flow rate of 
1.4 mL min-1 (corresponding to 34.5 cm s-1 linear flow velocity) with an Agilent J&W 
DB-5MS UI column (30 m length x 0.25 mm inner diameter x 1.0 µm film thickness), which 
was protected by a 1 m deactivated fused silica guard column (0.25 mm inner diameter, 
Agilent, USA). The temperature program of the GC oven started at 120 °C (1 min hold time), 
followed by temperature ramps of 22 °C min-1 to 250 °C and 40 °C min-1 to 325 °C (hold 
time 11 min). Upon elution from the column, target analytes were combusted at a 
temperature of 1050 °C in a customized oxidation reactor, which was re-oxidized after every 
measurement for 20 min with O2. The reactor consisted of an alumina tube (320 mm length, 
0.5 mm ID, 1.5 mm OD, Friatec, Germany) enclosing two nickel wires (0.1 mm diameter, 
99.99 % purity, Alfa Aesar, Germany) and one platinum wire (0.1 mm diameter, 99.99 % 
purity, Goodfellow, GB). Interfering nitrogen oxides were reduced at 650 °C using an 
identically constructed reactor, which contained three copper wires (0.1 mm diameter, 
99.9999 % purity, Alfa Aeser, Germany). Peak detection was automatically performed by 
the software Isodat (Thermo Fisher Scientific, Germany) using the individual background 
algorithm for baseline correction. The isotope ratios were calibrated against a laboratory 
monitoring gas (CO2), which in turn was calibrated against the international reference 
standards USGS 61, 62, 63, and 67. Method quantification limits were determined according 
to the moving mean procedure reported by Jochmann et al.265 (Figure S2.11) and are reported 
in Table S2.14. 
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To comply with the principle of identical sample treatment,119 triplicates of samples 
were bracketed within the measurement sequence with at least four in-house standards. 
Carbon isotope ratios are reported as arithmetic means of at least triplicate measurements 
with one standard deviation (±σ) in the form of isotopic signatures (δ13C) in per mil (‰) 
relative to the international reference material Vienna PeeDee Belemnite (VPDB): 

𝜕𝜕13C =  
� 𝐶𝐶13 𝐶𝐶12� �𝑠𝑠𝑒𝑒𝑐𝑐𝑐𝑐𝑙𝑙𝑟𝑟 − � 𝐶𝐶13 𝐶𝐶12� �𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑐𝑐𝑟𝑟

� 𝐶𝐶13 𝐶𝐶12� �
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑐𝑐𝑟𝑟

 (2.12) 

Shifts of isotopic signatures are reported as the deviation, Δδ13C (‰), between the measured 
isotope ratios in the processed sample (δ13Csample) and a solution of the same isotopic in-
house standard (δ13Cstandard) according to equation (2.13):  

∆𝜕𝜕13C = 𝜕𝜕13𝐶𝐶𝑠𝑠𝑒𝑒𝑐𝑐𝑐𝑐𝑙𝑙𝑟𝑟 − 𝜕𝜕13𝐶𝐶𝑠𝑠𝑒𝑒𝑒𝑒𝑖𝑖𝑑𝑑𝑒𝑒𝑟𝑟𝑑𝑑 (2.13) 

Uncertainties associated with measurements were propagated according to the Gaussian 
error propagation law and are reported as 95 % confidence intervals. In addition, carbon 
isotope ratios influenced by interfering UCM, δ13Ccalc, were predicted using isotope mass 
balances as described in the Supporting Information (S2.10.2). 

2.2.7.3 Organic Carbon Measurements 

DOC concentrations were determined as nonpurgeable organic carbon using a total organic 
carbon analyzer (TOC-L, Shimadzu, Japan) equipped with a combustion catalytic oxidation 
reactor (680 °C) and a nondispersive infrared (NDIR) detector. The instrument was 
calibrated immediately before sample analysis by measuring standard solutions of potassium 
hydrogen phthalate. Quality control measurements of blanks, constantly run alongside with 
samples, ensured background DOC values below the detection limit of the instrument 
(i.e., 0.05 mg L-1). DOC concentrations in methanolic extracts were measured after complete 
evaporation of the organic solvent (65 °C, N2, TurboVap LV, Biotage, Sweden), followed 
by reconstitution of the dry residues in ultrapure water by ultrasonication for 15 min and 
vortex mixing for 1 min. 
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2.3 Results and Discussion 

2.3.1 Carbon Isotope Analysis of Pesticides after Solid-Phase 
Extraction of Surface Water on β-Cyclodextrin Polymer and Oasis 
HLB Sorbent 

2.3.1.1 Selectivity Assessment through Unresolved Complex Mixture 

We assessed the applicability of β-CDP for the selective analyte extraction from surface 
water for CSIA. Figure 2.1 compares GC-IRMS chromatograms of carbon isotopic 
measurements of a surface water sample (containing 2.3 mgC L-1) extracted under identical 
conditions with either Oasis HLB (panel a) or β-CDP (panel b) and compared with a pure 
analyte standard mixture of identical concentration (panel c). The chromatograms 
correspond to eluates that had been enriched by a factor of 5000 and to which target 
compounds were spiked postextraction with the four target analytes in concentrations 
equivalent to 9.0 µg L-1 (atrazine), 6.3 µg L-1 (S-metolachlor), 6.4 µg L-1 (boscalid), and 
6.1 µg L-1 (azoxystrobin) in the pristine water sample. 

Superior selectivity of β-CDP over Oasis HLB is qualitatively evident through a 
comparison of the two baselines of the measured chromatograms. A prominent hump-shaped 
baseline in Figure 2.1a (i.e., retention time 500–700 s) reflects significant unresolved 
complex mixture (UCM) originating from co-enrichment of concurrent DOM from the water 
sample by the conventional SPE sorbent. In contrast, water extraction using the selective 
β-CDP sorbent reveals noticeably less UCM as shown in Figure 2.1b. In fact, the maximum 
elevation of the hump-shaped baseline at 595 s was quantitatively reduced from a maximum 
of 218 ± 17 mV (Figure 2.1a, Oasis HLB) to 67 ± 1 mV (Figure 2.1b, β-CDP). While β-CDP 
reduced intensities of UCM over the whole chromatogram, the reduction magnitude varied 
as a function of retention times. UCM was reduced by factors of 3.0 ± 0.1, 3.3 ± 0.3, 
1.6 ± 0.1, and 1.6 ± 0.1 at the retention times of the target analytes atrazine (540 s), 
S-metolachlor (604 s), boscalid (947 s), and azoxystrobin (1127 s), respectively. 

The detrimental effect of observed differences in SPE selectivity on accurate CSIA is 
demonstrated through the carbon isotopic shift (Δδ13C) of boscalid. Indeed, SPE employing 
β-CDP yielded a Δδ13C value of 0.4 ± 0.3 ‰ within the typical instrumental uncertainty of 
GC-IRMS measurements (i.e., ±0.5 ‰),266 whereas UCM present in the Oasis HLB eluate 
adversely affected both trueness and precision of isotope analysis (Δδ13C = 1.4 ± 0.5 ‰). 
These results show that despite the relatively small differences in background interferences 
between the two sorbents for boscalid (i.e., factor 1.6 ± 0.1), this can have a considerable 
impact on the interpretability of isotopic data highlighting the importance of careful selection 
of extraction sorbents. Nonetheless, carbon isotopic integrity of atrazine, S-metolachlor, and 
azoxystrobin was not influenced by UCM. This warrants a closer insight into the dependency 
of accurate isotope analysis as a function of interfering matrix as presented in the next 
section. 
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Figure 2.1. Comparison of GC-IRMS chromatograms of the main mass trace (m/z 44) for carbon isotope ratio 
determination of an identical surface water sample (2.3 mg L-1 DOC) extracted with either (a) Oasis HLB or 
(b) β-CDP and postspiked with the target analytes atrazine, S-metolachlor, boscalid, and azoxystrobin. The 
chromatogram of a pure standard mixture is displayed in panel (c). 

2.3.1.2 Matrix-Dependent Limits of Accurate Carbon Isotope Analysis 

We further investigated the impact of sorbent selectivity on accurate carbon isotope analysis 
as a function of increasing volume of extracted sample containing riverine DOM employing 
either Oasis HLB or β-CDP as sorbents. Figure 2.2 depicts deviations of the carbon isotopic 
signature from its original value for the four previously shown analytes, Δδ13C (Figure 2.2, 
left axis), as well as GC-IRMS baseline values (Figure 2.2, right axis) for extracts that 
contained constant analyte concentrations (i.e., equivalent to 1.67 mmolC L-1 or 
20.0 mgC L-1) but different amounts of extracted DOM, which are together expressed as 
carbon-normalized ratios of CDOM/Canalyte (Figure 2.2, top axis) and corresponding to 
different volumes of extracted water (Figure 2.2, bottom axis). The full set of data is provided 
in Table S2.15. 

It comes as no surprise that interfering baseline values steadily increased with larger 
extraction volumes for all compounds (Figure 2.2, gray diamonds) with lower baseline 
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responses measured for the more selective β-CDP compared with Oasis HLB (Table S2.16). 
Despite this, isotope ratios were accurately determined in all samples within 0.5 ‰ 
precision, except for boscalid, and regardless of the sorbent type or matrix amount 
(Figure 2.2, colored circles). We hypothesize that the absence of isotopic deviation for 
atrazine, S-metolachlor, and azoxystrobin as a function of increasing DOM amount is caused 
by the accidental match of their original isotopic signature (i.e., 
δ13C = -27.0 ± 0.1 ‰, -28.8 ± 0.0 ‰, and -27.8 ± 0.1 ‰, respectively) with the average 
isotopic composition of DOM (i.e., δ13C ≈ -27 ± 1 ‰).267 In contrast, the boscalid original 
value (δ13C = -32.5 ± 0.1 ‰) is 5.5 ± 1.0 ‰ lighter than that of DOM which can conceivably 
explain the strong impact of interfering DOM on this compound. Indeed, a theoretical 
isotope mass balance – based on the above isotopic signatures and the relative contributions 
of DOM and target analytes derived from peak areas of converted CO2 – confirms our 
hypothesis as discrepancies between observed and calculated values were insignificant for 
all four analytes (i.e., Δδ13Cobs – Δδ13Ccalc ranging from -0.5 ± 0.4 to 0.7 ± 0.6 ‰, 
Table S2.17). This implies that validation by an identical treatment of sample and standard 
will not work if the standard does not sufficiently deviate from the isotope value of the 
background interferences. For further discussions, we consider only boscalid. 

We derived a matrix-dependent limit for Oasis HLB and β-CDP as sorbents, for which 
accurate CSIA of boscalid was possible. For both sorbents, the limits corresponded to 
consistent CDOM/Canalyte ratios in the extracts of 7.4 and 9.2 molC molC-1, respectively 
(Figure 2.2, green vertical bars). This consistent ratio is indeed a plausible result for a matrix-
dependent limit because it is expected to be a function of signal-to-noise ratio of the GC-
IRMS and independent of how the sample was prepared. Moreover, these results agree well 
with the work of Bakkour,153 who observed compromised isotope analysis of atrazine in 
presence of DOM beyond CDOM/Canalyte ratios in SPE extracts of 10 molC molC-1. 
Furthermore, the SPE-CSIA procedure using β-CDP acquired accurate δ13C values up to a 
sample volume of 150 mL compared with only 20 mL for the procedure using Oasis HLB. 
Our conclusion that it was the interfering matrix – and not other artifacts – which led to 
inaccurate δ13C values beyond the found limits, indicated by the green bars in Figure 2.2, is 
supported by the following additional considerations: (i) Samples were spiked with target 
analytes after SPE, and thus, isotope fractionation induced by incomplete recovery of the 
analytes was excluded. (ii) Spiked concentrations were in the linear range of the GC-IRMS 
method (Figure S2.11). (iii) Quality control measures on the GC-IRMS system served to 
identify and eliminate active spots caused by sorption of nonvolatile matrix constituents onto 
the GC system; further, quantification of carry-overs of matrix between runs did not 
significantly influence δ13C values of bracketing standards (Figure S2.12). (iv) Comparison 
of nine background correction algorithms offered by the Isodat software gave identical 
results (Figure S2.13 and Table S2.18). These results show that limits of accurate CSIA of 
boscalid are enhanced by a factor up to 7.5 toward lower environmental concentrations when 
using β-CDP as an SPE sorbent. 
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Figure 2.2. Deviations of carbon isotopic signatures (Δδ13C) of atrazine, S-metolachlor, boscalid, and 
azoxystrobin from original values (δ13CSTD) and associated GC-IRMS baseline values at m/z 44 vs extraction 
volume on Oasis HLB (red) and β-CDP (blue) and corresponding carbon-normalized ratios of CDOM and Canalyte 
in the extract. Horizontal dashed lines represent the typical uncertainty for δ13C measurements on GC-IRMS 
(±0.5 ‰) and vertical green bars indicate matrix-dependent limits. Error bars of Δδ13C values reflect 95 % 
confidence intervals and uncertainties of baseline values are given as one standard deviation (±σ) of triplicate 
measurements. Outliers are presented as transparent symbols. 

2.3.2 Preferential Affinity of Cyclodextrin Polymers toward Target 
Analytes over Dissolved Organic Matter 

2.3.2.1 Recoveries of Target Analytes and DOM 

Extraction performance of target analytes and DOM – as quantified by LC-MS/MS and DOC 
analysis, respectively – was examined on β-CDP and compared with the conventional 
sorbents Oasis HLB, LiChrolut EN, and Supel-Select HLB. To this end, a spiked surface 
water sample containing 2.7 mgC L-1 and 11 target analytes at environmentally relevant 
concentrations of 1 µg L-1 was extracted at pH 3 and 7. Recoveries of DOC and target 
analytes as well as resultant carbon-normalized ratios of CDOM to Canalyte in the SPE extracts 
are depicted in Figure 2.3 and summarized in the Supporting Information (S2.12). 

Evidence for a significantly lower degree of DOM co-enrichment by β-CDP compared 
with commercial sorbents is illustrated in Figure 2.3a. At neutral pH, 4.0 ± 0.2, 6.2 ± 1.8, 
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and 9.6 ± 1.2 % of DOC were recovered by Supel-Select HLB, LiChrolut EN, and 
Oasis HLB, respectively, whereas β-CDP yielded only 1.6 ± 0.1 %. These results agree with 
our observation of reduced background interferences in the GC-IRMS chromatograms 
(Figure 2.1) and the resultant lower limits of CSIA when target analytes were extracted by 
β-CDP instead of the commercial sorbent (Figure 2.2). All sorbents coextracted considerably 
less DOC at pH 7 (1.6 ± 0.1 to 9.6 ± 1.2 %) compared to pH 3 (29.5 ± 0.5 to 47.0 ± 0.5 %, 
Figure 2.3a). These results are backed up by complete mass balances when DOC in eluates 
and filtrates is summed up (96 ± 3 to 102 ± 0 % at pH 3 and 99 ± 1 to 101 ± 1 % at pH 7, 
Table S2.22). A likely explanation for the greater recovery at pH 3 is that approx. 90 % of 
DOC in natural waters occurs in the form of carboxylic acids which are deprotonated at 
neutral pH208 and thus are not as strongly retained by the polymers. Hence, matrix-
susceptible analytics can substantially benefit from SPE performed at circumneutral 
conditions, as previously reported for HPLC-DAD detection of pesticides after SPE using 
polymeric sorbents such as SDB-1179 and LiChrolut EN.178 

In contrast to DOM recovery, analyte extraction was enhanced when SPE was performed 
at neutral pH as reflected by higher mean analyte recoveries of Oasis HLB (97 vs. 87 %), 
LiChrolut EN (90 vs. 79 %), Supel-Select HLB (84 vs. 73 %), and β-CDP (88 vs. 80 %) 
(Figure 2.3b). By increasing the pH, extraction performance especially increased for atrazine 
and terbuthylazine which are partially protonated under acidic conditions (Table S2.2). The 
nonspecific affinity of Oasis HLB and LiChrolut EN toward the different analytes is 
reflected in the narrower distribution of recoveries for the investigated compounds (smaller 
range of box and whisker plots in Figure 2.3b) as opposed to compound-specific affinity for 
β-CDP and Supel-Select HLB. Particularly, the smallest and most polar analytes BAM and 
metamitron (McGowan volume: 1.2 and 1.5 cm3 mol-1 100-1, log KOW < 1) could not be well 
retained on Supel-Select HLB (29 ± 3 and 57 ± 5 % at pH 7, respectively) or β-CDP (31 ± 3 
and 67 ± 2 %). For all other compounds, recoveries of β-CDP were comparable to the best-
performing conventional materials. This observation is consistent with a previous study that 
benchmarked β-CDP against Oasis HLB and reported equal or superior extraction 
performance of β-CDP for up to 189 organic micropollutants.195  

Altogether, combining recoveries for target analytes and DOM (Figure 2.3c) reveal that 
extraction by β-CDP at neutral pH is the most selective as indicated by lowest carbon-
normalized CDOM/Canalyte ratios among all sorbents (62 ± 2 to 324 ± 29 molC molC-1). 
Considering only moderately polar compounds (log KOW > 1), β-CDP even outperformed 
conventional sorbents by factors of 5.3 ± 0.2 to 6.1 ± 0.1 (Oasis HLB), 3.6 ± 0.2 to 5.2 ± 0.2 
(LiChrolut EN), and 2.3 ± 0.2 to 2.9 ± 0.3 (Supel-Select HLB). 
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Figure 2.3. Recoveries of (a) dissolved organic carbon (DOC) and (b) target analytes after solid-phase 
extraction of spiked surface water at either pH 3 or pH 7 using conventional (i.e., Oasis HLB, LiChrolut EN, 
Supel-Select HLB) or custom-synthesized β-CDP. Panel (c) represents resultant carbon-normalized ratios of 
CDOM to Canalyte in the SPE extracts. Data sets in panels (b, c) are illustrated as box and whisker plots, where 
boxes indicate median, 25th, and 75th percentile and whiskers extend up to 1.5 times the interquartile distance. 
Black dots denote average recoveries for individual compounds. Crossed and white circles denote mean values 
and outliers, respectively. 

2.3.2.2 Effect of Smaller CDP Cavity on Partition Coefficients and Recoveries 

To gain a compound-specific understanding of the observed different affinities of β-CDP 
toward the investigated compounds, we synthesized α-CDP which features a smaller cavity 
size of 0.57 nm, compared with 0.78 nm for β-CDP. This strategy follows a suggestion by 
Ling and co-workers194,198 who hypothesize an increase of the α-CDP affinity toward 
compounds of smaller sizes (i.e., McGowan volume < 1.7 cm3 mol-1 100-1; BAM, 
metamitron, and atrazine in our study) if the selectivity is merely size-driven. Contrary to 
the hypothesis, α-CDP exhibited lower recoveries for BAM, metamitron, and atrazine than 
β-CDP (20 ± 1 vs. 31 ± 3 %, 55 ± 0 vs. 67 ± 2 % and 66 ± 3 vs. 100 ± 0 %) and a slightly 
higher variation of analyte recoveries in comparison to β-CDP (19 to 113 vs. 28 to 111 %, 
respectively). Batch sorption studies further confirmed these results, showing no statistically 
significant enhancement in measured affinity for α-CDP toward metamitron (Kd, α-CDP = 
(11.1 ± 0.7) × 103 L kg-1 vs. Kd, β-CDP = (9.3 ± 1.1) × 103 L kg-1, p = 0.07) and atrazine 
(Kd, α-CDP = (7.9 ± 1.3) × 103 L kg-1 vs. Kd, β-CDP = (7.3 ± 1.0) × 103 L kg-1, p = 0.58), and 
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even a reduced sorption for BAM (Kd, α-CDP = (1.9 ± 0.4) × 103 L kg-1 vs. Kd, β-CDP = 
(3.7 ± 0.5) × 103 L kg-1, p = 0.01) (Table S2.9). Besides, the sorbent affinity (Kd) positively 
correlated with the molecular size of the sorbate (McGowan volume), with the most polar 
analytes (log KOW < 1.3) showing lowest affinities (Figure 2.4a) and recoveries 
(Figure 2.4b). Ling et al.198 reported for β-CDP a similar positive correlation between Kd and 
van der Waals volume and suggested a weaker interaction between small analytes and the 
sorption sites within the CD cavities. However, this correlation is also evident for Oasis HLB 
and Supel-Select HLB sorbents (Figure 2.4a), for which no size-exclusion mechanism in the 
size range of the model analytes is known. In fact, it is conceivable that the size-dependent 
free-energy differences in water cavity formation for the transfer of sorbates from the water 
to the sorbent phase give rise to such correlation on all sorbents.175,268 These results suggest 
that size-selective host-guest interactions with the CD moieties are not the dominant drivers 
of selectivity, but that possibly also interactions with the cross-linker play a role,201,202,253 
which are governed by other molecular properties of the sorbate, such as the polarity. Further 
research on the nature of dominant binding mechanisms behind the observed selectivity is 
nonetheless warranted with a larger data set of compounds. 

 
Figure 2.4. (a) Partition coefficients obtained from batch sorption experiments (log Kd) and (b) recoveries 
obtained from SPE experiments (pH 7) for the investigated target analytes versus the McGowan volume. The 
log KOW value, representing a proxy for the polarity of the analytes, is indicated as color-code. 

2.3.2.3 Effect of Concurrent DOM on Gibbs Free Energy of Adsorption 

When DOM is coextracted along with analytes, it does not only lead to interferences in 
subsequent analysis but may potentially also change the affinity of analytes to the sorbent 
phase, as expressed by changes in the Gibbs free energy of adsorption. To investigate this 
effect in a systematic manner, we selected 2,6-dichlorobenzamide (BAM) as an analyte with 
the lowest sorption affinity, and determined its Gibbs free energy of adsorption, ΔG0, from 
adsorption partition coefficients (Kd, Table S2.23) that were derived from retention times in 
columns filled with different sorbent materials. Competition between analyte and DOM on 
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the respective sorbent materials (Oasis HLB, Supel-Select HLB, and LiChrolut EN, as well 
as α-, β-, and γ-CDP, the latter featuring the biggest cavity size of 0.95 nm) was stimulated 
by modifying the concentration of Aldrich humic acid (AHA) in the mobile phase between 
0 and 5 mgC L-1. BAM served as a convenient model compound because (i) it allowed 
identical experimental conditions for all sorbents (e.g., composition of mobile phase, 
temperature), (ii) its low sorption affinity gave reason to expect that effects of surface 
competition with DOM would be immediately observable, and (iii) interactions between 
BAM and AHA were negligible (KOCW = 6 L kg-1, >99.99 % of BAM in the free form at all 
AHA concentrations, see S2.8.3), implying that observations could be pinpointed to 
processes at the sorbent phase. 

Negative Gibbs free energies of adsorption were measured for BAM sorption on all 
sorbents (Table 2.1), which reflect the spontaneous nature of the sorption process, whereas 
their magnitudes (ΔG0 from -15.22 ± 0.04 to -21.74 ± 0.01 kJ mol-1) are in a typical range 
of physisorption as expected for predominant van der Waals forces.269 With increasing AHA 
concentrations in the mobile phase, competition with organic matrix suppressed interactions 
of BAM with all sorbents as indicated by the slightly but steadily less negative ΔG0 values 
(Table 2.1). As a measure of the change in energy upon sorption of BAM in the absence and 
in the presence of DOM, we derived ΔΔG0 values (Table 2.1) as a function of AHA 
concentration by well-fitted linear regressions (R2 range from 0.83 to 0.97, Figure S2.14). 
Although the derived ΔΔG0 values are small for all investigated sorbents, the differences are 
still statistically significant and differ by a factor of ten ranging from 0.024 ± 0.002 for 
β-CDP to 0.217 ± 0.023 kJ mol-1/mgC L-1 for Oasis HLB.  

Table 2.1. Changes in Gibbs Free Energy (ΔG0) Involved in the Sorption Process of 2,6-Dichlorobenzamide 
(BAM) onto Conventional (i.e., Oasis HLB, LiChrolut EN, Supel-Select HLB) and Cyclodextrin-Based 
Sorbents (i.e., α-, β-, γ-CDP) at 25 ± 1 °C.* 

 

ΔG0 
[kJ mol-1]  

ΔΔG0 f(DOC)‡ 
[kJ mol-1/mgC L-1] 

 Aldrich humic acid concentration in eluent [mgC L-1] 
  

sorbent 0.00 1.25 2.50 3.75 5.00     

Oasis HLB -18.35 ± 0.03 -17.82 ± 0.02 -17.77 ± 0.13 -17.46 ± 0.12 n.a.§  0.217 ± 0.023 

Supel-Select HLB -16.69 ± 0.05 -16.30 ± 0.03 -16.19 ± 0.05 -16.15 ± 0.03 -15.95 ± 0.05  0.109 ± 0.011 

α-CDP -15.22 ± 0.04 -15.00 ± 0.05 -15.01 ± 0.05 -14.93 ± 0.05 -14.75 ± 0.06  0.083 ± 0.013 

LiChrolut EN -21.74 ± 0.01 -21.69 ± 0.02 n.a.§ -21.64 ± 0.02 -21.55 ± 0.03  0.034 ± 0.006 

γ-CDP -18.94 ± 0.02 -18.84 ± 0.01 n.a.§ -18.81 ± 0.03 -18.76 ± 0.03  0.032 ± 0.008 

β-CDP -17.10 ± 0.02 -17.05 ± 0.02 -17.03 ± 0.03 -17.00 ± 0.05 -16.98 ± 0.03  0.024 ± 0.002 

*Values were obtained by column chromatography experiments under the influence of varying concentrations of concurrent 
Aldrich humic acid. §n.a. = not available. ‡Changes of ΔG0 as a function of concurrent DOC (ΔΔG0 f(DOC)) were derived 
by linear regression; propagated uncertainties of ΔG0 reflect one standard deviation (±σ) of experimental triplicates and the 
standard error of the regression slope was used as uncertainty for ΔΔG0 f(DOC). 
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The lowest ΔΔG0 value of β-CDP suggests a weak competition effect of DOM on 
β-CDP, which confirms a previously reported small influence of DOM on the interaction 
between sorbate and cyclodextrin-based sorbent.194 Moreover, sorbents that showed less 
retained DOC in our SPE experiments, also experienced thermodynamically less influence 
by competing DOM in column experiments. In fact, a correlation was found between ΔΔG° 
for BAM and the sorbed organic carbon (Figure 2.5). This relationship however did not hold 
true for LiChrolut EN, which can be caused by its large surface area (i.e., 1200 m2 g-1). These 
results demonstrate that the observed reduced extraction of DOM was not an operational 
artifact of SPE experiments, and they elucidate a thermodynamic driver for weaker 
competition on β-CDP compared with commercial sorbents. 

 
Figure 2.5. ΔΔG0 values as a function of concurrent DOC derived by column chromatography studies for 
2,6-dichlorobenzamide (BAM) versus amount of organic carbon sorbed per mass unit sorbent obtained from 
SPE experiments. A well fitted (R2 = 0.98) exponential correlation of the data of α-, β-, and γ-CDP as well as 
Oasis HLB and Supel-Select HLB is represented by the black line encompassed by the 95 % confidence 
interval. The data point of LiChrolut EN is considered an outlier and therefore displayed transparently. 
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2.3.3 Validation of Carbon Isotopic Integrity after Solid-Phase 
Extraction of Surface Water on β-Cyclodextrin Polymer 

We validated the measured 13C/12C integrity, as well as recoveries, of boscalid, atrazine, 
S-metolachlor, and azoxystrobin on GC-IRMS after SPE on β-CDP for surface waters 
containing 3.5 mgC L-1 DOC and different analyte concentrations. Furthermore, a validation 
of different loading flow rates of water samples on SPE is warranted when SPE must be 
upscaled for large-volume extractions using larger SPE cartridges or disks at higher flow 
rates. Lastly, recycling of SPE materials may be required if sorbents are not yet launched on 
the market and synthesis in the laboratory is a limiting factor.  

Surface water samples spiked with analytes at concentrations ranging from 5 to 
500 µg L-1 were successfully extracted with β-CDP as reflected by recoveries between 
99 ± 2 and 103 ± 0 % for boscalid, 93 ± 0 and 99 ± 3 % for atrazine, 100 ± 5 and 105 ± 1 % 
for S-metolachlor, as well as 90 ± 1 and 101 ± 2 % for azoxystrobin (Figure 2.6, first 
column; Table S2.24). Measurement of accurate carbon isotope ratios across the entire 
concentration range (i.e., Δδ13C between -0.1 ± 0.3 and 0.2 ± 0.4 ‰) verified that β-CDP 
can be used to enrich selected target analytes without inducing an isotope fractionation. 
Moreover, increased flow rates did not induce a significant analyte breakthrough (86 ± 2 to 
103 ± 3 % recovery) and thus carbon isotope ratios of all analytes could be accurately 
measured with Δδ13C values between -0.2 ± 0.2 and 0.2 ± 0.1 ‰ (Figure 2.6, second 
column). Note that the chosen velocity range in our experiment was applied to custom-made 
SPE cartridges and would correspond to the following volumetric flow rates in conventional 
SPE formats: 1.2 to 9.7 mL min-1 (1 mL cartridge), 3.1 to 24.4 mL min-1 (3 mL), 6.1 to 
49.0 mL min-1 (6 mL), and 85.2 to 681.8 mL min-1 (47 mm disk) (Table S2.25). Lastly, 
owing to the high regeneration capacity of β-CDP,193,196 no isotopic fractionation was 
observed for the target analytes upon repetitive loading, elution, and regeneration of the 
materials (Figure 2.6, third column). Indeed, quantitative recoveries (96 ± 3 to 103 ± 4 %) 
and deviations of isotopic signatures within typical uncertainty (-0.1 ± 0.1 and 0.2 ± 0.2 ‰) 
rendered a six-fold recycling of β-CDP for S-metolachlor and boscalid possible. In contrast, 
recoveries of atrazine and azoxystrobin (97 ± 3 and 98 ± 1 % with fresh sorbent material) 
declined after regeneration to lowest values of 86 ± 2 and 72 ± 3 %, respectively. However, 
this slight decline in recoveries did not cause significant carbon isotopic shifts (Δδ13C 
between -0.3 ± 0.2 and 0.1 ± 0.2 ‰). 

This validated procedure suggests that β-CDP is a promising sorbent for CSIA of aquatic 
organic micropollutants offering a high dynamic range of analyte concentrations and 
operational SPE conditions. Variable analyte recoveries after regenerating β-CDP, 
nonetheless, stress that the entire sample preparation procedure must be scrutinized for 
potential isotopic fractionation of each target analyte. 
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Figure 2.6. Validation of carbon isotope integrity after SPE using β-CDP. Deviations of carbon isotopic 
signatures from original values (Δδ13C) and corresponding recoveries of boscalid, atrazine, S-metolachlor, and 
azoxystrobin vs prespiked analyte concentration, linear flow velocity, or extraction cycle after sorbent 
regeneration. Horizontal dashed lines represent the typical uncertainty of GC-IRMS for δ13C determination 
(± 0.5 ‰). Propagated uncertainties of Δδ13C are represented as 95 % confidence intervals and error bars of 
recovery data reflect one standard deviation (±σ) of triplicate experiments. 
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2.4 Conclusions 

The present study highlights that CSIA methodologies substantially benefit from sample 
preparation procedures involving analyte enrichment of natural water samples using 
innovative, cyclodextrin-based sorbents. We demonstrated an up to six times higher 
selectivity of β-CDP for target analytes over concurrent DOM in comparison to conventional 
SPE sorbents. Co-enrichment of interfering matrix constituents was successfully reduced in 
β-CDP extracts as reflected in significant elimination of unresolved complex mixture (UCM) 
in GC-IRMS chromatograms. Hence, limits of accurate CSIA could be improved to 7.5 times 
lower environmental contaminant concentrations when compared with an identical SPE-
CSIA procedure using the benchmark sorbent Oasis HLB. We observed for both SPE-CSIA 
procedures similar matrix-dependent limits above which accuracy of δ13C determination was 
significantly impaired, namely, approx. 10 times more matrix- than analyte-born carbon in 
the extract. A systematic investigation is warranted to conclusively assess whether such a 
CDOM/Canalyte threshold ratio of around 10 molC molC-1 is universally applicable for SPE-
CSIA procedures involving different matrices. 

Our findings further indicate that sorbent selectivity of CDPs is not dominated by their 
cavity size but might be governed by the polarity of their building blocks. Polymers 
optimized to capture a wide range of compound polarities, including highly polar matrix, are 
therefore not necessarily the first choice for targeted CSIA studies. Advantageous 
discrimination against polar DOM fractions by CDPs may however be associated with 
limited extraction performance for highly polar target analytes. The presented selective SPE 
using β-CDP combined with an advanced cleanup strategy (involving for instance 
preparative HPLC165 and MIPs166) opens up new prospects for micropollutant CSIA at field 
concentrations of tens to hundreds of nanograms per liter. Future research on the sorption 
behavior of a wider suite of analytes and DOM from different water matrices on CDPs will 
help (i) to shed more light on the predominant binding mechanism and thus (ii) to specifically 
tune sorbent selectivity for analytes of interest, and (iii) to further optimize the cleanup of 
remaining matrix. 
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Abstract 

Selectivity in solid-phase extraction (SPE) materials has become increasingly important for 
analyte enrichment in sensitive analytical workflows to alleviate detrimental matrix effects. 
Molecular-level investigation on matrix constituents, which are preferentially extracted or 
excluded, can provide the analytical chemist with valuable information to learn about their 
control on sorbent selectivity. In this work, we employ nontargeted Fourier transform ion 
cyclotron resonance mass spectrometry (FTICR MS) to elucidate the molecular 
chemodiversity of freshwater-derived dissolved organic matter (DOM) extracted by the 
selective model sorbent β-cyclodextrin polymer (β-CDP) in comparison to conventional, 
universal SPE sorbents (i.e., Oasis HLB, Supel-Select HLB, and LiChrolut EN). Statistical 
analysis of MS data corroborated the highly selective nature of β-CDP by revealing the 
extracted DOM spectra that are most dissimilar to original compositions. We found that its 
selectivity was characterized by pronounced discrimination against highly oxygenated and 
unsaturated DOM compounds, which were associated with the classes of lignin-like, tannin-
like, and carboxylic-rich alicyclic molecules. In contrast, conventional sorbents excluded 
less highly oxygenated compounds and showed a more universal extraction behavior for a 
wide range of DOM compositional space. We lay these findings in a larger context that aids 
the analyst in obtaining an a priori estimate of sorbent selectivity toward any target analyte 
of interest serving thereby an optimization of sample preparation. This study highlights the 
great value of nontargeted ultrahigh-resolution MS for better understanding of targeted 
analytics and provides new insights into the selective sorption behavior of novel sorbents. 
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3.1 Introduction 

Complex matrices in environmental,270-272 biological,273-276 or food samples,277,278 pose a 
major challenge to targeted analytical approaches based on liquid or gas chromatographic 
separation hyphenated to mass spectrometry (MS). Co-eluting endogenous interferences 
often lead to matrix effects, such as altered ionization efficiency,279,280 enhanced 
chromatographic response,277,281 and/or elevated baseline noise,151 which detrimentally 
affect method validation parameters (e.g., accuracy, reproducibility, linearity, or detection 
and quantification limits) and may ultimately compromise reliable target analysis. Selective 
sorbent materials become, therefore, increasingly important for analyte enrichment in 
sensitive analytical workflows including (ultra)trace residue analysis,277 or ultrasensitive 
bioanalytical assays.282 For this purpose, solid-phase extraction (SPE) has become the 
method of choice for aqueous matrices.150 Yet, the lack of selectivity inherent to commonly 
used, universal reversed-phase SPE sorbents252 (e.g., poly(styrene-divinylbenzene) 
polymers) still challenges matrix-susceptible analytical techniques. Innovative sorbent 
chemistries featuring selectivity for target analytes over an interfering matrix are thus 
warranted to develop tailor-made analytical procedures for current and future challenges in 
various fields of quantitative analysis. 

Recently, tunable sorbents such as porous cyclodextrin-based polymers have emerged 
in the area of water remediation,184 which can potentially be designed toward different 
classes of organic contaminants by manipulating the cross-linker chemistry.201,202,253,283,284 
The polymer obtained from cross-linking β-cyclodextrin with tetrafluoroterephthalonitrile 
(β-CDP)193 showed excellent extraction performance for various micropollutants, including 
pesticides, pharmaceuticals, and lifestyle chemicals, with only limited interferences from 
dissolved organic matter (DOM) in freshwater.194,195 To date, the selectivity of β-CDP has 
been described based on its lower sorption affinity for organic matrix constituents when 
compared with conventional sorbents. For example, Ling and co-workers observed less 
sorption inhibition for target analytes in the presence of fresh- or wastewater-derived DOM 
when β-CDP was used as sorbent instead of activated carbon.194,196  In addition, our previous 
study showed that β-CDP coextracted considerably less DOM than universal, polymeric SPE 
sorbents as unveiled by a sum parameter quantification of dissolved organic carbon (DOC) 
in extracts.285 The preferential exclusion of DOM constituents from its binding sites renders 
β-CDP an ideal selective model sorbent that is attractive for many targeted analytical 
applications. For example, significant enhancement of sensitivity by a factor of 7.5 was 
found by lowering backgrounds in gas chromatography-isotope ratio MS after using β CDP 
as an SPE sorbent compared with conventional Oasis HLB.285 Yet, it is unknown which 
specific fractions of the chemically diverse DOM are retained/excluded by the sorbent. Their 
detailed characterization can, in fact, help in understanding the sorbent selectivity on the 
molecular level and therefore contribute to further optimization of selective sample 
preparation workflows. 
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Fourier transform ion cyclotron resonance (FTICR) MS is the state-of-the-art technique 
for molecular characterization of heterogeneous and polydisperse chemical mixtures, such 
as freshwater DOM (e.g., refs 210,211,226,227). During the past decade, environmental 
DOM research has been successfully applying nontargeted FTICR MS analysis for assessing 
SPE sorbents in their ability to nonselectively extract the most from the DOM pool and 
obtain, thus, concentrated extracts that are as representative of the original composition as 
possible.286-292 For instance, it was demonstrated that a proprietary functionalized styrene-
divinylbenzene polymer was best suited for the most complete and representative DOM 
extraction,287,292 whereas hydrophilic lipophilic balanced (HLB) polymeric sorbents were 
shown to be particularly efficient in retaining a broad range of oxidized compounds.289,291 
Here, we take an opposite approach and use FTICR MS as a fingerprinting technique to 
specifically pinpoint preferentially retained and excluded DOM fractions under extraction 
conditions optimized for targeted analytics and hence to evaluate their control on sorbent 
selectivity. 

The overall goal of this work was, therefore, to elucidate the molecular chemodiversity 
of DOM extracted by β-CDP and commonly used universal sorbents (i.e., Oasis HLB, Supel-
Select HLB, and LiChrolut EN) from natural water matrices (i.e., surface and groundwater) 
and to deduce implications for the general analytical chemist. To meet this goal, we 
(i) explore characteristic features and trends among FTICR mass spectra of the original and 
sorbent DOM as exemplified on the nominal mass scale and across the entire assigned 
molecular formula pool; (ii) evaluate qualitatively the different DOM chemodiversities by 
visualization in van Krevelen diagrams; (iii) compare them quantitatively by categorization 
into molecular compound classes; and (iv) identify high-abundance and unique molecular 
signatures in the different sorbent extracts. 
  



Selectivity of β-CDP: Insights from Ultrahigh-Resolution MS 

57 

3.2 Experimental Section 

3.2.1 Chemicals, Materials, and Sorbents 

Detailed information on chemicals and materials is given in the Supporting Information (SI, 
S3.1) including CAS number, purity, grade, and supplier. Preparation of β-CDP followed 
the procedure reported by Alsbaiee et al.,193 as detailed in the SI (S3.2.1). Confirmation of 
successful synthesis of the polymer was obtained through characterization with scanning 
electron microscope imaging (S3.2.2) and Fourier transform infrared spectroscopy (S3.2.3). 

3.2.2 Solid-Phase Extraction of Dissolved Organic Matter 

DOM was isolated from 50 mL surface water (SW) and groundwater (GW) samples at pH 7 
by means of SPE using synthesized β-CDP and the conventional SPE sorbents Oasis HLB, 
LiChrolut EN, and Supel-Select HLB (for water collection and treatment, refer to S3.3). To 
this end, we used self-packed SPE cartridges (1 mL, polypropylene, Supelco, USA) with 
25 mg sorbent bed weights, in accordance with guidelines of Dittmar et al.293 for DOM 
extraction that are based on both sample volume and DOC concentration (Table S3.3). All 
experiments were performed utilizing a 12-port vacuum SPE manifold (Visiprep, Supelco, 
USA) at a volumetric flow rate of ≤ 1.0 mL min-1, corresponding to a linear flow velocity of 
≤ 4.1 cm min-1. 

Prior to sample loading, SPE cartridges were conditioned with 1 mL of methanol 
followed by at least 650 mL of ultrapure water (pH 7), which reduced leaching of sorbent 
material into sample permeates (Figure S3.4). Subsequently, samples at neutral pH were 
percolated through the cartridges and permeates were collected for a second extraction step. 
Once cartridges were loaded with sample, sorbents were washed with 1 mL of ultrapure 
water (pH 7), dried under vacuum for 24 h, and finally eluted with 1 mL of methanol. 
Similarly, we prepared procedural blanks by loading every sorbent with ultrapure water to 
account for contaminations introduced by the sorbent material. To characterize molecular 
DOM compositions of both the original water samples and SPE permeates, we extracted 
these samples using the functionalized styrene-divinylbenzene sorbent Bond Elut PPL 
(Agilent, CA, USA), as proposed by Li and co-workers292 (see S3.4.2). DOM characterized 
after PPL-based SPE of pristine water samples is hereafter referred to as the original DOM. 
Upon elution, 100 µL of aliquots of all extracts was separated for DOC analysis, which is 
described in the Supporting Information (S3.5). The remaining methanolic samples were 
stored at -20 °C until FTICR MS analysis. 

3.2.3 FTICR Mass Spectrometry and Molecular Formula Assignment 

Nontarget analysis of the extracted DOM after SPE was performed by high-field FTICR MS. 
The mass spectra were acquired using a 12 T Bruker Solarix mass spectrometer hyphenated 
to an Apollo II electrospray ionization (ESI) source (Bruker Daltonics, Bremen, Germany). 
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The ionization source was operated in negative mode [ESI(-)] to allow for the detection of a 
large diversity in molecular compositions including highly oxygenated compounds.294 In 
order to decrease ionization suppression and adduct formation and to prevent overloading of 
the ICR cell, all methanolic extracts were diluted to an optimal, pre-tested concentration of 
5 µgC mL-1 prior to injection. The flow rate was held constant at 2 µL min-1 with a nebulizer 
gas pressure of 138 kPa, a drying gas pressure of 103 kPa, and a source heater temperature 
of 200 °C. The autosampler was programmed to wash with 600 µL of 80:20 MeOH:water to 
prevent carryover. Mass spectra were acquired with a time domain of 4 megawords within a 
mass range of m/z 174.4 to 1400, and 400 scans were accumulated for each mass spectrum. 
All spectra were first externally calibrated based on clusters of arginine and then internally 
calibrated using DOM reference mass lists, reaching accuracy values lower than 100 ppb. 
Postprocessing of the spectra was executed using the software Compass DataAnalysis 4.1 
(Bruker Daltonics, Bremen, Germany). 

Sorbent-specific peaks caused by polymer leaching were first identified by the FTICR 
MS analysis of sorbent blanks and then removed from the peak lists of the corresponding 
sample extracts. The molecular formulas were assigned based on a restricted list of selected 
small molecular units with defined mass differences, corresponding to common chemical 
functional groups (i.e., CH2, H2, O, CO2, S, SO3, and NH) and transformations (NetCalc 
approach).295 Molecular formula assignments correspond to a multiple Kendrick analogue 
mass defect analysis and generate all homologous series according to the chosen 
transformations simultaneously. To account for ionization artifacts, data sets of permeate 
samples were filtered for assigned formulas that were also found in the original DOM 
compositions, as both were extracted under identical conditions using the Bond Elut PPL 
sorbent. The final molecular formula assignments of all samples were grouped into 
molecular series containing CHO, CHNO, and CHOS molecular compositions. 

3.2.4 Double Bond Equivalent and Aromaticity Index 

Chemical indices including double bond equivalent (DBE), carbon-normalized DBE 
(DBE/C), and the modified aromaticity index (AImod) were derived according to equation 
(3.1) and (3.2), as described by Koch and Dittmar:230,231 

𝐷𝐷𝐵𝐵𝐸𝐸 = 1 +
1
2

(2𝐶𝐶 − 𝐻𝐻 + 𝑁𝑁) (3.1) 

𝑎𝑎𝐾𝐾𝑐𝑐𝑐𝑐𝑑𝑑 =
1 + 𝐶𝐶 − 1

2𝑂𝑂 − 𝑠𝑠 − 1
2 (𝐻𝐻 + 𝑁𝑁)

𝐶𝐶 − 1
2𝑂𝑂 − 𝑁𝑁 − 𝑠𝑠

 (3.2) 

where C, H, N, O, and S are the numbers of carbon, hydrogen, nitrogen, oxygen, and sulfur 
atoms, respectively, in the molecular structure. We applied the AImod parameter to examine 
the degree of unsaturation of compounds due to a high number of carboxylic acids present 
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in freshwater DOM,208,213,219 where AImod values ≥ 0.5 indicate the aromatic character of 
molecules. 

3.2.5 Intensity-Weighted Average Values and Data Visualization 

Intensity-weighted averages (Xwa) of bulk parameters (Xi), such as elemental ratios or 
chemical indices, were calculated based on peak intensities (Int) of each assigned formula (i) 
according to equation (3.3): 

𝑋𝑋𝑤𝑤𝑒𝑒 =
∑ 𝑋𝑋𝑖𝑖 × 𝐾𝐾𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖
𝑖𝑖=1
∑ 𝐾𝐾𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖
𝑖𝑖=1

 (3.3) 

To reduce the complexity of the FTICR MS spectra, we visualized the data sets in the form 
of van Krevelen diagrams,229 which depict the elemental H/C ratio of each assigned 
molecular formula as a function of its O/C ratio. The assignment of compound classes in the 
van Krevelen diagram based on characteristic H/C and O/C ratios of major biogeochemical 
precursor materials, such as lipid-, lignin-, or tannin-like molecules, was derived from 
several previous studies,213-216,294,296-299 as depicted in the SI (Figure S3.5). Van Krevelen 
diagrams were complemented by plots projecting H/C or O/C elemental ratios versus m/z 
values (hereafter referred to as mass-edited H/C or O/C diagrams) to explore the mass 
distribution of the extracted compounds. Symbol sizes in both van Krevelen and mass-edited 
diagrams reflect relative peak intensities (RI), which were calculated based on the sum of 
the total peak intensity according to equation (3.4): 

𝑅𝑅𝐾𝐾 =
𝐾𝐾𝑐𝑐𝑐𝑐𝑖𝑖

∑ 𝐾𝐾𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖
𝑖𝑖=1

× 1000 (3.4) 

3.2.6 Intensity-Weighted Population Density and Statistical Analysis 

For a more robust, quantitative comparison of molecular compositions in different SPE 
extracts, intensity-weighted population densities were calculated for six distinctly delimited 
molecular classes, which were predefined according to atomic ratios (i.e., H/C and O/C) and 
modified aromaticity indices, as described by Kellerman et al.297 These molecular classes 
included saturated (H/C ≥ 1.5, O/C < 0.3, N = 0), N-containing aliphatic (H/C ≥ 1.5, N ≥ 1), 
aliphatic and alicyclic (H/C ≥ 1.5, O/C ≥ 0.3, N = 0), low-oxidized unsaturated (H/C < 1.5, 
O/C ≤ 0.5, AImod < 0.5), highly oxidized unsaturated (H/C < 1.5, O/C > 0.5, AImod < 0.5), 
and aromatic and condensed (AImod ≥ 0.5) compounds. The intensity-weighted population 
density was determined for each molecular class based on the sum of relative intensities 
according to equation (3.5):300 

𝐷𝐷𝑏𝑏 =
∑ 𝐾𝐾𝑐𝑐𝑐𝑐𝑖𝑖
𝑁𝑁𝑘𝑘
𝑖𝑖=1

∑ 𝐾𝐾𝑐𝑐𝑐𝑐𝑗𝑗𝑁𝑁
𝑗𝑗=1

 (3.5) 
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where Dk is the intensity-weighted population density of molecular class k, ∑Inti is the sum 
of relative intensities for mass peaks in each class, and ∑Intj is the sum of relative intensities 
for all mass peaks. 

Hierarchical cluster analysis (HCA) was performed using the software Hierarchical 
Clustering Explorer 3.0 (University of Maryland, USA) where clustering of the normalized 
data sets was achieved by applying the average linkage method (UPGMA) and distance 
metrics based on Pearson correlation coefficients. Principal component analysis (PCA) was 
performed with SIMCA-P 9.0 software (Umetrics AB, Sweden). 
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3.3 Results and Discussion 

We explored the extraction selectivity of β-CDP and three conventional polymeric SPE 
sorbents (i.e., Oasis HLB, LiChrolut EN, and Supel-Select HLB) by high-field FTICR MS 
analysis of DOM in both SPE permeates (Table S3.4) and extracts (Table S3.5). To this end, 
SW and GW samples were extracted at neutral pH, at which a high degree of sorbent 
selectivity (i.e., low level of DOC coextraction) was previously demonstrated.285 Owing to 
the high mass accuracy obtained by ultrahigh-resolution MS, we assigned a total of 16,769 
individual mass peaks to their corresponding unique elemental composition in the C, H, O, 
N, and S chemical space. Since DOM extraction efficiencies are typically low at neutral pH 
for the tested sorbents (i.e., < 10 %),285 the majority of DOM constituents were not retained 
and molecular signatures in SPE permeates largely resembled original DOM compositions 
(Figure S3.6). We therefore focus our further discussion on molecular DOM compositions 
obtained from FTICR MS analysis of only sorbent extracts. 

3.3.1 Characteristic Features in FTICR Mass Spectra of DOM Extracts 

The negative ESI FTICR mass spectra of the original SW and GW DOM revealed skewed 
near Gaussian-type mass peak distributions with maximum intensities around m/z 400, 
typical of freshwater-derived DOM (Figure S3.7).216,286,294 Extraction selectivity of the 
investigated sorbents becomes evident upon inspection of the mass spectra of their 
corresponding extracts, as shown in Figure 3.1. Compared with the original SW DOM 
spectrum, the sorbent spectra showed less intense bulk DOM signatures and several scattered 
mass peaks with relatively higher intensities, especially in the β-CDP extract (panel a1). GW 
sorbent extracts followed the same trend; DOM signatures were however better developed 
(panel b1). Multivariate statistical analyses involving the complete, normalized FTICR MS 
data sets demonstrated distinct differences between original DOM and sorbent extracts, as 
samples were separated in HCA dendrograms (panels a2 and b2) and PCA score plots 
(Figure S3.8). Both HCA and PCA unveiled a high degree of similarity between DOM 
extracted with Oasis HLB and LiChrolut EN, while Supel-Select HLB extracts were either 
more similar to β-CDP (in case of SW) or the other conventional sorbents (in case of GW). 
Confirming its selective behavior, β-CDP extracts comprised the most dissimilar DOM 
compared with the original compositions, as particularly reflected in most distanced 
clustering of β-CDP samples in PCA score plots. 

Characteristic molecular-level differences among the sorbent extracts are revealed by 
relative peak intensities at the nominal mass scale as exemplified for CHO-assigned 
formulas at m/z 471 (Figure 3.1, panel a3 and b3). The nine mass peaks in both original 
DOM spectra were assigned to two formula series (i.e., C22H15O12- to C26H31O8- indicated in 
green, C19H19O14- to C22H31O11- indicated in black, panels a4 and b4), which are 
characterized by mass spacings attributed to the nominal substitution of O with CH4 (i.e., 
36.4 mDa),301 and thus decline in degree of both oxygenation (O/C) and unsaturation (H/C, 



Chapter 3 

62 

DBE, DBE/C, and AImod) with increasing m/z (Table S3.6). Compared with original spectra, 
all sorbents discriminated against relatively oxygen-rich and unsaturated (i.e., hydrogen-
deficient) compounds as reflected in a gradual decrease of relative intensities for compounds 
with higher O/C and lower H/C ratios, as well as higher DBE, DBE/C, and AImod indices. In 
fact, this trend has also been observed for the entire assigned formula pool, as shown by 
intensity-weighted averages of elemental ratios and chemical indices (Table S3.5). While 
the average H/C and O/C values of the original DOM (i.e., SW, 1.18 and 0.48, and GW, 1.11 
and 0.49, respectively) agreed with the reported values for freshwater DOM,287,291,302 we 
observed distinct shifts to higher, more saturated H/C values of 1.32 (SW) and 1.25 (GW) 
for Oasis HLB, followed by a gradual increase to maxima of 1.48 and 1.39, respectively, in 
the order LiChrolut EN < Supel-Select HLB < β-CDP (Figure S3.9). Correspondingly, 
chemical indices representing relative unsaturation (i.e., DBE, DBE/C, and AImod) declined 
in the same order. The average O/C values decreased from 0.42 to 0.32 (SW) and from 0.38 
to 0.29 (GW) in the order LiChrolut EN > Oasis HLB > Supel-Select HLB > β-CDP. Thus, 
β-CDP extracted on average the most hydrogen-saturated (highest %H and H/C) and 
oxygen-deficient (lowest %O and O/C) DOM pool, indicative of the most pronounced 
selectivity among the tested sorbents. 

 
Figure 3.1. Negative ESI 12 T FTICR mass spectra of the original SW and GW DOM and the respective 
extracts of the conventional SPE sorbents (i.e., Oasis HLB, LiChrolut EN, and Supel-Select HLB) and 
β-cyclodextrin polymer (β-CDP). Panels a1 and b1 display the spectra from m/z 200 to 800. Corresponding 
dendrograms of an HCA of all m/z ions based on normalized peak intensities and Pearson similarity indices 
are shown in panels a2 and b2. The 170 mDa mass scale-expanded segments at nominal m/z 471 are presented 
in panels a3 and b3, with magnifications of the original SW and GW composition provided in panels a4 and 
b4. Two series of assigned CHO formulas are indicated in black and green, which are both characterized by 
the recurring CH4 vs O mass spacing pattern (Δm = 36.4 mDa, purple arrows). 
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3.3.2 Chemodiversity of DOM Extracted by β-Cyclodextrin Polymer and 
Universal SPE Sorbents 

The further elucidation of DOM chemodiversity in sorbent extracts was facilitated by 
projecting the chemical compositions of all mass peaks assigned to CHO, CHNO, and CHOS 
molecular series onto van Krevelen (Figure 3.2a) and mass-edited H/C diagrams 
(Figure S3.11). Rich chemodiversity was found in the original SW and GW DOM as 
revealed by the high numbers of assigned formulas (i.e., 7549 for SW, 6126 for GW) 
occupying a wide range in the CHO compositional space (H/C, 0.5 – 2.0; O/C, 0.04 – 0.9; 
m/z, 160 - 940; for further characterization, see S3.8.2). This confirms the suitability of the 
investigated sample matrices to comprehensively assess the extraction performance of 
selective and universal sorbent materials. As expected for freshwater DOM, the majority of 
assigned formulas in both samples covered regions in the van Krevelen diagrams commonly 
ascribed to the major biogeochemical precursors of lignin-like,214,215,298,299 tannin-like,216,296 
and refractory carboxylic-rich alicyclic molecules (CRAMs).213 CRAMs represent the 
highly diverse transformation products of ultimately terpenoid origin,212 which are 
prominent constituents in terrestrially derived DOM.217-220 

SPE at neutral pH using β-CDP and universal sorbents resulted in discriminative DOM 
pools as reflected in (i) predominantly lower numbers of assigned formulas ranging from 
2031/7549 (27 %) to 3469/6126 (57 %) for β-CDP, and from 5571/7549 (74 %) to 
6173/6126 (101 %) for Oasis HLB in SW and GW, respectively, and (ii) shifts in 
chemodiversity that manifested in different coverage of the van Krevelen plots compared 
with original compositions. As an overarching trend, we observed less densely populated 
areas in van Krevelen diagrams assigned to highly oxygenated (O/C > 0.5) and unsaturated 
compounds (H/C < 1.5) of all molecular members (Figure 3.2a). Correspondingly, we 
identified a wide array of unsaturated, oxygen-rich compounds present in the original 
samples (i.e., 2961 in SW and 2148 in GW) that were not detected in any sorbent extract 
(Figure S3.13). Tendentially lower DBE yet higher DBE-O values of CHO-assigned 
compounds in sorbent extracts suggest molecules rich in carboxylic moieties as principal 
constituents of this missing compound group (Figure S3.14),286 in line with the observed 
trends toward higher average H/C and lower O/C in sorbent extracts.210 These results are 
conceivable since carboxylic acids belong to the most prominent functionalities in DOM208 
where their high degree of deprotonation at neutral pH303 renders them highly soluble in 
water and thus reduces their nonionic interactions with the sorbent phase. On the one hand, 
this is consistent with recent studies investigating the impact of sample acidification on 
molecular SPE-DOM compositions.304-306 On the other hand, it emphasizes from a target 
analysis point of view the importance of pH optimization, which can lead to cleaner samples 
alleviating the need for multistep cleanup prior to analysis, provided that extraction pH is 
uncritical for the retention of target analyte(s). 
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Furthermore, the van Krevelen diagrams were quantitatively evaluated based on 
intensity-weighted population densities for six distinct molecular classes (Figure 3.2b). In 
contrast to the original compositions, all sorbent extracts were dominated by low-oxidized 
unsaturated (Figure 3.2b, light green), presumably lignin-like compounds mostly without 
carboxylic functionalities,307 which accounted for 40 to 80 % of total extracted DOM. The 
contribution of highly oxidized unsaturated compounds (dark green) decreased from 
originally 40 to 8 – 21 % (SW) and 3 – 10 % (GW), respectively, reflecting the loss of 
carboxylated species, such as hydrolyzable tannins and CRAMs.307,308 The lower abundance 
of aromatic and condensed compounds in sorbent extracts, reflected in both intensity-
weighted (2 – 4 %, Figure 3.2b, black) and total percentage (4.1 – 9.9 %, Table S3.5), implies 
an additional loss of possibly condensed tannins and aromatic carboxylic acids. Altogether, 
β-CDP selectively extracted the most restricted compositional space (i.e., ≥90 % of total 
coverage in the low-oxidized unsaturated and saturated/aliphatic regions, Figure 3.2b, light 
green to red) while discriminating strongest against highly O-functionalized unsaturated and 
aromatic DOM constituents. In contrast, universal sorbents showed less discrimination with 
most selective sorbents following the order Supel-Select HLB > LiChrolut EN > Oasis HLB, 
in accordance with shifts in bulk average H/C and O/C values, and HCA similarity.  

 
Figure 3.2. (a) Molecular composition of the original SW and GW DOM and DOM in conventional (i.e., 
Oasis HLB, LiChrolut EN, and Supel-Select HLB) and β-CDP sorbent extracts projected onto van Krevelen 
diagrams. Symbols are color-coded according to the CHO (blue), CHNO (orange), and CHOS (green) 
molecular series, and symbol sizes reflect relative signal intensities of each mass peak. The insert pie charts 
indicate the relative proportions of molecular series, with total number of assigned formulas provided. 
(b) Molecular class distributions on the basis of intensity-weighted population densities obtained by 
partitioning of van Krevelen diagrams into molecular classes based on elemental ratios and modified 
aromaticity indices. 
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3.3.3 High-Abundance and Unique Molecular DOM Signatures in SPE 
Extracts 

Specific extraction preferences of the sorbents are unveiled by the most abundant mass peaks 
found in the corresponding extract. These are presented in mass-edited O/C diagrams 
(Figure 3.3) for spectra of highest similarity as identified through HCA (cf. Figure 3.1). The 
horizontal dotted lines in Figure 3.3 indicate the O/C ratio above which 95 % of peak 
intensities were present in the respective cluster. The progressive decline of these lines from 
O/C of 0.45 in the original DOM (Figure 3.3, left panels) to 0.28 in sorbent cluster 1 (middle 
panels) and to 0.11 – 0.17 in sorbent clusters 2 (right panels) demonstrates the discrimination 
against ionized and highly polar DOM species under neutral extraction conditions. 
Nonetheless, conventional sorbents specifically showed a preference for compounds within 
an O/C window from 0.28 to 0.45, where most compounds (94 %) were found especially in 
GW extracts (cluster 1; Figure 3.3b). In SW extracts of cluster 1 (Figure 3.3a, middle panel), 
several abundant compounds were additionally found at O/C > 0.45 and primarily comprised 
saturated CHNO compounds (Figure S3.15a). In contrast, β-CDP (cluster 2) exhibited 
extraction preference for even more oxygen-deficient compounds as reflected in (i) a 
majority of abundant compounds with O/C < 0.28 as opposed to cluster 1 and (ii) the lowest 
95 % dividing lines. Additional abundant compounds of higher oxygenation (O/C > 0.28) in 
cluster 2 mainly comprised low-molecular-weight (m/z < 550) molecules of relative 
aliphatic character (H/C ~1.5, Figure S3.15). We note that Supel-Select HLB exhibited 
extraction preferences either more similar to β-CDP (SW) or to the other conventional 
sorbents (GW), implying that sorbent selectivity can also be impacted by the nature of the 
matrix itself, in line with previous studies.289,309 

 
Figure 3.3. Mass-edited O/C diagrams of highly abundant molecular compositions in (a) SW and (b) GW 
samples of highest similarity identified by HCA (cf. Figure 3.1). Symbols are color-coded according to CHO 
(blue), CHNO (orange), and CHOS (green) molecular series, and symbol sizes reflect relative signal intensities 
of each mass peak. The dotted lines indicate O/C ratios above which 95 % of peak intensities were present. 
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Scarce unique molecular signatures of 678 and 817 assigned formulas for the SW and GW 
sample, respectively, further underpin the selective sorption behavior of β-CDP. As 
displayed in Figure 3.4, these features were primarily relatively saturated and oxygen-
deficient (H/C > 1, O/C < 0.5) and cluster in the region of lipid-like and O-deficient lignin-
like compounds in the van Krevelen diagram. In addition, mass-edited H/C ratios reveal that 
mostly compounds of molecular weight below approximately 600 Da were uniquely retained 
by β-CDP. In contrast, the multitude of approximately 5700 molecular compositions 
exclusively detected in conventional sorbent extracts of both water types (i) covered the 
entire mass range and (ii) span across a wide range of compositional space (see also 
Figure S3.16), namely, from highly saturated (H/C = 2) to aromatic compounds (H/C < 1 
and AImod ≥ 0.5) with low to extremely high degrees of oxidation (O/C = 0.02 – 0.95), 
including lignin- and tannin-like compounds, as well as CRAMs. This markedly universal 
extraction behavior agrees with the reported capability of HLB sorbents289,291 and the hyper-
cross-linked LiChrolut EN178,310 to also efficiently retain highly oxygenated compounds. 
Additional extraction preferences toward certain compound classes, such as saturated and 
unsaturated sulfolipids,223 carbohydrate-like molecules,298 as well as oxygen-deficient black 
sulfur224 and nitrogen,311 even extended the molecular diversity of DOM extracted by 
conventional sorbents (cf. label A to G in Figure 3.4). 

 
Figure 3.4. (a) Van Krevelen and mass-edited H/C diagrams of unique molecular signatures present in either 
conventional sorbent or β-CDP extracts. Symbols are color-coded according to CHO (blue), CHNO (orange), 
and CHOS (green) molecular series, and symbol sizes reflect the relative signal intensities of each mass peak. 
Assignment of selected compound classes: saturated (A) and unsaturated (B) sulfolipids, oxygen-deficient 
black sulfur (C) and nitrogen (D), carbohydrate-like (E), lipid-like (F), and oxygen-deficient lignin-like 
compounds (G). (b) Venn diagrams indicating counts of shared and unique molecular compositions. 
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3.4 Conclusions and Analytical Implications 

The current work offers a molecular-level insight into the selective character of the model 
sorbent β-CDP, which was previously only indirectly observed as resilience to sorption 
inhibition of target analytes caused by fouling from DOM194,196 or directly measured as 
reduced matrix coextraction by bulk DOC analysis.285 The small numbers of retained DOM 
compounds on β-CDP, as revealed by FTICR MS and compared with those of the 
investigated universal sorbents, have in fact important analytical implications. For instance, 
when target analytes are equally well captured by a selective and universal sorbent, as it is 
the case for β-CDP with a multitude of micropollutants when compared with Oasis HLB,195 
it is more sensible to choose the selective sorbent to obtain cleaner sample extracts and 
subsequently less interferences during target analysis. In fact, the comparison between 
FTICR MS data and DOC measurements, which were obtained for the extraction of the same 
water sample under identical conditions,285 revealed an excellent correlation between the 
number of assigned molecular formulas and recovered DOC in sorbent extracts (r2 = 0.988, 
Figure 3.5a). The straightforward and simple measurement of the DOC sum parameter can 
thus serve as a reliable proxy for the sorbent selectivity during analytical method 
development. 

Compared with the universal sorbents, β-CDP was found to discriminate most strongly 
against some of the most ubiquitous terrigenous DOM constituents: oxygenated and 
unsaturated compounds. Since these are the typical main components in freshwater-derived 
organic matrices, these findings can effectively be used as an a priori assessment for 
extraction procedures as well as cleanup strategies for environmental samples. In fact, we 
show in Figure 3.5 an example of using the chemical space extracted by β-CDP to roughly 
predict the sorbent selectivity toward molecular compositions of potential target compounds. 
Indeed, the approach reveals that β-CDP is particularly efficient (i.e., reported recoveries 
≥ 75 %) in retaining nonionic compounds that mainly appear in the van Krevelen diagram 
in the region of O/C < 0.5 (Figure 3.5b), which largely overlaps with the compositional space 
of DOM that is preferentially extracted by the sorbent. The overlap also suggests that 
variability in the original compositional space of DOM will impact the selectivity magnitude 
of β-CDP. From an analytical perspective, it is a drawback when similar compounds are 
coextracted that cause matrix effects, such as (phospho)lipids or proteins in biological and 
food matrices,280,312 or in algae-derived environmental DOM,309 which are particularly 
known to suppress ionization efficiencies in LC-MS. This underscores the necessity for (i) a 
critical method validation for each individual sample matrix and (ii) careful tailoring of 
sample preparation protocols to the particular needs of the analytical approach. 

This study highlights the outstanding suitability of a nontargeted ultrahigh-resolution 
MS approach for sorbent selectivity assessment on the molecular level and certifies β-CDP 
as an advantageous sorbent for selective SPE to discriminate against environmental DOM 
in matrix-susceptible analytical applications. Further research on the exact binding 
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mechanisms that govern the selectivity of β-CDP could contribute to designing even more 
efficient and selective CD-based sorbent materials. 

 
Figure 3.5. (a) Recovery of DOC after SPE of SW sample versus the number of assigned molecular formulas 
derived from FTICR MS analysis. DOC data was obtained from ref. 285, where the same SW sample was 
extracted under identical experimental conditions. (b) Van Krevelen diagram of SW and GW DOM (light gray 
circles) superimposed by the molecular composition of nonionic target analytes with recoveries >75 %, both 
extracted using β-CDP at pH 7. The figure is original and has been produced using data from this study, DOC 
recovery data from Glöckler et al., 2023 (ref. 285), and target analyte recoveries data from Glöckler et al., 2023 
(ref. 285), Li et al., 2018 (ref. 195), and Ling et al., 2017 (ref. 194).
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Abstract 

Cyclodextrin polymers (CDPs) are promising next-generation adsorbents in water 
purification technologies. The selectivity of the polymer derivate cross-linked with 
tetrafluoroterephthalonitrile (TFN-CDP) for nonionic and cationic micropollutants (MPs) 
over dissolved organic matter (DOM) renders the adsorbent also attractive for many 
analytical applications. The molecular drivers of the observed selectivity are, nonetheless, 
not yet fully understood. To provide new insights into the sorption mechanism, we 
(i) synthesized TFN-CDPs with different cavity sizes (α-, β-, γ-CDP); (ii) assessed their 
extraction efficiencies for selected nonionic MPs in competition with different DOM size 
fractions (<1, 1-3, 3-10, >10 kDa) to test for size-selectivity; and (iii) performed nontargeted, 
ultrahigh-resolution Fourier transform ion cyclotron resonance mass spectrometry (FTICR 
MS) analysis on CDP-extracted DOM compounds (<1 kDa) to probe for molecular sorbate 
properties governing their selective sorption. First, no evidence of size-selectivity was 
obtained through neither the different CD cavity sizes (i) or the two independent approaches 
(ii) and (iii). Second, we found a dominant impact of sorbate oxygenation and polarity on 
extraction of DOM and MPs, respectively, with relatively oxygen-poor/nonpolar molecules 
favorably retained on all α-, β-, and γ-CDP. Third, our data indicates exclusion of an anionic 
matrix, such as carboxylic acids, but preferential sorption of cationic nitrogen-bearing DOM, 
pointing at repulsive and attractive forces with the negatively charged cross-linker as a likely 
reason. Therefore, we ascribe TFN-CDP’s selectivity to nonpolar and electrostatic 
interactions between MPs/DOM and the polymer building blocks. These molecular insights 
can further aid in the optimization of efficient and selective sorbent design for environmental 
and analytical applications. 
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4.1 Introduction 

The ubiquitous contamination of natural water by organic micropollutants (MPs), such as 
pesticides, pharmaceuticals, and industrial chemicals, is recognized as a major global 
environmental issue, potentially threatening aquatic ecosystems and human health.3,313 As 
water scarcity increases, there is a growing need for monitoring and remediation strategies 
to identify and remove pollutant substances from both wastewater and freshwater. 
Cyclodextrin-based polymers (CDPs) have raised interest as cost-effective, regenerable 
next-generation adsorbents for environmental and analytical applications, including 
adsorption-based water treatment,199,314,315 and solid-phase extraction (SPE) prior to 
chemical analysis.191,316-319 Cyclodextrins (CDs) are a group of cyclic oligosaccharides 
composed of several glucose units linked by α-1,4-glycosidic bonds, which can be 
sustainably produced by the enzymatic degradation of starch.185,186 Their toroidal, cone-
shaped structure and apolar interstitial cavity enable the formation of inclusion complexes 
with thousands of organic compounds through host-guest interactions, which are mainly 
based on hydrophobic (i.e., favorable change in free energy during inclusion) and van der 
Waals forces.187,188 This characteristic encapsulation property has led to numerous 
applications of CDs in diverse industrial sectors, such as pharmaceutics, food, 
biotechnology, agrochemistry, catalysis, and chromatography.185,189 

To benefit from their unique binding properties in purification or separation processes, 
it is necessary to immobilize the soluble native CDs in a water-insoluble network through 
polymerization reactions.191,192 By introducing a perfluoroarene cross-linker (i.e., 
tetrafluoroterephthalonitrile, TFN) into the polymer network, Alsbaiee and co-workers 
recently synthesized the first high-surface-area polymer derivate (TFN-CDP, Figure 4.1),193 
whose mesoporous structure facilitated immediate access to the binding sites and a high 
sorption capacity. TFN-CDP rapidly removed a multitude of MPs from water, outperforming 
traditional carbon-based194 and polymeric sorbents.195 Most notably, TFN-CDP offers a high 
selectivity for MPs over concurrent dissolved organic matter (DOM) which renders it less 
susceptible to fouling in water purification systems196 and can reduce analytical interferences 
caused by coextracted organic matrix when employed as an SPE sorbent.285 Although several 
attempts have been made to explain the observed selectivity of TFN-CDP, the underlying 
molecular drivers have not yet been fully elucidated. A sound understanding of the sorption 
process is nonetheless critical for further development of efficient and selective polymer 
designs. 

One proposed mechanism that may be responsible for the selectivity is size exclusion of 
molecules larger than 0.6 kDa by the uniform CD cavities, as suggested by Ling and co-
workers.196 This conclusion was derived indirectly on the basis of inhibited sorption of MPs 
in water samples rich in low-molecular weight (MW) DOM. Yet, no size exclusion was 
observed in a subsequent quantitative structure-activity relationship (QSAR) study for 
selected MPs between 0.1 and 0.8 kDa and an upper size boundary was postulated for 
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molecules above that range.198 On the contrary, a positive correlation between sorbate size 
and affinity to TFN-CDP was found, which was explained by the fact that small molecules 
have access to the binding sites in the CD cavities, but interactions with them would be 
limited due to their small size. However, this correlation can also be ascribed to the higher 
amount of free energy required for water cavity formation for larger and thus less polar 
molecules, rendering their partitioning to the sorbent phase more favorable.175,268 In fact, we 
observed a similar correlation but also for conventional reversed-phase sorbents that are not 
supposed to be driven by size-selectivity.285 We rather found indication of the importance of 
polarity for the sorption of nonionic sorbates by revealing the lowest affinities and recoveries 
for most polar analytes on TFN-CDP285 and a shift in chemodiversity of extracted matrix 
constituents toward oxygen-poor, saturated (i.e., nonpolar) compounds.320 This is 
conceivable since less polar molecules are known to show higher affinity for the apolar CD 
cavity14,26 as well as hydrophobic cross-linkers.204 Furthermore, cross-linker 
interactions205,253,284,321,322 were suggested to control CDP sorption through van der Waals, 
hydrogen bond, electron donor-acceptor and/or electrostatic forces.200 For instance, 
protonated amines in the CDP-cross-linker can increase the affinity for anionic MPs,201-203 
whereas negatively charged cross-linkers offer a high affinity for cationic MPs.194,197 
Electrostatic interactions were confirmed by QSAR studies for TFN-CDP, where descriptors 
representing interactions between negatively charged cross-linker moieties (i.e., phenolates 
introduced by a side reaction of polymerization,197 Figure 4.1) and cationic MPs were the 
most powerful sorption predictors.198 It is therefore likely that selectivity of TFN-CDP may 
be induced by discrimination against anionic DOM (e.g., carboxylic acids) through 
electrostatic repulsion. To disentangle the relative importance of size exclusion, nonpolar 
sorption, and electrostatic interactions for selectivity, it is beneficial to conduct a combined, 
systematic investigation of the sorption behavior of target analytes and DOM on TFN-CDP, 
which includes both the entire DOM size spectrum (i.e., < 1 kDa to 0.45 µm) and different 
sizes of the CD cavities. 

Therefore, the objectives of this study were (i) to test for a size-selective sorption 
mechanism by assessing extraction efficiencies and possible sorption inhibition for MPs at 
environmentally relevant concentrations in competition with different DOM MW fractions 
(i.e., <1, 1-3, 3-10, >10 kDa) on TFN-CDPs featuring different cavity sizes (i.e., α-, β-, 
γ-CDP) and (ii) to identify physicochemical sorbate properties that determine the sorption 
process (e.g., degree of oxygenation, unsaturation, aromaticity, charge, or molecular size) 
based on robust molecular-level information obtained from thousands of chemically diverse 
compounds. To meet the latter objective and to scrutinize the molecular size range in which 
size-exclusion was previously hypothesized (i.e., 0.2 – 1 kDa), we applied nontargeted, 
ultrahigh-resolution Fourier transform ion cyclotron resonance (FTICR) mass spectrometry 
analysis on heterogeneous and polydisperse DOM compounds, which were extracted by α-, 
β-, and γ-CDP from natural surface water (SW) and Suwannee River fulvic and humic acid 
(SRFA, SRHA) reference standards.  
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4.2 Experimental Section 

4.2.1 Chemicals, Materials, and Sorbents 

A detailed description of chemicals and materials is provided in the Supporting Information 
(SI) including CAS number, purity, grade, and supplier (S4.1), as well as standard solutions 
and ultrapure water (S4.2). Physicochemical properties of the selected MPs, namely 
2,6-dichlorobenzamide (BAM), metamitron (MTM), thiacloprid (TIA), azoxystrobin 
(AZO), dimethomorph (DIM), atrazine (ATR), boscalid (BOS), S-metolachlor (SME), 
methiocarb (MET), terbuthylazine (TER), and propiconazole (PRO) are given in Table S4.2. 
The synthesis protocol reported by Alsbaiee et al.193 was followed to prepare β-CDP and 
adapted for the synthesis of α- and γ-CDP, as depicted in Figure 4.1 and detailed in the SI 
(S4.3.1). Confirmation of the successful synthesis of the polymers was obtained through 
characterization with scanning electron microscopy (S4.3.2) and Fourier-transform infrared 
spectroscopy (S4.3.3). The polymer material was sedimented in methanol to obtain particle 
sizes larger than 40 µm. 

 
Figure 4.1. Synthesis scheme for the cross-linking of α-, β-, or γ-CD with TFN to form mesoporous CD 
polymers (TFN-CDPs). 

4.2.2 Sample Preparation Procedures 

Sample preparation in this work consisted of SPE of SW samples and aqueous SRFA and 
SRHA reference standards with different pre- and post-treatments. For water sampling and 
standard preparation, we refer to the SI (S4.4). We utilized self-packed polypropylene SPE 
cartridges (1 and 3 mL, Supelco, USA) with sorbent bed weights ranging from 10 to 50 mg. 
Extraction was performed using a 12-port vacuum SPE manifold (Visiprep, Supelco, USA) 
at a volumetric flow rate of ≤ 1.0 mL min-1, corresponding to linear flow velocities of 
≤ 4.1 cm min-1 (1 mL cartridge) and ≤ 1.6 cm min-1 (3 mL). Detailed information about the 
experimental design is given in the following sections. 
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4.2.3 Micropollutant Extraction in Presence of DOM of Different 
Molecular Sizes 

First, DOM in the SW sample was fractionated according to MW by ultrafiltration following 
a previously reported procedure,323 as described in the SI (S4.5.1). The concentrated MW 
fractions, namely <1, 1 – 3, 3 – 10, and >10 kDa, were then diluted with ultrapure water to 
obtain sufficient volumes for SPE experiments with typical dissolved organic carbon (DOC) 
concentrations of SW in the range of 2.1 to 5.3 mgC L-1. After adjustment to pH 7, the 
fractions were spiked with a selection of 11 nonionic MPs (Table S4.2) at concentrations 
between 0.45 and 1.15 µg L-1, which maintained consistent, environmentally relevant DOC-
to-analyte ratios of 4611 ± 43 (µgC L-1)/(µg analyte L-1) in all samples (Table S4.6). To 
remove the organic solvent, which would have compromised subsequent DOC analysis, the 
analyte standard mixture was transferred to clean glass bottles, followed by complete 
evaporation under a gentle stream of N2 and reconstitution in the water samples by using a 
magnetic stirring system. Initial DOC and analyte concentrations were determined 
immediately before SPE experiments. 

The samples (20 mL) were extracted in triplicate using 10 mg of either α-, β-, or γ-CDP 
as sorbents. Prior to sample loading, SPE cartridges were conditioned with 1 mL of methanol 
and 650 mL of ultrapure water (pH 7) to remove the remaining small CDP particles 
(Figure S4.4). Once the samples were percolated through the cartridges, sorbents were 
washed with 1 mL of ultrapure water (pH 7), dried under vacuum, and finally eluted with 
500 µL of methanol, where exact elution volumes were gravimetrically determined. 
Procedural blanks were prepared in the same way by loading the sorbents with ultrapure 
water. While 100 µL aliquots of extracts were separated for MP quantification using LC-
MS/MS, the remaining sample volumes were used for DOC analysis. 

Recoveries of analyte i (Ri) and DOC (RDOC) were calculated according to equation (4.1) 
and (4.2), respectively: 

𝑅𝑅𝑖𝑖 =
�
𝐶𝐶𝑖𝑖,𝑟𝑟𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒𝑟𝑟
𝐸𝐸𝐸𝐸 �

𝐶𝐶𝑖𝑖,𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑖𝑖𝑒𝑒𝑙𝑙
× 100 % (4.1) 

𝑅𝑅𝐷𝐷𝐷𝐷𝐷𝐷 =
𝑚𝑚𝐷𝐷,𝑟𝑟𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒𝑟𝑟

𝑚𝑚𝐷𝐷,𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑖𝑖𝑒𝑒𝑙𝑙
× 100 % (4.2) 

where Ci,analyte and Ci,initial (µg L-1) are the measured concentrations in the eluate and original 
sample, respectively, and EF is the enrichment factor of SPE. mc,eluate and mC,initial (µg) are 
the carbon masses determined in the eluate (corrected for carbon bleed from the sorbent 
material) and in the original water sample, respectively. 
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4.2.4 Extraction of Dissolved Organic Matter for Molecular-Level 
Analysis 

SW samples and SRHA/SRFA reference standards (50 mL) were extracted at pH 7 using α-, 
β-, and γ-CDP, as described above. Following the guidelines of Dittmar et al.,293 we chose 
sorbent bed weights according to sample volume and DOC concentration, namely 25 and 
50 mg for the SW samples and DOM reference standards, respectively (Table S4.7). Once 
cartridges were loaded, washed, and dried, samples were eluted with 1 mL of methanol. To 
identify sorbent-specific mass peaks caused by polymer leaching, we correspondingly 
prepared procedural blanks by loading every sorbent with ultrapure water. 

To characterize the molecular DOM compositions of both the original SW sample and 
DOM reference standards, we additionally extracted the samples using the functionalized 
styrene-divinylbenzene sorbent Bond Elut PPL (Agilent, CA, USA), which provides a 
representative spectrum of the pristine DOM pool.287,289,293 FTICR mass spectra obtained by 
analyzing PPL-based SPE extracts thus well represent the original water sample and are 
hereafter referred to as the original sample. We followed the protocol of Li and co-
workers,292 where SPE was performed as described above with minor modifications. First, 
samples and ultrapure water for equilibration and washing were adjusted to pH 2 using 1M 
HCl, and second, cartridges were equilibrated with only 1 mL of ultrapure water (pH 2). To 
confirm both reproducible DOM isolation and FTICR MS analysis, we extracted the SRFA 
standard with β-CDP in triplicate. One hundred µL aliquots of the extracts were used for 
DOC determination, whereas the remaining methanolic samples were stored at -20 °C until 
FTICR MS analysis. 

4.2.5 Chemical Analyses 

4.2.5.1 Micropollutant Quantification by Liquid Chromatography – Tandem 
Mass Spectrometry 

Quantification of MPs was performed using an ultrahigh-performance liquid 
chromatography system (PLATINblue, Knauer, Germany) coupled to tandem mass 
spectrometry (AB Sciex Triple-Quad 6500, Sciex, USA) using electrospray ionization (ESI) 
in positive mode. Detailed information on the method is provided in the SI (S4.6.1). 

4.2.5.2 Analysis of Dissolved Organic Carbon 

DOC concentrations were determined as nonpurgeable organic carbon (NPOC) using a total 
organic carbon analyzer (TOC-L, Shimadzu, Japan) equipped with a combustion catalytic 
oxidation reactor (680 °C) and a nondispersive infrared (NDIR) detector. The instrument 
was calibrated immediately prior to sample analysis by measuring standard solutions of 
potassium hydrogen phthalate. Quality control measurements of blanks, constantly run 
alongside samples, ensured background DOC values below the detection limit of the 
instrument (i.e., 0.05 mg L-1). DOC concentrations in methanolic extracts were measured 
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after complete evaporation of the organic solvent under a gentle stream of nitrogen at 65 °C 
using an automated solvent evaporation system (TurboVap LV, Biotage, Sweden), followed 
by reconstitution of the dry residues in ultrapure water by ultrasonication for 15 min and 
vortex mixing for 1 min. 

4.2.5.3 Molecular-Level Analysis by Ultrahigh-Resolution Mass Spectrometry 

Ultrahigh-resolution FTICR mass spectra were acquired in negative ionization mode using 
a Solarix mass spectrometer equipped with a 12 T superconducting magnet and coupled to 
an Apollo II electrospray ionization (ESI) source (Bruker Daltonics, Bremen, Germany), as 
described in the SI (S4.6.2). Sorbent-specific peaks caused by polymer leaching were first 
identified by FTICR MS analysis of sorbent blanks and then removed from the peak lists of 
the corresponding sample extracts. Formulas of remaining peaks were assigned with an in-
house written software tool (NetCalc)295 based on a restricted list of selected small molecular 
units with defined mass differences, corresponding to common chemical functional groups 
(i.e., CH2, H2, O, CO2, S, SO3, and NH) and transformations. Molecular formula assignments 
corresponded to a multiple Kendrick analogue mass defect analysis and generated all 
homologous series according to the chosen transformations simultaneously. Final molecular 
formula assignments were grouped into molecular series containing the CHO, CHNO, and 
CHOS compositions.  

Details and equations on intensity weighted average values, relative peak intensities, and 
chemical indices used to study the degree of unsaturation and aromaticity of compounds 
(i.e., double bond equivalent, DBE; carbon-normalized DBE, DBE/C; modified aromaticity 
index, AImod) are given in the SI (S4.6.2). The difference in relative intensity of peaks 
between sorbent extract and original sample, ΔRI (%), was derived using equation (4.3):289 

∆𝑅𝑅𝐾𝐾 =
𝑅𝑅𝐾𝐾𝑠𝑠𝑐𝑐𝑟𝑟𝑏𝑏𝑟𝑟𝑖𝑖𝑒𝑒 𝑟𝑟𝑚𝑚𝑒𝑒𝑟𝑟𝑒𝑒𝑐𝑐𝑒𝑒 − 𝑅𝑅𝐾𝐾𝑐𝑐𝑟𝑟𝑖𝑖𝑜𝑜𝑖𝑖𝑖𝑖𝑒𝑒𝑙𝑙

𝑅𝑅𝐾𝐾𝑐𝑐𝑟𝑟𝑖𝑖𝑜𝑜𝑖𝑖𝑖𝑖𝑒𝑒𝑙𝑙
× 100 % (4.3) 

Hierarchical cluster analysis (HCA) was performed using the software Hierarchical Cluster 
Explorer 3.0 (University of Maryland, USA) where clustering of the normalized data sets 
(relative peak intensities) was achieved by applying the average linkage method (UPGMA) 
and distance metrics based on Pearson correlation coefficients. 
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4.3 Results and Discussion 

As a preface to the discussion of sorption mechanisms of TFN-CDPs, we note that the term 
polarity is used in this work exclusively with respect to nonionic molecules and specifically 
describes (i) the ability to undergo hydrogen bond interactions with a counterpart molecule 
capable of hydrogen accepting and/or donating, such as water, and (ii) sorbates that have 
less favorable changes in free energy upon inclusion into the CD cavity, typically described 
as “apolar”, in relation to changes of free energy when interacting with water. As for ionized 
substances, we base the discussion on electrostatic attractive and repulsive interactions 
between localized charges of opposite and same signs, respectively. 

4.3.1 Low-Molecular-Weight DOM Does Not Adversely Affect MP 
Extraction at Environmentally Relevant Concentrations 

We examined a potentially size-driven selectivity of TFN-CDP by testing for the hypothesis 
that (i) low-MW (LMW) DOM (< 1 kDa) competes with target analytes for binding sites in 
the CD cavities, leading to lower analyte recoveries and (ii) that high-MW (HMW) DOM is 
excluded.196 To this end, the recoveries of 11 nonionic MPs in presence of DOM of different 
MWs (i.e., < 1, 1 – 3, 3 – 10, > 10 kDa, Figure S4.5) were assessed at environmentally 
relevant concentrations (analytes: 0.5 to 1.2 µg L-1, DOC: 2.1 to 5.3 mgC L-1, constant 
CDOC/Canalyte) after SPE using tailor-synthesized α-, β-, and γ-CDP, which feature cavity sizes 
of 0.57, 0.78, and 0.95 nm, respectively.185 In addition, we determined the recoveries for the 
specific DOM size fractions by quantifying the DOC in the SPE extracts. Figure 4.2a depicts 
the statistical results of a one-way analysis of variance (ANOVA) evaluating the differences 
among the mean recoveries that were obtained in the presence of the different DOM size 
fractions (Table S4.9). The green color scale indicates probabilities (p-values) above the 
significance level (α = 0.05) denoting mean recoveries to be equal among all samples, and 
thus, (i) MP sorption was not inhibited by competition with DOM (target analytes in 
Figure 4.2a) or (ii) equal amounts of DOC were recovered for all DOM size fractions (last 
column in Figure 4.2a). In contrast, the red color signifies statistically significant differences 
between the group mean values (i.e., p > 0.05). 

From a target analyte perspective, the preponderance of the color green in Figure 4.2a 
clearly demonstrates that the size distribution of concurrent DOM has no significant effect 
on the vast majority of MP recoveries on any TFN-CDPs, regardless of their cavity size. 
This is depicted exemplarily in Figure 4.2b where propiconazole was extracted equally well 
by β-CDP in presence of all DOM size fractions (mean recovery: 102 ± 6 %, p = 0.66). This 
finding is in agreement with our previous study that revealed no significant competition 
between DOM and analytes on the three TFN-CDPs in HPLC column studies as 
demonstrated by Gibbs free energies of adsorption.285 Significant differences were only 
detected for the extraction of azoxystrobin on β-CDP and dimethomorph on α-CDP (red 
symbols, Figure 4.2a). A closer look at the specific fractions of DOM associated with a 
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reduced recovery identified DOM < 1 kDa for azoxystrobin but fraction 3-10 kDa for 
dimethomorph (Tukey-Kramer posthoc test, Figure 4.2c). These discrepancies neither 
revealed a consistent trend, nor were they found in more than one sorbent extract at a time, 
and we, hence, could not provide a possible explanation. Yet, the general trend of our data 
suggests no evidence for sorption inhibition caused by LMW DOM (< 1 kDa) under 
environmentally relevant conditions [hypothesis (i)]. 

Testing hypothesis (ii) returned results similar to MP extraction, where the ANOVA 
revealed no sorption preference for the smaller DOM size fractions on any of the investigated 
CDPs as indicated by equal mean DOC recoveries (Figure 4.2a, last column, p > 0.05). 
Interestingly, DOM larger than 10 kDa, corresponding to hydrodynamic diameters of 
> 3 nm,208,324 was recovered just as well as the smaller fractions, although theoretically it is 
not expected to access the sorption sites in the mesopore space at all (i.e., 1.8 – 3.5 nm)193. 
Moreover, α-CDP featuring the smallest cavity size of 0.57 nm recovered as much DOC as 
γ-CDP with the greatest cavity of 0.95 nm (~4 %, Figure 4.2d). In comparison, the polymer 
derivate with the intermediate cavity size (β-CDP) discriminated strongest against 
concurrent DOM of all sizes (~2 % recovery, p < 0.001), in line with our previous study.285 

 
Figure 4.2. (a) Mean recoveries (symbol size) and ANOVA probability (p) values of 11 MPs (three-letter 
acronyms) and DOC extracted with α-, β-, or γ-CDP in the presence of different DOM MW fractions (i.e., <1, 
1-3, 3-10, >10 kDa) as exemplarily shown in panel (b) for propiconazole on β-CDP. The green color scale 
indicates p-values above the significance level (α = 0.05) denoting that mean recoveries are equal among all 
samples, whereas the red color signifies statistically significant differences (i.e., p < 0.05). (c) Tukey-Kramer 
posthoc test of differences in mean recoveries between pairs of MW fractions for dimethomorph on α-CDP 
(left) and azoxystrobin on β-CDP (right). Horizontal bars represent 95 % confidence intervals, where no 
overlap with 0-value means a significant difference of the corresponding mean values (red). (d) Mean DOC 
recoveries including all MW fractions after extraction with α-, β-, or γ-CDP. Asterisks signify significant 
differences (p < 0.05). 
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Altogether, these results suggest that size-selective host-guest interactions with the CD 
moieties are not the dominant driver of the selectivity of TFN-CDPs. This finding (i) agrees 
with Linden et al., who showed that CD inclusion complexes with structurally complex 
chemicals (comparable to the MPs and DOM in this study) can be sterically hindered,325 and 
thus, (ii) points to significant sorption outside the cavities that is driven by other sorbate 
properties than size. In fact, the recoveries for the 11 MPs selected in this work, in 
combination with a larger literature data set (i.e., 88 MPs, Table S4.10), imply that sorbate 
polarity is the important parameter for the sorption of nonionic molecules to TFN-CDPs 
(Figure 4.3). This is indicated for β-CDP by a sharp decline of recoveries for highly polar 
analytes as proxied by log KOW values below approximately 0.7 (Figure 4.3a). In contrast, 
no trend in recoveries was observed when compared to the molecular size of the target 
analytes (McGowan volume: 0.9 – 3.0 cm3 mol-1 100-1, corresponding to a MW of 0.12 – 
0.50 kDa, Figure 4.3b). However, since a size cutoff around 0.6 kDa was previously claimed 
for TFN-CDP,196 our findings motivate a closer insight into the sorption behavior of the 
chemically complex DOM system in the size region below 1 kDa. 

 
Figure 4.3. Recoveries of 99 nonionic target analytes after SPE using β-CDP versus log KOW as proxy for 
polarity (a) and McGowan volume as indicator for size (b). The vertical gray line in panel a indicates the 
log KOW of approximately 0.7 under which analyte recoveries sharply declined. The data was obtained from 
experiments in this study (triangles, 11 analytes) and from literature (diamonds and circles, 88 analytes).194,195 

4.3.2 TFN-Cross-Linked Cyclodextrin Polymers Strongly Discriminate 
Against Highly Oxygenated and Unsaturated Compounds 

To probe for sorbate properties that govern the selective TFN-CDP sorption (e.g., degree of 
oxygenation and unsaturation or molecular size), we characterized the chemical composition 
of the chemically complex DOM extracted by α-, β-, and γ-CDP from (i) natural SW and 
(ii) SRFA and SRHA reference standards on a molecular level. We subsequently compared 
them to their original chemical signature, as extracted by PPL-based SPE, which is best 
suited for representing the original composition of DOM.287,289,292 To this end, highly-
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resolved negative ESI FTICR mass spectra enabled the assignment of a total of 11,611 
individual mass peaks to their corresponding unique elemental composition and the 
distinction into CHO, CHNO and CHOS molecular series (Figure S4.6a, Table S4.11). Mass 
spectra of SRFA DOM extracted in triplicate with β-CDP showed the highest degree of 
similarity (Figure S4.6b), proving reproducibility of both the extraction procedure and ESI 
ionization. This nontargeted ultrahigh-resolution MS approach provided insights into key 
molecular characteristics for thousands of pristine and selectively extracted DOM 
compounds in the m/z window between 0.2 and 1 kDa (Table S4.11). 

Van Krevelen diagrams reveal for all extracted samples a distinct shift from original, 
average O/C and H/C ratios of 0.5 and 1.0 – 1.1, respectively (green symbol, Figure 4.4a) to 
less oxygen-rich (ΔO/C: -0.1 to -0.2) and more hydrogen-rich (ΔH/C: +0.1 to +0.3) 
signatures in TFN-CDP extracts (blue symbols). This trend was found to increase in the 
order β-CDP < α-CDP < γ-CDP. Corresponding to higher H/C values, average DBE/C ratios, 
which are a measure for the double bond density in molecules, significantly decreased in 
CDP-extracts (ΔDBE/C: -0.1 to -0.2, Figure 4.4b). Both shifts in H/C and DBE/C suggest a 
sorption preference of TFN-CDPs for compounds with higher saturation. We further 
observed a marginal shift from the initial ~500 Da to 15 – 40 Da lower average m/z values 
in CDP extracts (Figure 4.4b), with the exception of SRFA and SRHA extracted by γ-CDP 
that showed a higher shift by 60 – 70 Da. This mass fractionation is indeed indicative of a 
slightly higher affinity of TFN-CDPs for compounds of lower MW. However, the mass 
fractionation also followed the order β-CDP < α-CDP < γ-CDP and did not correlate with 
CD cavity size. Moreover, corresponding to shifts in average O/C ratios, DOM in CDP 
extracts of all samples showed strong discrimination against molecules with multiple oxygen 
atoms (Figure 4.4c). While 94 % of the original DOM contained between 4 and 20 oxygen 
atoms, TFN-CDPs preferentially extracted (> 90 %) molecular compositions containing 
merely 4 to 12 oxygen atoms. 

Consequently, the fractionation pattern of average bulk FTICR MS parameters suggests 
that the degree of oxygenation and unsaturation play an important role in the sorption process 
of TFN-CDPs, in line with previously reported shifts in chemodiversity of DOM extracted 
with β-CDP from other water matrices.320 In fact, the observed correlation between 
oxygenation and unsaturation implies that TFN-CDPs particularly discriminated against 
DOM rich in oxygen-containing, unsaturated carbonyl functional groups, such as carboxylic 
acids, aldehydes, esters, or ketones.210,286 Yet, the question arises as to whether the degree 
of oxygenation or unsaturation is the governing sorbate property for selectivity. Therefore, 
a more in-depth analysis of changes in the molecular DOM composition after selective SPE 
is presented in the following sections. There, the discussion focuses on the most relevant 
molecular series, CHO and CHNO, which together represent ≥ 93 % of all extracted DOM 
compounds (Table S4.11). 
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Figure 4.4. (a) Average elemental H/C versus O/C ratios (Van Krevelen diagrams) and (b) average double 
bond equivalent per carbon (DBE/C) versus m/z values for samples of the original SW and SRFA and SRHA 
samples, respectively (green symbols) and the respective α-, β-, and γ-CDP extracts (blue symbols). 
(c) Distribution of pristine and CDP-extracted DOM among the oxygen classes, that is, the number of oxygen 
atoms present in the molecular formula. Values were obtained from negative ESI FTICR mass spectra. 

4.3.3 Degree of Oxygenation Determines the Sorption of CHO-
Compounds on TFN-Cross-Linked Cyclodextrin Polymers 

To pinpoint the underlying molecular drivers of selectivity, we visualized the differences in 
relative intensities of CHO-annotated formulas between TFN-CDP extracts and original 
DOM compositions.289 Figure 4.5 depicts the percental shifts in relative intensities (ΔRI) in 
O/C ratios either as a function of mass (left panels) or H/C ratio (right panels). Whereas blue 
and red colors indicate relative depletion and enhancement of the molecular structures in 
TFN-CDP extracts, respectively, gray symbols represent original DOM constituents that 
were not detected in the extracts.  

A consistent O/C ratio of ~0.4 (horizontal dashed lines, Figure 4.5) was found to be 
separating the features that were depleted (blue and gray symbols) from those enhanced (red) 
regardless of CD cavity size (i.e., α-, β-, or γ-CDP) or sample type (i.e., SW, SRFA, or 
SRHA). This O/C ratio appears to follow two patterns: (i) constant across the entire range 
of molecular size (Figure 4.5, left panels) and the degree of unsaturation (right panels) for 
SW samples, whereas (ii) deviations from the constant ratio of ~0.4 were exhibited for SRFA 
and SRHA samples within certain ranges. 
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Figure 4.5. O/C versus m/z and H/C diagrams of CHO-annotated molecular DOM compositions in α-, β-, or 
γ-CDP extracts of SW and SRFA and SRHA samples. Differences in relative intensities (ΔRI) were calculated 
relative to the original sample composition and dashed lines denote approximate boundaries between relative 
enhancement (red) and depletion (blue, gray) of compounds in CDP extracts. Symbol sizes reflect the relative 
signal intensities of mass peaks in the original mass spectra. 

To reduce the complexity of discussion, we elaborate first on pattern (i), where the constant 
O/C ratio means sorption dependency on DOM oxygenation. This is conceivable when 
considering the building block chemistries of the three polymers. On the one hand, the 
partitioning into the apolar CD cavities is (i) energetically less favorable for polar nonionic 
DOM molecules, which are rich in O-containing functionalities (e.g., ketones, aldehydes, 
and phenolic or alcoholic hydroxyls),208 than for less polar (i.e., less oxygenated) 
compounds187,200 or (ii) may be sterically hindered depending on the position of the 
functional groups.325 In addition, weak hydrogen bond acceptor (i.e., fluorine and nitrile 
moieties)326-328 and donor (i.e., electron-deficient aromatic ring) capacities of the cross-linker 
(Figure 4.1) are unlikely to compete with strong hydrogen bond interactions between 
oxygen-containing sorbate functionalities and water molecules. On the other hand, oxygen-
rich anionic DOM molecules abundant in carboxylic moieties, which are the most prominent 
functional groups in environmental DOM,208 are highly water-soluble and additionally 
electrostatically repelled by the negatively charged cross-linker. Indeed, higher DBE yet 
lower DBE-O values of compounds missing in CDP extracts compared with the original 
composition indicate that C=O double bonds significantly contributed to their high degree 
of unsaturation (Figure S4.7).210,286 Consequently, the shift toward higher average saturation 
observed in Figure 4.4 is identified as a codependency on sorbate oxygenation based on the 
negative charge of oxygen-rich ionizable DOM and the ability of polar nonionic DOM to 
form hydrogen bonds with water. 

Furthermore, upon comparison of DOM compounds with equal O/C ratios in the area of 
relative depletion (blue and gray symbols), it becomes apparent that primarily compounds 
of higher mass were missing, while smaller compounds were heavily depleted yet still 
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detected in TFN-CDP extracts. We attribute this to the typical skewed, near Gaussian-type 
mass peak distributions of freshwater-derived DOM with maximum intensities in the lower 
mass range (symbol size in Figure 4.5, Figure S4.6a).294 In other words, when oxygenated 
compounds were depleted by selective extraction, the larger, less easily ionizable 
compounds in the ion source with already low signal intensities fell below the detection limit 
first. We therefore ascribe the mass fractionation indicated by shifting average m/z values 
(Figure 4.4) not to a size-exclusion mechanism of the sorbent but to this ionization artifact. 

The conclusions stated also apply for pattern (ii) seen for SRFA and SRHA samples; 
however, the following deviations from the consistent O/C ratio were noticed. First, several 
unsaturated LMW compounds (< 500 Da) with O/C ratios between 0.4 and 0.6 (tilted dashed 
lines, Figure 4.5) showed relative enhancement, especially in SRHA samples. And second, 
γ-CDP extracts revealed an apparent size cutoff around 650 Da (vertical dashed lines, 
Figure 4.5). These discrepancies could be erroneously interpreted as an impact of molecular 
sorbate size, either in preference for smaller masses or as a complete size cutoff, when 
merely considering masses and/or elemental composition. In fact, in the first case, the 
enhanced compounds with O/C > 0.4 were identified to be of aromatic character by their 
AImod values (i.e., AImod ≥ 0.5, Figure S4.8), which reflect the C=C double bond density in a 
molecule.42,43 Here, additional π-π dispersion forces between electron-rich aromatic sorbate 
structures and the electron-poor aromatic TFN cross-linkers may have enhanced sorption. 
This is also reflected in a lower depletion of aromatic compounds in SRFA and SRHA 
samples by 6 ± 1 and 3 ± 2 percentage points, respectively, as compared to 9 ± 1 percentage 
points for SW samples (Δ%Ar in Table S4.11). As for the second case, we refer to low 
extraction efficiencies of γ-CDP due to high SPE backpressures caused by polymer swelling 
that particularly entailed low signal intensities in the high m/z range (Figure S4.6a) and 
possibly biased FTICR MS analysis. Overall, the ΔRI patterns are in general consistent 
between TFN-CDPs of all cavity sizes, which means that DOM size did not significantly 
affect the sorption within the size range covered by FTICR MS, whereas sorbate oxygenation 
predominantly determined the sorption process of CHO-compounds. 

4.3.4 TFN-Cross-Linked Cyclodextrin Polymers Preferentially Extract 
Protonated Over Nonionic CHNO-Compounds 

TFN-CDPs of all cavity sizes preferentially extracted CHNO-compounds from SW and 
SRFA samples with H/C ratios above ~1.0 and N/C ratios below 0.07 (dashed circles, 
Figure 4.6). We suggest amino groups, which are among the most important N-containing 
functionalities in DOM,208,329 to cause this extraction preference of TFN-CDPs for relatively 
saturated CHNO-compounds. The strong basicity of aliphatic amines (pKa of conjugate acid 
~10) imparts a positive charge at pH 7 used for extraction, which likely leads to high 
affinities for TFN-CDPs due to electrostatic attraction by the negatively charged phenolates 
in the cross-linker.197 In addition, the protonation of amine moieties in amino acids renders 
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them zwitterionic at pH 7, which may also increase the affinity for this saturated compound 
class. This proposed electrostatic adsorption mechanism for protonated CHNO-DOM is 
(i) consistent with the previously reported selectivity of β-CDP for cationic194 and 
zwitterionic MPs202 and (ii) supported by our observation of highly saturated CHNO-
compounds (H/C > 1.5) that appeared in TFN-CDP extracts but not in the corresponding 
PPL-extracted DOM, which is typically used to represent the original DOM composition 
(Figure S4.9). Owing to their positive charge, aliphatic amines are known to be excluded by 
reversed-phase sorbents,214 such as in PPL-based SPE, and can be recovered by sorbents 
featuring anionic functionalities as it is the case for TFN-CDPs. In contrast to this preferred 
retention of aliphatic amines, such a preference could not be observed for structures that 
could be assumed to contain highly unsaturated amines, amides, or heterocyclic nitrogen 
moieties (H/C < 1.0, blue and gray symbols).329-331 Here, the N-containing functionalities 
are generally nonionic at pH 7 and their strong hydrogen bond polarity amplifies the water 
solubility of the molecules, in addition to possible interactions between polar nonionic and/or 
anionic O-functionalities with water. 

In contrast, the degree of oxygenation seems to have played a dominant role in the 
sorption of CHNO molecules from SRHA samples as α- and β-CDP revealed preference for 
low-oxygenated and low-nitrogenated compounds (O/C < 0.4, N/C < 0.07) across the whole 
H/C range (dashed circles). No trend could, however, be inferred for γ-CDP as this sorbent 
was highly inefficient in retaining CHNO-compounds. The high similarity of ΔRI patterns 
of SW and SRFA extracts as opposed to SRHA extracts is most likely related to the higher 
amount of fulvic acids (~40 % of DOC) rather than humic acids (~10 % of DOC) in typical 
riverine DOM.208 

 
Figure 4.6. Van Krevelen diagrams (H/C versus O/C or N/C ratios) of CHNO-annotated molecular DOM 
compositions in α-, β-, or γ-CDP extracts of SW and SRFA and SRHA samples. Differences in relative 
intensities (ΔRI) were calculated relative to the original sample composition. Dashed circles denote compounds 
preferentially extracted by the CDPs. Symbol sizes reflect the relative signal intensities of mass peaks in the 
original mass spectra. 
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4.4 Conclusions 

The present combined experimental approach provides new insights into the sorption 
mechanisms of TFN-cross-linked CDPs. We found no evidence of size-selectivity by (i) any 
of the investigated CD cavity sizes in either (ii) competition sorption experiments involving 
selected target analytes and the entire DOM size range (i.e., < 1 kDa to 0.45 µm) or 
(iii) FTICR MS studies on extracted LMW-DOM below 1 kDa. Our findings thus challenge 
the hypothesized size cutoff196,198 and strengthen the rationale that previously observed size-
dependent sorbate affinities to TFN-CDP are due to the decreasing polarity of molecules of 
increasing size.198,285 Indeed, the importance of nonpolar interactions between sorbates and 
polymer building blocks (i.e., van der Waals, π−π, energy changes upon host-guest 
inclusion) is corroborated by FTICR MS results that revealed the dominant influence of 
sorbate oxygenation (i.e., proxy for polarity) on DOM sorption irrespective of sorbate or CD 
cavity size. Furthermore, the evidence for the exclusion of anionic but preferential extraction 
of cationic matrix compounds points to an additional electrostatic adsorption mechanism in 
which ionic molecules interact with the negatively charged cross-linker. We consequently 
attribute the selectivity of TFN-CDP for nonionic and cationic MPs over concurrent DOM 
to a synergistic effect of nonpolar and electrostatic interactions. Our findings suggest that 
sorption on TFN-CDP, similar to decafluorobiphenyl-CDPs,205 occurs to a considerable 
extent outside the CD cavities. The exact quantitative contribution of the CD moieties and 
the cross-linker to sorption remains nonetheless an important question to be addressed by 
future research. The molecular insights in this study will help to identify polymer 
characteristics that can be optimized in the future development of efficient sorbent materials 
for specific environmental and analytical applications. For example, selectivities can be 
manipulated by varying the functional groups in the cross-linker to create selective phases 
that discriminate against or even favor certain DOM fractions.
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5.1 Introduction 

The evaluation of natural degradation of organic contaminants in aquatic systems is a critical 
component of comprehensive environmental management strategies. Understanding the 
pollutants’ fate by determining the rate of degradation and the mechanisms involved is 
essential to inform effective approaches to remediate contaminated sites or aquifers. To this 
end, multiple lines of evidence should be followed, since, for example, relying solely on 
concentration data may lead to erroneous conclusions about the rate and extent of 
degradation due to other nonreactive processes present (e.g., dilution, sorption).75 The 
unique information provided by the isotopic signatures of individual compounds (e.g., δ13C, 
δ15N) is such a complementary type of evidence that bears great potential for elucidating 
environmental processes. Specifically, compound-specific isotope analysis (CSIA) has been 
proven to be a powerful tool for (i) contaminant source differentiation,87-91 (ii) unequivocal 
identification and quantification of natural transformation processes,74,92-97 and 
(iii) characterization of these processes on a mechanistic level.73,76,100 Yet, due to the limited 
sensitivity of gas or liquid chromatography coupled to isotope-ratio mass spectrometry (GC- 
or LC-IRMS), transferring the CSIA approach to micropollutant (MP) applications at the 
catchment scale remains a challenge.146,147 Given the low occurrence of aquatic MPs such as 
pesticides in the sub-µg L-1 range, enrichment of sufficient analyte mass from large volumes 
of water is inevitable. For instance, the sampling and extraction of 45 and 259 L of water is 
necessary to provide the required amount of 10 ng C and 42 ng N to GC-IRMS for accurate 
carbon and nitrogen isotope analysis, respectively. Thus, high-throughput concepts are 
warranted for large-volume extraction procedures in CSIA methodologies. 

Although traditional solid-phase extraction (SPE) techniques employing particle-packed 
columns are available for enrichment of micropollutants, they fail in processing large 
volumes in feasible timescales due to limited flow rates (i.e., few mL min-1).149 In contrast, 
organic, polymer-based monoliths represent promising alternative stationary SPE phases. 
Their large pores in the µm range entail lower backpressures during the SPE procedure and 
thus allow for extraction at higher flow rates, resulting in shorter sample processing times.235 
An example of such an organic monolith is the so-called monolithic adsorption filter (MAF), 
which has been successfully established for the enrichment of viruses332,333 and bacteria334,335 
from aqueous matrices. MAFs are epoxy-based polymers prepared by self-polymerization 
of polyglycerol-3-glycidyl ether in toluene and tert-butyl methyl ether as porogenic 
solvents.336 A highly cross-linked structure with high porosity (79 %) and 22 µm pores 
enables the high throughput of large-volume water samples at up to 1 L min-1.337 However, 
like most polymer-based monoliths, MAFs lack additional mesopores (i.e., 2 – 50 nm), and 
thus their low specific surface area of 0.68 m2 g-1 does not provide sufficiently large sorption 
capacity and kinetics toward small molecules such as organic MPs.  

A strategy to extend the concept to MPs is to leverage the excellent tunability of the 
MAF surface chemistry by immobilizing carbonaceous graphene oxide (GO) nanosheets. 
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GO is a derivate of graphene, which is a single layer of sp2-hybridized carbon atoms arranged 
in a two-dimensional, honeycomb-like lattice. By incorporating this ultrahigh surface area 
nanomaterial (i.e., theoretically up to 2630 m2 g-1), the surface area of the entire monolith 
can be significantly increased,238 resulting in enhanced sorption capacity and kinetics. 
Specifically, its large delocalized π-electron system favors the formation of strong van der 
Waals and π-π interactions and, consequently, offers high sorption affinities toward nonpolar 
aromatic compounds.239 Unlike graphene, GO is additionally rich in various oxygen-
containing functionalities, such as hydroxy, carboxy, and epoxy groups, providing the 
material with a high degree of hydrophilicity and promoting hydrogen bonds with polar 
compounds.241 Furthermore, the chemical reduction of GO to reduced GO (rGO) retains 
residual oxygen-containing groups on the surface imparting a hydrophilic lipophilic 
balanced (HLB) character to the sorbent, which, in turn, is favorable for the extraction of a 
broad range of MPs.247 In recent years, the applicability of graphene-modified monoliths for 
low-volume SPE has been demonstrated for different organic contaminants, including 
herbicides,242 insecticides,243 benzotriazole,244 polychlorinated biphenyls and steroid 
hormones,245 and phenolic compounds.246 Nonetheless, a successful combination of rGO 
with the MAF platform for large-volume SPE of organic MPs has yet to be realized. 

Therefore, the overall goal of this study was to exploit the synergistic effect of 
combining the high porosity of MAFs with the unique sorption properties of the carbon-
based nanomaterial rGO for a high-throughput SPE application for organic micropollutants. 
The specific objectives were (i) to quantitatively evaluate the effect of chemical reduction 
on the sorption behavior of graphene oxide by determining the sorption parameters of GO 
and rGO for five model compounds through batch equilibrium experiments; (ii) to 
quantitatively assess the sorption kinetics of the bulk rGO material for the model compounds 
in comparison to the commercial HLB sorbent Oasis by batch kinetic studies, (iii) to 
covalently attach the graphene-based nanosheets to the MAF surface and obtain a graphene-
modified monolith prototype (rGO@MAF); and (iv) to perform a proof-of-concept for the 
rGO@MAF concept by material characterization and a miniaturized flow-through extraction 
experiment to assess the applicability for future LV applications.  
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5.2 Experimental Section 

5.2.1 Chemicals and Materials 

All used reagents, solvents, and analytical standards including their CAS number, purity, 
and supplier are summarized in the Supporting Information (SI, Table S5.1). Target analytes 
in this study comprised four herbicides (i.e., chloridazon, isoproturon, S-metolachlor, and 
terbuthylazine), and the metabolite 2,6-dichlorobenzamide (BAM). Physicochemical 
properties and other compound-specific information are given in Table S5.2. Analytical 
standard stock solutions (1 g L-1) were prepared in pure methanol and further processed to 
appropriate working solutions. All methanolic standards were stored at -20 °C in the dark. 
Graphene oxide powder (> 500 m2 g-1) was obtained from Graphitene Ltd. (Stevenage, UK) 
and Oasis HLB sorbent from Waters (Milford, MA, USA). Syringe filters Chromafil Xtra 
(GF-100/25, 1 µm pore size) and nylon membrane filters (47 mm diameter, 0.45 µm pore 
size) were purchased from Macherey Nagel (Düren, Germany) and GVS Filter Technology 
(Bologna, Italy), respectively. Ultrapure water (18.2 MΩ cm at 25 °C) was produced with a 
Milli-Q® Reference water purification system (Merck Millipore, USA). 

5.2.2 Chemical Reduction of Graphene Oxide 

The bulk graphene oxide (GO) was reduced using L-ascorbic acid as reducing agent 
according to an optimized literature protocol.338 Briefly, the GO was exfoliated into GO 
sheets at a concentration of 0.1 mg mL-1 in ultrapure water by 1 h of ultrasonication. 
L-ascorbic acid was then added to the GO dispersion under vigorous stirring until a final 
concentration of 2 mmol L-1 was reached. The pH of the solution was adjusted to pH 10 
using a 25 % ammonia solution to prevent aggregation of the dispersed GO sheets by 
electrostatic repulsion. Subsequently, the dispersion was reacted at 95 °C for 15 min and 
cooled to room temperature. Finally, the reduced graphene oxide (rGO) was recovered on 
filter paper and dried at 70°C overnight. 

5.2.3 Preparation and Functionalization of Monolithic Adsorption Filters 

MAFs were synthesized based on the self-polymerization of an epoxy-based resin monomer 
(i.e., polyglycerol-3-glycidyl ether) as described by Peskoller et al.336 and according to the 
modified procedure reported by other authors332,335,339 (see reaction a in Figure 5.1). In short, 
the monomer and a porogen mixture of toluene and tert-butyl methyl ether (60:40 v/v) were 
first tempered at 29 °C for 1 h. Thereafter, a 1:10 dilution (v/v) of boron trifluoride diethyl 
etherate (BF3·Et2O, catalyst) and 1,4-dioxane was added to the porogenic solvents, the 
volume of which was equal to 1.25 % of the total volume. Once the mixture of porogens and 
catalyst solution was thoroughly mixed, the monomer was rapidly added in a 20:80 (v/v) 
monomer/porogen ratio. The solution was immediately vortex mixed for at least 1 min, 
subsequently transferred to custom-made PTFE molds (inner diameter: 38.6 mm, height: 
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10.0 mm), and incubated at 29 °C for 45 min. The polymerized MAF disks were then 
removed from the molds, soaked in methanol overnight to terminate the reaction and remove 
the porogens, and finally dried at room temperature in the fume hood.  

To introduce primary amine groups to the MAF surface by coupling the highly reactive 
epoxy groups with polyether diamine (see reaction b in Figure 5.1), the MAF disks were 
fitted into MAF disk holders consisting of 50 mL dispenser tips (PD-tip, Brand GmbH, 
Germany), custom-made PTFE support plates (bore hole diameter: 2 mm), O-rings (nitrile 
butadiene rubber, 38.6 mm diameter), and a PTFE fitting for the connection to the silicone 
tubing. A detailed description of the set-up is provided by Wunderlich et al.335 First, the 
MAFs were washed by connecting the disk holders to a peristaltic pump (Vario pump 
system, Ismatec SA, Germany) and pumping 300 mL of ultrapure water at a flow rate of 
10 mL min-1 through the system. For functionalization, a 1:1 (v/v) mixture of the polyether 
diamine (Jeffamine ED-2003, Huntsman, USA) and carbonate bicarbonate buffer 
(0.015 M Na2CO3, 0.035 M NaHCO3, pH 9.6) was circulated for 24 h at 60 °C through the 
system. After the reaction was completed, the NH2@MAFs (Figure 5.1) were washed with 
ultrapure water (60 °C) for another 6 h, subsequently removed from the disk holder, and 
dried in a desiccator for the next functionalization step. 

Prior to grafting GO onto the NH2@MAFs, the MAFs were cut into smaller disks of 
1.6 cm diameter and 0.4 cm height to suit the experimental setup used for flow-through 
sorption studies (see Chapter 5.2.5.2). The immobilization of GO onto NH2@MAF 
(reaction c in Figure 5.1) was accomplished by coupling the carboxy groups of GO with the 
amine groups on the MAF surface via amide bonds using N,N′-dicyclohexylcarbodiimide 
(DCC) as a coupling agent. A detailed reaction scheme is given in Figure S5.1. To this end, 
the GO powder was dispersed at a concentration of 1 mg mL-1 in N,N-dimethylformamide 
(DMF) by ultrasonication for 1 h and DCC was added in excess to the solution (0.2 g). 
Afterwards, one NH2@MAF disk was soaked in 30 mL of the filtered (1 µm, Chromafil 
Xtra) GO/DMF suspension, where entrapped air was removed by applying vacuum 
(20 mbar) for 30 min. Once the immobilization reaction was allowed to proceed for 24 h, 
the GO@MAF was washed with methanol to remove the insoluble reaction product 
dicyclohexylisourea (DCU), the formation of which confirmed the successful reaction. 
Using this method, approximately 16.5 mg GO were immobilized per single MAF as 
determined gravimetrically. 

In a final step, the reduction to rGO@MAF (reaction d in Figure 5.1) was carried out 
analogously to the reduction of bulk GO. For this purpose, the GO@MAFs were fitted to a 
comparable MAF disk holder setup as described above, but consisting of a 10 mL syringe 
instead of a 50 mL dispenser tip. The 2 mM aqueous L-ascorbic acid solution (pH 10) was 
then circulated through the system at 95 °C for 15 min at a flow rate of 10 mL min-1, where 
the MAF disks turned darker in color. Finally, the obtained rGO@MAFs were washed with 
300 mL of ultrapure water and stored in ultrapure water at 4 °C until flow-through sorption 
experiments were performed. 
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Figure 5.1. Synthesis and functionalization scheme to obtain unmodified monolithic adsorption filters (MAF), 
MAFs with amine funtional groups (NH2@MAF), and MAFs grafted with graphene oxide (GO@MAF) and 
reduced graphene oxide (rGO@MAF). 
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5.2.4 Material Characterization 

5.2.4.1 FESEM imaging, FTIR and BET Measurements 

Field emission scanning electron microscope (FESEM) imaging was carried out on a Sigma 
300 VP instrument (Zeiss, Oberkochen, Germany) with an accelerating voltage of 10.0 kV 
and a sample distance of 4.4 to 9.9 mm. FESEM images were taken on the interior surface 
of the pristine and modified MAF polymers after cutting the disks. Fourier-transform 
infrared (FTIR) spectra (solid, attenuated total reflectance, ATR) were recorded using a 
Nicolet 6700 FTIR spectrometer (Thermo Scientific, USA) at a wavenumber range of 650 
to 4000 cm-1 and a resolution of 4 cm-1. The signal to noise ratio was improved by 
accumulating 32 individually recorded scans. Baseline correction was performed using the 
software OriginPro 2020. Brunauer–Emmett–Teller (BET) specific surface measurements 
were conducted with a 3Flex Adsorption Analyzer (Micromeritics Instrument Corporation, 
Norcross, GA, USA). The adsorption and desorption isotherms for gaseous N2 were 
measured at 77 K after previous sample degassing overnight at 363.15 K under vacuum. 
Adsorption data was processed using the 3Flex software version 5.01. 

5.2.4.2 Raman Microspectroscopy 

Raman spectra were recorded using a WITec alpha 300 R confocal microscope system 
(WITec GmbH, Ulm, Germany), including a Cobolt DPL 532 nm excitation laser (Cobolt 
AB, Solna, Sweden) and a true-power module providing a constant laser power of 10 mW. 
The laser was focused onto the sample with a 20x microscope objective (Zeiss EC Epiplan 
20x/0.4; Carl Zeiss AG, Germany). Light detection was accomplished with a fiber-coupled 
spectrometer (UHTS300S_VIS; WITec GmbH, Ulm, Germany) using a 600 lines/mm 
grating blazed at 500 nm and a Newton 970 EMCCD camera (DU970P-BVF; Andor 
Technology Ltd., Belfast, UK). Single spectra in the spectral range from 200 to 3800 cm-1 
were acquired by accumulating 5 scans with an integration time of 1 s. 

5.2.5 Sorption Experiments 

5.2.5.1 Sorption Parameter Determination by Batch Equilibrium Studies  

Sorption parameters were obtained for the 5 model compounds by means of the batch 
equilibrium method following OECD254 and US EPA guidelines.255 Sorption isotherms were 
determined on bulk GO and rGO, whereas sorption kinetics were measured on bulk rGO and 
Oasis HLB sorbent, according to the following procedure: Suspensions containing 5 mg 
sorbent in 5 mL 0.01 M CaCl2 (pH 7) were exfoliated by ultrasonication for 2 h, pre-
equilibrated by overhead shaking overnight, and subsequently spiked with analytes, where 
final methanol volumes did not exceed 1 % to prevent co-solvent effects. For sorption 
isotherm studies, spiked concentrations ranged from 2.5 to 40.0 mg L-1, whereas samples 
were spiked at a constant concentration of 5 mg L-1 for sorption kinetic studies. In addition, 
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control samples (without sorbent) for each concentration level and blanks (without analytes) 
were run to account for potential instability of the analytes, adsorption to the test vials and 
matrix interferences, respectively. All samples were prepared in duplicates and shaken for 
24 h (isotherms) and 1 to 24 h (kinetic studies) in the dark at 25 ± 1 °C. Afterwards, the 
suspensions were filtered (0.2 µm) and aqueous equilibrium concentrations were measured 
by means of HPLC as detailed below.  

The sorbed amount of analyte at equilibrium (qeq, isotherm studies) and the sorbed 
amount of analyte at a given time t (qt, kinetic studies) were calculated via mass balance. 
The sorption isotherms were fitted to the Freundlich and Langmuir sorption model according 
to equation (5.1) and (5.2), respectively: 

𝑞𝑞𝑟𝑟𝑎𝑎 = 𝐾𝐾𝐹𝐹 × 𝐶𝐶𝑒𝑒𝑎𝑎
1 𝑖𝑖�  (5.1) 

𝑞𝑞𝑟𝑟𝑎𝑎 =
𝑞𝑞𝑐𝑐𝑒𝑒𝑚𝑚 × 𝐾𝐾𝐿𝐿 × 𝐶𝐶𝑒𝑒𝑎𝑎

1 + 𝐾𝐾𝐿𝐿 × 𝐶𝐶𝑒𝑒𝑎𝑎
 (5.2) 

where qeq (mg g-1) is the sorbed amount of analyte at equilibrium, Caq (mg L-1) is the aqueous 
equilibrium concentration of the compound, KF [(mg/g)/(mg/L)1/n] and KL (L mg-1) are the 
Freundlich and Langmuir sorption coefficients, respectively, 1/n (-) is the degree of isotherm 
nonlinearity and qmax (mg g-1) is the maximum sorption capacity. For a comparison of the 
sorption behavior among the different analytes on GO and rGO, individual equilibrium 
partition coefficients (Kd) were calculated using the Freundlich equation at a fixed aqueous 
concentration, Caq, of 1 mg L-1. 

The kinetic data was fitted to the pseudo-first order (Lagergren)340 and pseudo-second 
order model (Ho and McKay)341 for sorption processes according to equation (5.3) and (5.4), 
respectively: 

𝑞𝑞𝑒𝑒 = 𝑞𝑞𝑟𝑟𝑎𝑎(1 − 𝑒𝑒−𝑏𝑏1𝑒𝑒) (5.3) 

𝑞𝑞𝑒𝑒 =
𝑘𝑘2 𝑞𝑞𝑟𝑟𝑎𝑎 

2 𝑐𝑐
1 + 𝑘𝑘2 𝑞𝑞𝑟𝑟𝑎𝑎 𝑐𝑐

 (5.4) 

where qt (mg g-1) is the amount of solute sorbed at a given time t (min), qeq (mg g-1) is the 
amount of solute sorbed at equilibrium, k1 is the rate constant of first-order sorption (min-1), 
and k2 is the rate constant of second-order sorption (g mg-1 min-1). All data fitting was 
performed using the software OriginPro 2020 and uncertainties were propagated according 
to the Gaussian error propagation law. 
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5.2.5.2 Flow-Through Sorption Studies Utilizing Monolithic Adsorption Filters 

The extraction performance of rGO@MAF was examined for the five target analytes in a 
miniaturized flow-through experiment (i.e., MAF disk diameter of 1.5 cm) and compared to 
that of the unmodified MAF and the intermediate NH2@MAF. To this end, the MAF holder 
was equipped with five disks of the respective MAF type to allow for sufficient sorption 
capacity for the amount of target analytes in the solution (based on determined maximum 
sorption capacities of rGO). The MAFs were conditioned with 10 mL methanol. Then, 
100 mL of 0.01 M aqueous CaCl2 solution spiked with target analytes at 5 mg L-1 were 
percolated at 7.8 mL min-1 (i.e., 4.4 cm min-1 linear velocity) through the MAFs, which 
corresponds to a flow rate of 51.6 mL min-1 in the setup with normal sized MAF disks 
(i.e., 3.86 cm diameter). The permeate was collected for subsequent concentration 
determination by HPLC. The same procedure was performed using an empty system as a 
control to account for analyte sorption to the housing and tubing. The analyte removal (%) 
was (i) determined via a mass balance based on the initial analyte concentration in the sample 
solution and the remaining concentration in the permeate, and (ii) corrected for the control 
value. 

5.2.6 Quantification by High-Performance Liquid Chromatography 

The analysis of chloridazon, isoproturon, S-metolachlor, terbuthylazine, and BAM 
concentration was performed using an HPLC system (Prominence, Shimadzu, Japan) 
equipped with a diode array detector (SPD-M20A, Shimadzu, Japan) at a wavelength of 
210 nm (terbuthylazine at 222 nm). The injection volume was 20 µL and analyte separation 
was achieved by a Luna C18 column (2.0 x 50 mm, 5 µm particle size, Phenomenex, USA) 
at 40 °C and using a gradient elution with ultrapure water (eluent A) and acetonitrile 
(eluent B) at a flow rate of 1.0 mL min-1. After 3.0 min of 25 % B, the fraction of B was 
increased to 40 % within 0.5 min, followed by an increase to 90 % within 5.5 min. The 
fraction of 90 % B was kept constant for 3.5 min and finally the column was re-equilibrated 
to initial conditions for 3.5 min. An external calibration was used to quantify concentrations 
of the investigated analytes in aqueous solution, where limits of quantification ranged 
between 0.1 and 0.3 mg L-1 (i.e., tenfold the background noise).  
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5.3 Results and Discussion 

5.3.1 Effect of Chemical Reduction of Graphene Oxide on Sorption 
Affinity and Capacity toward Organic Micropollutants 

To evaluate the influence of chemical reduction on the sorption performance of GO, the 
partitioning of the analytes chloridazon, isoproturon, S-metolachlor, terbuthylazine, and 2,6-
dichlorobenzamide (BAM) between water and the unreacted and reduced solid phases (i.e., 
GO and rGO) was examined by means of batch equilibrium studies. The obtained sorption 
isotherm data was fitted to the Freundlich and Langmuir isotherm model to quantitatively 
describe the sorption behavior of the analytes on the two graphene derivatives (Figure S5.2). 
In general, the obtained data was well described by both models as indicated by coefficients 
of determination (R2) ranging from 0.85 to 0.99 (Freundlich) and 0.90 to 0.99 (Langmuir). 
Only the BAM data resulted in poorer fits, especially for the sorption on rGO (R2: 0.55 to 
0.92). All fitted Freundlich and Langmuir sorption parameters are summarized in Table S5.3. 

The chemical reduction of GO using ascorbic acid as a reducing agent under the given 
conditions resulted in an increase of affinities for all tested analytes from log Kd values 
between 2.6 ± 0.0 (BAM) and 3.0 ± 0.0 L kg-1 (terbuthylazine) for GO to 3.2 ± 0.1 (BAM) 
and 3.7 ± 0.0 L kg-1 (chloridazon) for rGO (Figure 5.2a). This increase corresponds to 
improvement factors in the order 6.5 ± 0.1 (chloridazon) > 5.1 ± 0.1 (isoproturon) > 
4.0 ± 0.1 (BAM) > 3.9 ± 0.1 (S-metolachlor) > 3.3 ± 0.0 (terbuthylazine). In parallel, an 
increase of maximum sorption capacities occurred in the same order and by similar 
improvement factors between 2.1 ± 0.1 (terbuthylazine) and 6.2 ± 0.1 (chloridazon) 
(Figure 5.2b). As a result, the maximum sorption capacities of rGO ranged between 2.0 ± 0.1 
(BAM) and 16.2 ± 1.4 mg g-1 (chloridazon). 

 
Figure 5.2. (a) Partitioning coefficients (Kd) for the analytes 2,6-dichlorobenzamide (BAM), chloridazon 
(CHL), isoproturon (ISO), S-metolachlor (MET) and terbuthylazine (TER) for the sorption on graphene oxide 
(GO) and reduced graphene oxide (rGO) versus the log KOW value of the analytes. Kd values were calculated 
based on the Freundlich sorption model and a fixed equilibrium aqueous concentration of 1 mg L-1. 
(b) Maximum sorption capacities for the analytes on GO and rGO as provided by the sorption isotherms fitted 
to the Langmuir sorption model. 
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Compared with sorption data of β-CDP and the commercial Oasis HLB sorbent presented in 
Chapter 2, rGO featured identical (BAM) or slightly lower Kd values (terbuthylazine, 
S-metolachlor) in the same order of magnitude (Table 5.1). In contrast, the maximum 
sorption capacities of rGO for all three analytes were distinctly lower than those of β-CDP 
and Oasis HLB (i.e., up to factor 6), despite a surface area larger than 500 m2 g-1. This result 
was unexpected since GO and rGO are known to provide sorption capacities for structurally 
similar pesticides that are 1 to 3 orders of magnitude higher than those found in this 
study.342,343 It is conceivable that these discrepancies are due to the different origins of the 
material, since the properties of GO can vary depending on various factors such as the 
manufacturing process.344 High sorption capacities in literature are usually reported for GO 
and rGO that were produced using a modified Hummers’ method.345 Due to the risks 
associated with this process, a commercially available high surface area GO powder was 
used instead in this study, which, however, was based on a proprietary production process. 

Table 5.1. Partition coefficients (Kd) and maximum sorption capacities (qmax) for 
the sorption of BAM, TER, and MET on rGO, Oasis HLB, and β-CDP sorbent. 

Analyte Sorbent log Kd‡ qmax 

  [L kg-1] [mg g-1] 
2,6-dichlorobenzamide (BAM)   
 rGO 3.2 ± 0.1 2.0 ± 0.1 
 Oasis HLB* 3.1 ± 0.1 4.0 ± 0.3 
 β-CDP* 3.0 ± 0.1 6.5 ± 0.3 
Terbuthylazine (TER)    
 rGO 3.5 ± 0.0 7.3 ± 0.6 
 Oasis HLB* 4.1 ± 0.1 21.9 ± 2.2 
 β-CDP* 3.8 ± 0.1 20.9 ± 1.0 
S-metolachlor (MET)    
 rGO 3.4 ± 0.0 4.8 ± 0.2 
 Oasis HLB* 4.2 ± 0.0 27.9 ± 1.0 
 β-CDP* 3.8 ± 0.1 28.3 ± 6.1 

‡calculated based on the Freundlich model at a fixed Caq of 1 mg L-1 

*data calculated (Kd) and adopted (qmax) based on results presented in Chapter 2 

5.3.2 Significance of Nonpolar Interactions for the Sorption Process 

The log KD values of BAM, isoproturon, S-metolachlor, and terbuthylazine showed a 
positive correlation with the corresponding log KOW values (R2 = 0.93, Figure 5.2) but no 
clear correlations with the corresponding LSER parameters (R2 < 0.5, data not shown), 
which could have hinted specific intermolecular interactions (see eq. (1.7)). Although the 
data set is small, the observation that relatively nonpolar analytes (as proxied by higher 
log KOW values) exhibit higher affinities for graphene-based sorbents is consistent with the 
notion of predominant nonpolar van der Waals and π-π interactions in the sorption 
process.239,240 Note, however, that chloridazon was an outlier exhibiting a comparatively 
high affinity and capacity despite its relatively low log KOW value of 1.19. A likely reason 
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for this deviation may be the higher contribution of hydrogen bonding to the sorption of 
chloridazon as shown by Yan et al,346 which reflects the hydrophilic lipophilic balanced 
character of the graphene-based sorbent. However, in order to decipher the role of H-bonds 
and to gain more robust mechanistic insights into the sorption process, studies with larger 
sets of analytes are needed. 

Nonetheless, the outstanding importance of nonpolar interactions is highlighted by the 
overall improved sorption performance of the graphene-based material upon chemical 
reduction. During the reduction reaction, oxygen-containing functional groups were largely 
removed from the surface of the GO, which enlarged the polyaromatic basal plane and, in 
turn, increased the affinity and capacity for all aromatic compounds through possibly 
enhanced π-π interactions. The removal of a majority of oxygen-containing functionalities 
was confirmed by FTIR spectroscopy and Raman microspectroscopy as presented in 
Figure 5.3. The peaks in the FTIR spectra of GO (red, Figure 5.3a) were assigned as follows: 
C-H bending vibrations at 865 cm-1, C-O (alkoxy) stretching vibrations at 1035 cm-1, C-O 
(epoxy) stretching vibrations at 1150 cm-1, O-H (hydroxy) bending vibrations at 1325 cm-1, 
O-H (carboxy) bending vibration at 1400 cm-1, skeleton vibrations of aromatic C=C bonds 
at 1620 cm-1, C=O (carboxy, carbonyl) stretching vibrations at 1720 cm-1, and O-H 
(hydroxy) stretching vibrations around 3300 cm-1. In the rGO spectra (green), the peaks 
corresponding to the oxygen-containing functionalities decreased significantly (i.e., carboxy 
and hydroxy O-H) or disappeared entirely (e.g., alkoxy and epoxy C-O). The structural 
changes associated with the chemical reduction are also reflected in the Raman spectra of 
GO and rGO (Figure 5.3b). Both spectra show the same prominent peaks: the D and the G 
band. The D band arises from disorders or defects in the graphene lattice, while the G band 
is attributed to the vibration of the planar configuration sp2 bonded carbon. The D/G intensity 
ratio (ID/IG) of GO increased from 0.95 ± 0.03 to 1.30 ± 0.06 upon reduction. This increase 
is typical for the reduction of GO and indicates that sp2 domains in rGO became smaller in 
average size due to the removal of functional groups.347,348 But while smaller, the sp2 
domains in rGO are more numerous than in GO and hence provide more π-π sorption sites.347 

 
Figure 5.3. (a) Fourier transform infrared (FTIR) spectra and (b) Raman spectra of graphene oxide (GO) and 
reduced graphene oxide (rGO). 
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5.3.3 Sorption Kinetics of Reduced Graphene Oxide in Comparison to 
Commercial Oasis HLB 

Further, the kinetics for sorption of the five model compounds on rGO were examined in 
comparison with the commercial sorbent Oasis HLB (Figure 5.4). The time for the sorption 
of all analytes to reach equilibrium was found to be approximately 840 min/14 h for rGO 
(Figure 5.4), with maximum analyte removal ranging from 20 % for BAM to 84 % for 
chloridazon (Figure S5.3). Compared with literature values for similar organic sorbates, the 
time for rGO to reach equilibrium was about 7 to 14 fold higher in this study.349-351 A reason 
for these lower kinetics could have been the observed agglomeration of the rGO sheets 
during the kinetic experiment, which is known to decrease the effective surface area of the 
bulk material.347 In contrast, Oasis HLB exhibited as expected much faster kinetics and had 
already reached equilibrium at the first sampling time after 1 h. While Oasis HLB 
outperformed rGO in the fast and efficient removal of the relatively nonpolar isoproturon, 
S-metolachlor, and terbuthylazine (i.e., 95 to 98 % vs. 65 to 75 %, Figure S5.3), it showed 
similar low performance for the polar BAM (i.e., ~1 mg g-1 sorbed concentration at 
~20 % removal). Interestingly, however, Oasis HLB sorbed with 3.0 mg g-1 less chloridazon 
at equilibrium than rGO (4.2 mg g-1, Figure 5.4), although admittedly at a much faster rate. 
This observation is (i) consistent with the isotherm results of rGO showing highest affinity 
and capacity for chloridazon (Figure 5.2) and (ii) suggests superior HLB yet inferior kinetic 
properties of rGO compared with Oasis HLB for this specific analyte. 

 
Figure 5.4. Kinetic plots for the sorption of the five model compounds on rGO (red) and Oasis HLB (green) 
displaying the amount of analyte sorbed (qt) at a given time t. Red dashed and solid lines represent pseudo-first 
and pseudo-second order model fits of the rGO kinetic data, respectively. 

For a quantitative evaluation, the experimental data was fitted to the pseudo-first order 
(Lagergren)340 and pseudo-second order kinetic sorption model (Ho and McKay)341 as 
presented in Figure 5.4 and Table 5.2. As it is typical for many sorption systems,341 the rGO 
data was slightly better described by the second-order rate law (R2: 0.93 – 0.94 vs. 0.85 – 
0.90), which assumes that the sorption rate is proportional to the square of the number of 
unoccupied sorption sites on the sorbent surface. However, similar to the observations made 
for the isotherm data, only poor-quality fits could be obtained for BAM due to its weak 
sorption (R2: 0.51 for both models). Fitting of the Oasis HLB kinetic data was not possible 
due to the lack of data points in the dynamic kinetic range in the early sorption phase (< 1 h). 
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In quantitative terms, the relatively slow sorption kinetics of rGO are reflected in pseudo-
second order rate constants ranging between 0.001 and 0.004 g mg min-1 (Table 5.2), which 
are one order of magnitude lower than reported values for the sorption of organic compounds 
on rGO,352 and even three orders of magnitude lower than those of high performance 
sorbents such as the cyclodextrin-based polymers introduced in the previous chapters of this 
thesis.193,253,284 

Table 5.2. Pseudo-first order and pseudo-second order kinetic model parameters for the adsorption of 
2,6-dichlorobenzamide (BAM), chloridazon, isoproturon, S-metolachlor, and terbuthylazine on rGO. 

 pseudo-first order (Lagergren)  pseudo-second order (Ho & McKay) 

 qe k1 R2  qe k2 R2 

  [mg g-1] [min-1] [-]  [mg g-1] [g mg-1 min-1] [-] 

BAM 1.15 ± 0.34 0.002 ± 0.001 0.51  1.48 ± 0.57 0.001 ± 0.000 0.51 

chloridazon 3.66 ± 0.28 0.006 ± 0.001 0.85  4.47 ± 0.29 0.001 ± 0.000 0.94 

isoproturon 2.17 ± 0.10 0.011 ± 0.002 0.90  2.72 ± 0.17 0.004 ± 0.001 0.94 

S-metolachlor 2.43 ± 0.11 0.011 ± 0.002 0.88  3.04 ± 0.19 0.003 ± 0.001 0.93 

terbuthylazine 2.93 ± 0.19 0.010 ± 0.002 0.85  3.69 ± 0.25 0.002 ± 0.001 0.93 

5.3.4 Proof-Of-Concept for Graphene-Modified MAFs in Micropollutant 
Extraction from Water 

Scanning electron microscopy (SEM) confirmed the successful synthesis of the MAF 
polymers and their functionalization with GO. Figure 5.5a and b show SEM images of the 
pristine MAF structure featuring the typical pore sizes and shapes of the polymer globules.339 
After the immobilization by coupling the carboxy groups of GO with primary amines 
introduced to the MAF in an intermediate step, the GO sheets were covalently attached to 
the surface as evident in Figure 5.5c and d as thin layers covering the polymer globules. 

 
Figure 5.5. Field emission scanning electron microscope (FESEM) images of the surface of a pristine 
monolithic adsorption filter (MAF) (a, b), and the surface of a modfied MAF exhibiting thin graphene oxide 
layers covalently attached to the surface (c, d). 
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To assess the applicability of rGO@MAF for the fast and efficient extraction of organic MPs 
from water, the removal of the five model compounds was quantified in a miniaturized, 
proof-of-concept flow-through sorption experiment. To simulate high-throughput 
extraction, the flow rate was set at 7.8 mL min-1, which corresponds to 51.6 mL min-1 in the 
setup with normal sized MAF disks. Based on the immobilized amount and maximum 
sorption capacities of rGO (Table S5.3), the setups were equipped with five rGO@MAF 
disks to guarantee sufficiently high capacities for chloridazon, isoproturon, S-metolachlor, 
and terbuthylazine in 100 mL ultrapure water (0.01 M CaCl2) at a concentration of 5 mg L-1. 
However, it should be noted that not enough discs fitted into the small setup to provide 
enough capacity for BAM (i.e., only 33 %). The contribution of the incorporated rGO to the 
overall sorption performance was evaluated in comparison with the results obtained by the 
same setup but equipped with the same number of pristine MAFs and intermediate 
NH2@MAFs, respectively.  

rGO@MAF removed with 7 (BAM) to 55 % (terbuthylazine) relatively low amounts of 
the analytes from the sample solution (Figure 5.6). In addition, the only 15 to 30 % lower 
values of MAF and NH2@MAF reveal that a considerable part of the observed removal can 
be ascribed to unspecific binding to the polymer matrix. The dependence of the removal data 
on the analyte polarity (as proxied by the log KOW value) in the order BAM < CHL < ISO < 
MET < TER suggests that this unspecific binding was governed by nonpolar interactions 
(e.g., van der Waals forces). The twelvefold increase of the MAF specific surface area from 
0.68334 to 8.1 ± 0.1 m2 g-1 (Figure S5.4), accomplished through the incorporation of GO, was 
thus not sufficient to significantly increase the sorption capacity and kinetics of the MAF 
stationary phase for small organic compounds such as pesticides. These preliminary sorption 
results of the proof-of-concept experiment did not advise upscaling for a large-volume test 
at this stage of method development, but called for revisiting the rGO@MAF design in terms 
of capacity and kinetics. 

 
Figure 5.6. Removal (in %) of the analytes 2,6-dichlorobenzamide (BAM), chloridazon (CHL), isoproturon 
(ISO), S-metolachlor (MET), and terbuthylazine (TER) after percolating 100 mL aqueous sample 
(i.e., ultrapure water, 0.01 M CaCl2, spiked at 5 mg L-1) through pristine MAF, or MAF modified with primary 
amines (NH2@MAF) or reduced graphene oxide (rGO@MAF). 
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5.4 Conclusions 

This proof-of-concept study on the combination of monolithic polymer-based stationary 
phases and carbonaceous, graphene-based nanomaterials for fast and effective extraction of 
organic MPs from water provides valuable findings for future method development and 
optimization. The present results demonstrate the potential of chemical reduction of GO to 
significantly increase the sorption affinity and capacity toward a broad range of MPs by 
enhancing π-π interactions between their aromatic moieties and the more numerous sp2 
bonded carbon domains in the reduced form of GO. However, the sorption performance of 
GO and rGO observed and quantified in this study was well below typical literature values 
in terms of capacity and kinetics, and could not compete with that of high-performance 
sorbents (e.g., Oasis HLB, β-CDP). This finding indicates a high variability in quality of 
commercial GO products and implies to use the state-of-the-art Hummers’ procedure345 in 
the development of future methods for obtaining a high performance sorptive GO material. 

Furthermore, the reported functionalization scheme of coupling the carboxy groups of 
GO with previously immobilized primary amine groups (i) represents a straightforward 
method to graft carboxy-containing nanomaterials onto the epoxy-based MAF polymers and 
thus (ii) highlights the versatility of the MAF surface chemistry to be tailored for different 
analytical needs. Although the low specific surface area of the MAF could be increased by 
one order of magnitude in this way, the extraction of MPs in the proof-of-concept sorption 
experiment was only insufficiently improved. Hence, the outcome of this study strongly 
suggests to overall revise the rGO@MAF design for the efficient extraction of small organic 
molecules from water. Future method development may consider, for example, (i) the 
optimization of porogen type and composition to finetune the MAF porosity for the needs 
of small molecule extraction (e.g., to obtain dual porosity including mesopores), (ii) the use 
of different functional and cross-linking monomers such as styrene, divinylbenzene, or 
methacrylate, to obtain an organic polymer monolith tailored for the retention of MPs,235 
(iii) the embedding of the graphene-based nanomaterials already during the monolith 
synthesis in order to achieve a higher degree of incorporation,236 or (iv) the use of alternative 
nanoparticles, such as metal-organic frameworks (MOFs)353 or molecularly imprinted 
polymers (MIPs)181 to increase selectivity and target specific classes of MPs.
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The overarching goal of this dissertation was to broaden the scope of compound-specific 
isotope analysis (CSIA) to polar organic micropollutants present in natural waters in the low 
ng L-1 concentration range, thereby paving the path for a better understanding of their 
behavior and fate in the environment. Specifically, the research aimed at tackling the major 
analytical bottlenecks of micropollutant CSIA associated with the limited sensitivity and 
chromatographic resolution of chromatography-IRMS by advancing sample preparation 
methodologies. In this context, the novelty of this research is the focus on improving the first 
sample preparation step, namely the solid-phase extraction of the target analytes. As such, 
the work is intended to complement previous work on the same analytical problem, in which 
extensive efforts have been made to advance preparative cleanup procedures in the second 
sample preparation step. Overall, this dissertation emphasizes that the meticulous choice of 
a selective SPE sorbent material, a comprehensive sorbent selectivity assessment toward the 
target analyte and interfering matrix, and a careful method evaluation and validation are key 
for accurate micropollutant CSIA. In particular, the presented selective SPE method based 
on cyclodextrin polymers generates new opportunities for environmental CSIA studies on 
the catchment scale at low contaminant concentrations. 

6.1 Efficacy and Limitations of Cyclodextrin Polymers for 
Selective Sample Preparation in CSIA Applications 

In the major part of the thesis, which addressed the detrimental matrix effects caused by 
coextracted organic matter, it was hypothesized that micropollutant CSIA can greatly benefit 
from innovative sorbent technologies beyond the commercial market, which efficiently 
retain the target analytes but strongly discriminate against concurrent organic matrix 
constituents. The present work thus systematically investigated the selectivity of novel, 
porous cyclodextrin polymers (i.e., α-, β-, γ-CDP) toward both target analytes (i.e., a 
selection of pesticides) and interfering dissolved organic matter (DOM). To address this, a 
comprehensive approach was employed, utilizing various independent and complementary 
experimental designs (e.g., SPE experiments, batch and column sorption studies) and 
analytical techniques (e.g., GC-IRMS, ultrahigh resolution MS, LC-MS/MS, DOC analysis). 

The results of Chapter 2 consistently revealed the superior selective sorption behavior 
of the CDPs compared to a suite of commercial benchmark sorbents (i.e., Oasis HLB, 
LiChrolut EN, Supel-Select HLB). The exhibited selectivity enhancement of β-CDP, 
reaching up to sixfold, leads to cleaner and less complex extracts, resulting in a substantial 
reduction of an interfering unresolved complex mixture (UCM) in GC-IRMS 
chromatograms. This effect was demonstrated for the extraction of the model compounds 
atrazine, S-metolachlor, boscalid, and azoxystrobin from a typical surface water matrix. As 
a result, limits for accurate δ13C analysis could be successfully lowered by over half an order 
of magnitude when compared to conventional SPE phases. In parallel, the procedure proved 
to be highly versatile for various applications due to its robustness in terms of recovery and 
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isotope integrity over a wide range of analyte concentrations, flow velocity, and sorbent 
regeneration cycles. The work thus emphasizes that the developed CDP-based SPE method 
can be successfully integrated into sample preparation workflows to obtain environmental 
SPE extracts that fulfill the rigorous requirements of GC-IRMS. These outcomes further 
illustrate (i) that commonly used, optimized commercial sorbents are not necessarily a 
suitable choice for targeted CSIA studies at low environmental contaminant concentrations, 
and (ii) that the employment of emerging alternative SPE phases, such as the herein 
presented selective model sorbent β-CDP, can avoid high matrix amounts in sample extracts, 
which would be difficult to be completely separated off in subsequent purification steps. 

Besides, the isotope data in Chapter 2 found consistent matrix-dependent limits on GC-
IRMS above which accurate δ13C analysis was compromised, namely concentration levels 
at which approximately ten times more carbon in the extract was present from the matrix 
than the analyte (i.e., CDOM/Canalyte = 10 molC molC-1). This finding (i) agrees with previous 
work on the impact of surface water-derived DOM on the carbon isotope analysis of 
atrazine153 and (ii) underscores the necessity for micropollutant CSIA workflows to assess 
the selectivity of the SPE sorbent not only toward the target contaminant but also toward the 
concurrent organic matrix. A systematic investigation is still warranted, however, to 
conclusively evaluate whether such a DOM-to-analyte threshold concentration ratio is a 
robust a priori indicator for the universal feasibility assessment of SPE-CSIA procedures 
targeting different sample matrices (e.g., groundwater, wastewater). 

The reduction of matrix complexity in extracts of β-CDP is further corroborated by the 
molecular-level investigations presented in Chapter 3. The FTICR MS data elucidated the 
molecular chemodiversity of DOM extracted by the cyclodextrin-based and commercial SPE 
phases, which remained unresolved when DOM was quantified by bulk DOC analysis to 
obtain CDOM/Canalyte ratios in Chapter 2. This approach enabled compound classes of surface 
and groundwater-derived DOM to be pinpointed that were preferentially retained or 
excluded by the different sorbents. The results of this chapter suggest that β-CDP’s superior 
selectivity is largely controlled by the strongest discrimination among the tested sorbents 
against some of the most abundant freshwater-derived DOM constituents, namely 
oxygenated and unsaturated compounds associated with the classes of lignin-like, tannin-
like, and carboxylic-rich alicyclic molecules (CRAMs). Moreover, the data (i) support the 
observation in Chapter 2 that the highest sorbent selectivity can be achieved at a 
circumneutral sample pH, and thus (ii) reinforce the notion that ionizable interfering matrix, 
such as deprotonated carboxylic acids, can readily be separated when SPE is performed with 
reversed-phase sorbents under neutral conditions – provided that extraction pH is uncritical 
for the retention of the target analytes. Chapter 3 demonstrates the outstanding suitability of 
nontargeted ultrahigh-resolution MS for an in-depth sorbent selectivity assessment toward 
the interfering matrix. The detailed molecular-level information on the selective nature of 
β-CDP gained by this approach may contribute to further optimization of sample preparation 
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in future efforts, for example, by tailoring cleanup strategies for abundant interfering DOM 
compound classes (e.g., saturated lipid-like compounds). 

The new insights into the prevalent sorption mechanisms presented in Chapter 4 provide 
a molecular underpinning of the selectivity of TFN-cross-linked CDPs (i.e., α-, β-, γ-CDP) 
as observed and described in Chapter 2 and 3. The results (i) challenge the notion of a size 
cut-off above 0.6 kDa induced by the uniform CD cavities, which was hypothesized in 
previous literature, and (ii) suggest a synergistic effect of nonpolar and additional 
electrostatic interactions with the negatively charged cross-linker to be governing the 
selective sorption behavior of TFN-CDPs. The conclusion provided in this chapter offers a 
rational explanation for both the observed affinity of the cyclodextrin-based sorbent toward 
moderately polar nonionic and cationic compounds, and the discrimination against highly 
polar nonionic and anionic compounds. These insights can be used, for example, in 
combination with a recently introduced versatile β-CDP platform based on radical 
polymerization that allows for straightforward tuning of the comonomers/cross-linkers,354 in 
order to further optimize efficient and selective sorbent designs for specific compound 
classes, including those of varying charge and polarity. 

Altogether, the findings of Chapter 2, 3, and 4 emphasize the excellent suitability of 
TFN-cross-linked β-CDP as a selective SPE sorbent to discriminate against environmental 
DOM in matrix-susceptible analytical applications such as CSIA. The application of the 
presented selective CDP-based SPE-CSIA procedure can be extended in the future to 
numerous other nonionic and cationic polar organic compounds for which β-CDP exhibits 
excellent sorption performance.194,195 In the case that recovery data is not yet available, the 
information on the chemical space extracted by β-CDP (Chapter 3) may serve to roughly 
predict the sorbent selectivity toward molecular compositions of potential target compounds. 
Table 6.1 presents some examples of pesticides and consumer care products for which CSIA 
methods already exist and for which β-CDP appears to be ideally suited as a selective SPE 
sorbent (i.e., recovery > 90 %). However, the advantageous discrimination against highly 
polar nonionic and anionic compounds at circumneutral pH is inevitably associated with 
limitations for the applicability of the procedure to target analytes with similar molecular 
properties. For instance, the anionic pesticides bentazone, MCPA, mecoprop, and 2,4-D, and 
the anionic pharmaceuticals diclofenac and sulfamethoxazole are not or only poorly 
recovered by β-CDP (Table 6.1) due to electrostatic repulsion by the negatively charged 
TFN-cross-linker. Based on their pKa values, a compromise between optimal sample pH for 
either lowest matrix co-enrichment or highest target analyte recovery might be a practical 
solution for some of these ionizable compounds. The recovery of bentazone (pKa = 3.3), for 
example, can already be increased to over 60 % when the sample pH is lowered to pH 5.195 
However, this inevitably leads to higher amounts of matrix in the extracts, and must be 
thoroughly scrutinized for analytical interferences and resulting matrix-dependent limits of 
accurate CSIA. Identical drawbacks of the CDP-based SPE apply to highly polar, nonionic 
substances such as 2,6-dichlorobenzamide (BAM), as shown in Chapter 2 (Table 6.1).  
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For substances beyond the scope of the currently available selective CDPs, for example 
the phenoxy acid herbicides listed in Table 6.1, other emerging sorbent technologies should 
be exploited for their use as selective sorbent phases in future research. Such alternative 
promising SPE materials include, for instance, covalent organic frameworks (COFs)355 and 
metal-organic frameworks (MOFs),353 both of which offer uniform porosity, high surface 
area, and a molecular recognition capability that can be tailored for specific target analytes 
by manipulating their cavity size and surface chemistry.171 Furthermore, to enable efficient 
method development and integrated in-depth assessment of selectivities among different 
sorbent candidates (e.g., advanced CDPs, MOFs, COFs, MIPs), the establishment of a 
standardized, high-throughput experimental scheme would be immensely beneficial. 

Table 6.1. Examples of pesticides, pesticide metabolites, pharmaceuticals, and other organic micropollutants 
for which CSIA methods are available, including their log KOW (neutral) and log D at pH 7 (ionic) values, 
respectively, their recovery on β-CDP, and applicability to the CDP-based SPE-CSIA procedure presented in 
Chapter 2 of this dissertation. 

Substance (class) log KOW/ 
log D (pH 7)* 

Charge  
(pH 7)† 

Reference 
CSIA 

method 

Recovery 
β-CDP 
(pH 7)‡ 

CDP-based 
SPE-CSIA 
applicable? 

 [-]   [%]  

N-triazine herbicide 
          Simazine 2.30 neutral 356 91 ± 7 yes 

Chloroacetanilide herbicides 
          Acetochlor 3.03 neutral 133 98 ± 3 yes 
          Alachlor 3.52 neutral 133,142,164 98 ± 3 yes 

Phenyl urea herbicide 
          Isoproturon 2.87 neutral 357 100 ± 0 yes 

Benzothiazinone herbicide 
          Bentazone 0.04 negative 129,358 46 ± 15 no 

Phenoxy acid hebricides 
          MCPA -1.09 negative 359 4 ± 5 no 
          Mecoprop -0.65 negative  360 0 ± 1 no 
          2,4-D -0.83 negative 359 7 ± 8 no 

Pesticide Metabolites 
          Desethylatrazine 1.78 neutral 137,165,361 97 ± 5 yes 
          BAM 0.77 neutral 129,137,362 31 ± 3§ no 

Pharmaceuticals 
          Diclofenac 1.17 negative 129,249,363 10 ± 18 no 
          Sulfamethoxazole -0.56 negative 364-366 39 ± 35 no 

Corosion inhibitor 
          Benzotriazole 1.44 neutral 166,367 94 ± 9 yes 

Plasticizer 
          Diethyl phthalate 2.71 neutral 368 90 ± 1 yes 

* obatined from the ChemSpider database of the Royal Society of Chemistry369 
† dominant species based on pKa value 
‡ obtained from Li et al.,195 except §data for BAM that was determined in Chapter 2 
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6.2 Implications for Large-Volume Extraction Concepts 

In the second, minor part of the thesis (Chapter 5), addressing the laborious processing of 
large sample volumes required for micropollutant CSIA, the applicability of graphene-
modified polymer monoliths (i.e., monolithic adsorption filters (MAFs)) for a high-
throughput SPE application to organic MPs was investigated. Although the study proves the 
versatility of the MAF platform to be tailored for different analytical needs through 
straightforward surface chemistry modification, it also illustrates the challenge of increasing 
its low specific surface area (i.e., < 1 m2 g-1) to such an extent that it ensures sufficient 
sorption performance in terms of kinetics and capacity for small molecules. The presented 
results imply that further method development should focus either on finetuning the MAF 
porosity to obtain additional mesopores that suit the extraction of small molecules (e.g., by 
optimizing the porogen type and composition), or on using different functional and cross-
linking monomers (e.g., styrene, divinylbenzene, methacrylate) to obtain an organic polymer 
monolith tailored for the retention of MPs. In order to also increase selectivity in this LV 
extraction procedure and to target specific MP classes, the rather universal graphene-based 
sorbent incorporated into the polymer network could be exchanged with more selective 
nanoparticles, such as MOFs353 or MIPs.181 Besides, a fundamentally alternative approach 
to the active sampling and processing of hundreds of liters of water in micropollutant CSIA 
workflows may be the use of passive integrative sampling techniques (e.g., Polar Organic 
Compound Integrative Sampler (POCIS))141,370 in combination with selective sorbent 
materials such as the β-CDP presented in this thesis. 

6.3 Perspectives for Micropollutant CSIA in Field Studies 

Overall, this dissertation emphasizes that the diligent choice of SPE sorbent material, the 
exhaustive sorbent selectivity assessment, and careful method evaluation and validation are 
key for accurate CSIA targeting aquatic organic contaminants that occur at low 
environmental concentrations. The presented SPE-CSIA procedure employing the selective 
β-CDP offers new prospects for CSIA applications at field-relevant concentrations of tens 
to hundreds of nanograms per liter. Figure 6.1 exemplarily illustrates the significance of the 
sixfold gain in sensitivity achieved by this work for an environmental CSIA workflow for 
the herbicide atrazine in natural water containing a typical DOC level of 2.5 mg L-1. While 
the extraction with the commonly used Oasis HLB sorbent can ensure accurate δ13C 
determination only to a minimum atrazine concentration of 545 ng L-1, the SPE-CSIA 
procedure employing β-CDP allows reliable isotope analysis down to 90 ng L-1 under the 
given conditions. This highlights that micropollutant CSIA studies on the catchment scale 
for typical field concentrations below 100 ng/L (see Figure 1.1) are now within the realm of 
feasibility when selective extraction methods are combined with established cleanup 
strategies, such as molecularly imprinted SPE (MISPE)166 and preparative HPLC.165  
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These methodological advancements in sample preparation together with further 
instrumental optimization of sensitivity and peak separation in chromatography-IRMS (e.g., 
by comprehensive two-dimensional GC and optimized reactor designs)162,163 are expected to 
boost the implementation of CSIA in environmental monitoring strategies for MPs. By 
gaining comprehensive insights into the fate of these pollutants, it will be possible to develop 
more effective mitigation strategies, to enhance regulatory measures, and to implement 
targeted remediation efforts to safeguard aquatic ecosystems and ensure the sustainable 
management of water resources. This knowledge is crucial for identifying potential 
contaminant sources, understanding transformation pathways, and assessing the overall 
environmental impact, ultimately contributing to the preservation of the natural environment 
for present and future generations. 

Beyond CSIA based on high-precision IRMS, recent developments in electrospray-
ionization Orbitrap-MS bear great potential to further stimulate environmental isotope 
research on organic MPs, as the technique is now in principle able to accurately determine 
isotopic variations in intact molecules at natural abundance.371 This may allow limitations 
inherent to gas-source IRMS instruments (e.g., the loss of molecular information) to be 
overcome by enabling (i) simultaneous multi-element isotopic fingerprinting, (ii) position-
specific isotope analysis for the sensitive detection of isotope fractionation in large 
molecules, in which average isotope effects typically become diluted, and (iii) the 
straightforward separation of interferences by selecting the mass trace of interest. 

 
Figure 6.1. Carbon-normalized DOM-to-atrazine concentration ratio (CDOM/Catrazine) in the SPE extract as a 
function of atrazine concentration in a water sample containing 2.5 mg L-1 DOC using either Oasis HLB (red) 
or β-CDP (green) as a SPE sorbent. The data is based on atrazine and DOC recovery data obtained in Chapter 2 
and considers two sample cleanup steps (e.g., MISPE, preparative HPLC) that improve the CDOM/Catrazine ratio 
by factor 10 each. The yellow area represents the CDOM/Catrazine range in which accurate δ13C analysis is 
generally feasible. The upper panel indicates the environmental atrazine concentration range for which the 
different SPE procedures enable accurate carbon isotope analysis. 
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AHA Aldrich humic acid 
AImod Modified aromaticity index 
ANOVA Analysis of variance 
Ar Aromaticity 
ATR Atrazine 
AZO Azoxystrobin 
BAM 2,6-dichlorobenzamide 
BET Brunauer–Emmett–Teller 
BOS Boscalid 
CD Cyclodextrin 
CDP Cyclodextrin polymer 
CF Continuous-flow 
CHL Chloridazon 
COFs Covalent organic frameworks 
CRAMs Carboxylic-rich alicyclic molecules 
CSIA Compound-specific isotope analysis 
DBE Double bond equivalent 
DBE/C Carbon-normalized double bond equivalent 
DBE-O Double bond equivalent minus count of oxygen 
DCC N,N′-dicyclohexylcarbodiimide 
DCU Dicyclohexylisourea 
DFG Deutsche Forschungsgemeinschaft 
DIM Dimethomorph 
DMF N,N-dimethylformamide 
DMRM Dynamic multi reaction monitoring 
DOC Dissolved organic carbon 
DOM Dissolved organic matter 
ESI Electrospray ionization 
EtOH Ethanol 
FESEM Field emission scanning electron microscopy 
FID Free induction decay 
FTICR MS Fourier transform ion cyclotron resonance mass spectrometry 
FTIR Fourier-transform infrared 
GC Gas chromatography 
GC-IRMS Gas chromatography – isotope ratio mass spectrometry 
GO Graphene oxide 
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GW Groundwater 
HCA Hierarchical cluster analysis 
HLB Hydrophilic lipophilic balanced 
HMW High-molecular-weight 
HPLC High-performance liquid chromatography 
IHSS International Humic Substances Society 
ILIS Isotopically labeled internal standard 
IRMS Isotope ratio mass spectrometry 
ISO Isoproturon 
IUPAC International Union of Pure and Applied Chemistry 
k Capacity factor 
Kd Partition coefficient 
KIE Kinetic isotope effect 
KOW Octanol-water partition coefficient 
LC Liquid chromatography 
LC-IRMS Liquid chromatography – isotope ratio mass spectrometry 
LC-MS Liquid chromatography – mass spectrometry 
LC-MS/MS Liquid chromatography – tandem mass spectrometry 
LMW Low-molecular-weight 
LOD Limit of detection 
LOQ Limit of quantification 
LSERs Linear solvation energy relationships 
LV Large volume 
MAF Monolithic adsorption filtration 
MeOH Methanol 
MET Methiocarb 
MIPs Molecularly imprinted polymers 
MISPE Molecularly imprinted solid-phase extraction 
MOFs Metal-organic frameworks 
MP Micropollutant 
MQL Method quantification limit 
MS Mass spectrometry 
MTM Metamitron 
MV McGowan volume 
MW Molecular weight 
MWCO Molecular weight cut-off 
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NDIR Nondispersive infrared 
NH2@MAF Monolithic adsorption filter modified with primary amines 
NMR Nuclear magnetic resonance 
NOM Natural organic matter 
NPOC Nonpurgeable organic carbon 
PCA Principle component analysis 
PES Polyethersulfone 
pKa Acid dissociation constant 
POCIS Polar organic compound integrative sampler 
ppb Parts-per-billion 
pp-LFERs Polyparameter linear free energy relationships 
PRO Propiconazole 
PS-DVB Polystyrene-divinylbenzene 
QSARs Quantitative structure-activity relationships 
rGO Reduced graphene oxide 
rGO@MAF Monolithic adsorption filter modified with reduced graphene oxide 
RI Relative intensity 
SEM Scanning electron microscopy 
SI Supporting Information 
SiC Silicon carbide 
SME S-metolachlor 
SPE Solid-phase extraction 
SRFA Suwannee River fulvic acid 
SRHA Suwannee River humic acid 
SW Surface water 
TDS Total dissolved solids 
TER Terbuthylazine 
TFN Tetrafluoroterephthalonitrile 
TIA Thiacloprid 
TOC Total organic carbon 
UCM Unresolved complex mixture 
VPDB Vienna PeeDee Belemnite 
ΔG0 Standard Gibbs free energy 
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S1 Occurrence of Organic Micropollutants in Aquatic 
Systems: A Case Study from Southern Germany 

S1.1 Scope of the Case Study 

This case study was conducted within the framework of the Collaborative Research Center 
CAMPOS, funded by the German Research Foundation (DFG, Grant Agreement SFB 
1253/1 2017). CAMPOS focused on pollution research at the catchment scale of the River 
Ammer near Tübingen, Germany. Specifically, it aimed at (i) identifying landscape elements 
controlling storage, biogeochemical transformation, or elimination of pollutants; 
(ii) identifying relevant processes for pollutant transformation in different environmental 
compartments and their dynamics; and (iii) developing a new modeling framework to 
simulate and predict reactive transport and pollutant behavior on the landscape scale. The 
study was part of project P2 Sub-catchments and had the goal to measure the chemical 
fingerprint (i.e., the occurrence and concentration of micropollutants) at different locations 
along the sub-catchment of the creek Schönbrunnen (including surface and groundwater). 
The obtained information on the chemical inventory in water fed into the identification of 
target compounds for further assessment of putative reactive environmental compartments. 
Experimental details are described in the following sections and results of the target 
screening are illustrated in Figure 1.1 in the introductory Chapter 1.1 of this thesis. 

S1.2 Water Sampling 

Water sampling took place in May and November 2018. Surface water (SW) samples were 
taken at three locations in the creek Schönbrunnen, while six groundwater (GW) samples 
were taken using peristaltic pumps from groundwater monitoring wells located in the 
vicinity of the creek (Figure 1.1). The volume in the standpipe of the wells was exchanged 
twice before the pristine GW was collected. All samples were filled into glass bottles 
previously rinsed with methanol, ultrapure water, and the water sample. After refrigerated 
transport to the laboratory, water samples were immediately passed through pre-washed 
0.45 µm nylon membrane filters (GVS Filter Technology, Bologna, Italy). Before being 
extracted the next day, they were stored overnight at 4 °C in the dark. 

S1.3 Solid-Phase Extraction 

Target analytes were enriched by means of solid phase extraction (SPE) using a 12-port 
vacuum SPE manifold (Supelco, Bellefonte, USA) and 500 mg Oasis HLB sorbent packed 
in 6 mL polypropylene cartridges (Waters, Milford, USA). Prior to loading, SPE cartridges 
were conditioned with 10 mL of methanol, 10 mL of ethyl acetate, and 10 mL of ultrapure 
water (Merck Millipore, Burlington, USA). Then, 1000 mL of filtered (0.7 µm, GF/F 
47 mm, Whatman, Maidstone, UK) water were percolated through the cartridges at a 
volumetric flow rate of ≤ 4.0 mL min-1, corresponding to linear flow velocity of 



Case Study on the Occurrence of Aquatic Micropollutants 

141 

≤ 3.2 cm min-1. Once loaded, the sorbents were dried under vacuum for 45 min and 
subsequently eluted with 2 x 2.5 mL of methanol and 2 x 2.5 mL of ethyl acetate. The eluates 
were combined and filtered using a 0.2 µm polyethersulfone membranes (PES, Captiva 
Premium Syringe Filter, Agilent, Santa Clara, USA). Eluates were then carefully evaporated 
to dryness using a gentle stream of N2 and a temperature of 40 °C (Vapotherm Basis Mobil 
II, Barkey, Leopoldshöhe, Germany). Finally, the dry residues were reconstituted in 1 mL 
of methanol (enrichment factor 1000) by ultra-sonication for 10 min and vortex mixing for 
1 min. Exact reconstituted volumes were gravimetrically determined. All sample extracts 
were tightly sealed and stored at -20 °C until further analysis. To account for background 
interferences induced by the extraction process, a blank sample was prepared in the same 
manner by extracting 1000 mL of ultrapure water. 

S1.4 Liquid Chromatography – Tandem Mass Spectrometry 

The water samples were screened for 76 environmental relevant analytes using liquid 
chromatography (1260 Infinity LC System, Agilent, Santa Clara, USA) coupled to high 
resolution mass spectrometry (6490 iFunnel triple quadrupole mass spectrometer, Agilent, 
Santa Clara, USA). A sample volume of 2 µL was injected into the system while the flow 
rate was kept constant at 0.4 mL min-1. Analyte separation was achieved by a reversed-phase 
C18 column (Poroshell 120 EC-C18, 2.7 µm particle size, 2.1 x 100 mm, Agilent, Santa 
Clara, USA) at 40 °C and using a gradient program with ultrapure water (eluent A) and 
acetonitrile (eluent B) both containing 0.1 % acetic acid (negative ESI) or 0.1 % formic acid 
(positive ESI). Fraction of B was linearly increased from 2 % to 100 % within the first 
17 min and kept constant for 6 min, followed by re-equilibration to initial conditions for 
7 min. Analytes were ionized by means of electrospray ionization (ESI) in both positive and 
negative mode (12 L min-1 N2 sheath gas at 400 °C, 16 L min-1 N2 drying gas at 150 °C, 
40 psi nebulizer pressure, 4.2 kV (ESI+, ESI-) capillary potential, and 1000 V (ESI+) and 
1500 V (ESI-) nozzle potential, respectively). MS/MS experiments were performed in 
Dynamic Multi Reaction Monitoring (DMRM), where analyte specific mass transitions were 
defined for respective collision energies using N2 as collision gas. Quantification was 
performed based on internal calibration. 
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S2 Supporting Information to Chapter 2 

S2.1 Chemicals 

All chemicals used in this work are summarized in Table S2.1. 

Table S2.1. List of reagents, solvents, and analytical standards. 

Chemical CAS number Purity/Grade (further info.) Supplier 

Reagents    

calcium chloride 7440-70-2 anhydrous, Redri-Dri, ≥97.0 % Sigma-Aldrich 
humic acid 1415-93-6 Technical Sigma-Aldrich 
hydrochloric acid 7647-01-0 ACS reagent, 37 % Sigma-Aldrich 
potassium carbonate 584-08-7 BioXtra, ≥99.0 % Sigma-Aldrich 
potassium hydrogen phthalate 877-24-7 BioXtra, ≥99.95 % Sigma-Aldrich 
sodium hydroxide 1310-73-2 BioXtra, ≥98 % Sigma-Aldrich 
tetrafluoroterephthalonitrile 1835-49-0 99 % Sigma-Aldrich 
thiourea 64-65-6 ReagentPlus, ≥99.0 % Sigma-Aldrich 
α-cyclodextrin 10016-20-3 ≥98.0 % Sigma-Aldrich 
β-cyclodextrin 7585-39-9 ≥97.0 % Sigma-Aldrich 
γ-cyclodextrin 17465-86-0 ≥98.0 % Sigma-Aldrich 

Solvents    

acetonitrile  75-05-8 HPLC Plus, ≥99.9 % Sigma-Aldrich 
dichloromethane 75-09-2 EMSURE®, for analysis  Sigma-Aldrich 
ethanol 64-17-5 absolute, for HPLC, ≥99.8 % Sigma-Aldrich 
methanol 67-56-1 ≥99.9 % Sigma-Aldrich 
N,N-dimethylformamide 68-12-2 anhydrous, 99.8 % Sigma-Aldrich 
tetrahydrofuran 109-99-9 anhydrous, ≥99.9 %, inhibitor-free Sigma-Aldrich 

Analytical Standards    

2,6-dichlorobenzamide (BAM) 2008-58-4 PESTANAL®, analytical standard Sigma-Aldrich 
atrazine 1912-24-9 PESTANAL®, analytical standard Sigma-Aldrich 
azoxystrobin 131860-33-8 PESTANAL®, analytical standard Sigma-Aldrich 
azoxystrobin-d4 n.a. PESTANAL®, analytical standard Sigma-Aldrich 
boscalid 188425-85-6 PESTANAL®, analytical standard Sigma-Aldrich 
dimethomorph 110488-70-5 PESTANAL®, analytical standard Sigma-Aldrich 
dimethomorph-d6 n.a. PESTANAL®, analytical standard Sigma-Aldrich 
metamitron 41394-05-2 PESTANAL®, analytical standard Sigma-Aldrich 
methiocarb 2032-65-7 PESTANAL®, analytical standard Sigma-Aldrich 
methiocarb-d3 n.a. PESTANAL®, analytical standard Sigma-Aldrich 
propiconazole 60207-90-1 PESTANAL®, analytical standard Sigma-Aldrich 
propiconazole-d3 n.a. PESTANAL®, analytical standard Sigma-Aldrich 
S-metolachlor 87392-12-9 PESTANAL®, analytical standard Sigma-Aldrich 
terbuthylazine 5915-41-3 PESTANAL®, analytical standard Sigma-Aldrich 
terbuthylazine-d5 n.a. PESTANAL®, analytical standard Sigma-Aldrich 
thiacloprid 111988-49-9 PESTANAL®, analytical standard Sigma-Aldrich 
thiacloprid-d4 n.a. PESTANAL®, analytical standard Sigma-Aldrich 
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S2.2 Standard Solutions and Ultrapure Water 

For sorption studies, we selected 11 model target compounds, which are covering a range of 
physicochemical properties, including four herbicides (i.e., atrazine, metamitron, 
S-metolachlor and terbuthylazine), four fungicides (i.e., azoxystrobin, boscalid, 
dimethomorph and propiconazole), two insecticides (i.e., methiocarb and thiacloprid), as 
well as the metabolite 2,6-dichlorobenzamide (BAM). Detailed information about the 
selected compounds is given in Table S2.2. Stock solutions of analytical and isotopically 
labeled standards (1 g L-1) were prepared in pure methanol and processed further to 
appropriate working solutions. Methanolic standards were stored at -20 °C in the dark. A 
stock solution of Aldrich humic acid was prepared by dissolving 10 g of the dry powder in 
ultrapure water at pH 10 for 3 h using a magnetic stirring system. The solution was 
subsequently filtered (0.45 µm), manually adjusted to pH 7, and stored at 4 °C in the dark. 
Ultrapure water (18.2 MΩ cm at 25 °C) was produced with a Milli-Q® Reference water 
purification system (Merck Millipore, USA). 

S2.3 Sorbents and Packing Materials 

Oasis HLB sorbent was purchased from Waters (Milford, MA, USA), LiChrolut EN from 
Merck Millipore (Burlington, MA, USA) and Supel-Select HLB, as well as empty 
polypropylene SPE cartridges (1, 3, 6 mL) and polyethylene frits (20 µm pore size) from 
Sigma-Aldrich (Taufkirchen, Germany). Properties of the tested commercial sorbents are 
listed in Table S2.3. Stainless steel columns and accessories for column packing (Table S2.4) 
were obtained from Bischoff Chromatography (Leonberg, Germany). 
 
372,373  
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Table S2.3. Suppliers and properties of commercial solid-phase extraction (SPE) sorbents under investigation. 
Data was provided by manufacturer’s specifications. 

sorbent supplier polymer type 
particle 

size 
pore 
size 

pore 
volume 

surface 
area 

[µm] [Å] [mL g-1] [m2 g-1] 

Oasis HLB Waters N-vinylpyrrolidone-divinylbenzene 60 80 1.3 830 

LiChrolut EN Merck ethylvinylbenzene-divinylbenzene 40 - 120 n.a. 0.75 1200 

Supel-Select HLB Supelco hydrophilic modified styrene resin 55 - 60 87 0.88 400 - 410 

Table S2.4. List of materials used for packing silicon carbide supported sorbents into empty HPLC columns. 

No.* Description Part Number† 

1 column nut M8 1208 0000 
2 connecting nut 0208 7500 
3 threaded column tube M8, stainless steel, 14x2.0 mm 0102 0000 
4 fitting adapter 1216 0000 
5 ZDV connector‡ 5506 1001 
6 column end plug 1205 0020 
7 PTFE seal, 5.6 mm diameter 1255 0100 
8 glass fiber filter 1257 0250 
9 stainless steel mesh, 5 µm 1254 0100 

* Numbers 1 – 9 refer to column part labels in Figure S2.10; † refers to order lists of the vendor Bischoff Chromatography 
(Leonberg, Germany); ‡ custom-drilled at the center to an inner diameter of 2.0 mm. 
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S2.4 Preparation and Characterization of Porous Cyclodextrin 
Polymers 

S2.4.1 Synthesis of Porous Cyclodextrin Polymers 

Table S2.5. Amounts of reagents used for synthesis of porous 
α-, β-, and γ-cyclodextrin polymers (CDPs). 

reagent M mol.-eq. n m 
 [g mol-1]  [mmol] [g] 

α-CD 972.84 1.00 3.61 3.51 
β-CD 1134.98 1.00 3.61 4.10 
γ-CD 1297.12 1.00 3.61 4.69 
TFN* 200.09 2.85 10.28 2.06 
K2CO3 138.21 12.82 46.30 6.40 
*tetrafluoroterephthalonitrile, cross-linker 

S2.4.2 Field Emission Scanning Electron Microscope (FESEM) Imaging 

Field emission scanning electron microscope (SEM) imaging of the cyclodextrin-based 
polymers was carried out on a Sigma 300 VP instrument (Zeiss, Oberkochen, Germany) with 
an accelerating voltage of 10.0 kV and a sample distance of 5.4 to 5.9 nm. FESEM images 
at magnifications between 0.5 × 103 and 3.3 × 103 are shown in Figure S2.1 and depict the 
porous surface morphology of α-CDP, β-CDP, and γ-CDP, respectively. 

 
Figure S2.1. Field emission scanning electron microscope (FESEM) images of cross-linked α-CDP (a,b), 
β-CDP (c,d) and γ-CDP (e,f), respectively. 
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S2.4.3 Fourier Transform Infrared Spectroscopy 

Fourier transform infrared (FTIR) spectra (solid, attenuated total reflectance, ATR) were 
recorded using a Nicolet 6700 FT-IR spectrometer (Thermo Scientific, USA) at a 
wavenumber range of 650 to 4000 cm-1 and a resolution of 4 cm-1. The signal-to-noise ratio 
was improved by accumulating 32 individually recorded scans. Baseline correction was 
performed using the software OriginPro 2020. 

According to similar structure and common functional groups, FTIR spectra of α-, β- 
and γ-CD showed intense absorbance at 1030 cm-1, corresponding to polysaccharide C-O 
stretch vibrations, as well as aliphatic C-H stretch vibrations at 2930 cm-1 and O-H stretch 
vibrations around 3400 cm-1 (Figure S2.2). These spectral features were also found in spectra 
of the respective polymers (α-, β-, γ-CDP). In addition, spectra of the polymers exhibited 
nitrile stretches resonating at 2235 cm-1 and C-F stretch vibrations at 1268 cm-1, which 
confirmed the successful incorporation of the cross-linker TFN. In comparison to the 
spectrum of neat TFN, C-F absorption bands in the polymer spectra were less pronounced 
as expected for partial substitution of fluorine during synthesis. Finally, peaks appearing at 
1670 cm-1 and 1463 cm-1 are assigned to aromatic C=C stretches of both the cyclodextrins 
and the cross-linker TFN. 

 
Figure S2.2. Fourier-transform infrared (FTIR) spectra of the cross-linker tetrafluoroterephthalonitrile (TFN), 
α-, β- and γ-cyclodextrin (α-, β-, γ-CD), as well as synthesized α-, β- and γ-cyclodextrin polymer (α-, β-, 
γ-CDP). Dashed vertical lines represent TFN specific absorption bands at 1268 cm-1 (C-F stretch vibrations) 
and 2235 cm-1 (nitrile stretch vibrations), CD specific absorption bands at 1030 cm-1 (C-O stretch vibrations), 
2930 cm-1 (aliphatic C-H stretch vibrations), and 3400 cm-1 (O-H stretch vibrations), as well as common 
aromatic C=C stretch vibrations at 1464 cm-1 and 1670 cm-1. 
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S2.5 Sampling and Pretreatment of Surface Water Samples 

 
Figure S2.3. Dissolved organic carbon (DOC) concentrations in filtered (0.45 µm) surface water samples 
adjusted to pH 3 (gray circles) or pH 7 (white circles) and stored at 4 °C in the dark over a period of 24 days. 
The gray rectangular indicates maximum storage time for which DOC stability was assured. 

Table S2.6. Physicochemical parameters of the surface water used for 
solid-phase extraction experiments in this study. 

parameter unit value 
pH - 6.8 
Conductivity µS cm-1 385 
Acid capacity mmol L-1 5.03 
Sodium (Na+) mg L-1 12.50 
Potassium (K+) mg L-1 35.00 
Ammonium (NH4

+) mg L-1 < 0.04 
Calcium (Ca2+) mg L-1 65.88 
Magnesium (Mg2+) mg L-1 23.60 
Fluoride (F-) mg L-1 < 0.10 
Chloride (Cl-) mg L-1 15.47 
Bromate (BrO3

-) mg L-1 < 0.10 
Bromide (Br-) mg L-1 < 0.10 
Iodide (I-) mg L-1 < 0.10 
Nitrite (NO2

-) mg L-1 < 0.05 
Nitrate (NO3

-) mg L-1 1.26 
Sulfate (SO4

2-) mg L-1 20.45 
Hydrogen phosphate (HPO4

2-) mg L-1 < 0.10 
Hydrogen carbonate (HCO3

-) mg L-1 306.80 
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S2.6 Sample Preparation Procedures Using Cyclodextrin-Based and 
Conventional Sorbents 

S2.6.1 Micropollutant and Dissolved Organic Matter Extraction 

Spiking of Water Samples 

To compare the extraction efficiencies of the investigated sorbents for target analytes and 
DOM, the latter being quantified by DOC analysis, the spiking of analytes to the water 
sample was carried out in a manner that avoided sample contamination by organic carbon 
stemming from the methanolic stock solution. Spiking of analytes at environmentally 
relevant concentrations of 1 µg L-1 was executed by transferring a 5 mL aliquot of the stock 
solution mix (200 µg L-1) to a clean glass bottle, followed by complete evaporation under a 
gentle stream of N2. Thereafter, 1 L of water sample (2.7 mgC L-1) was added, and the dry 
analyte residues were reconstituted overnight. This procedure removed the organic solvent, 
which would have compromised subsequent DOC analysis. 

Solid-Phase Extraction 

 
Figure S2.4. Dissolved organic carbon (DOC) concentrations in SPE breakthrough volumes of ultrapure water 
caused by organic carbon bleed from the sorbent material (10 mg sorbent bed weight). The horizontal dashed 
line represents the instrumental limit of detection and the gray rectangular indicates the volume used for sorbent 
conditioning, in order to reduce organic carbon bleed from the sorbent material. 
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S2.6.2 Validation of the SPE-CSIA Procedure Using β-Cyclodextrin Polymer 

Table S2.7. Experimental parameters that were implemented for validating carbon isotope integrity of atrazine, 
S-metolachlor, boscalid and azoxystrobin throughout the SPE-CSIA procedure using β-CDP as SPE sorbent. 
SPE experiments were performed at a constant flow rate with different spiked concentrations (see 
“concentration dependency”) and at a constant concentration but varying flow rates/velocities (see “flow 
dependency”). In addition, the applicability of sorbent regeneration was examined by repetitively loading, 
eluting, and washing the same SPE cartridges at a constant flow rate and concentration (see “sorbent 
regeneration”). 

experiment 
ID 

spiked 
concentration 

extracted 
volume 

sorbent 
bed 

weight 

SPE 
cartridge 
volume 

volumetric 
flow rate 

linear 
flow 

velocity* 

elution 
volume 

(MeOH) 
 [µg L-1] [mL] [mg] [mL] [mL min-1] [cm min-1] [µL] 

concentration dependency       
1 5 300 150 3 ≤ 1.0 ≤ 1.6 3000 
2 25 150 75 3 ≤ 1.0 ≤ 1.6 2000 
3 50 60 30 1 ≤ 1.0 ≤ 4.1 700 
4 100 40 20 1 ≤ 1.0 ≤ 4.1 700 
5 150 20 10 1 ≤ 1.0 ≤ 4.1 700 
6 250 20 10 1 ≤ 1.0 ≤ 4.1 700 
7 500 20 10 1 ≤ 1.0 ≤ 4.1 700 

flow dependency       
1 150 20 10 1 0.50 4.9 700 
2 150 20 10 1 1.25 12.3 700 
3 150 20 10 1 2.00 19.6 700 
4 150 20 10 1 2.50 24.6 700 
5 150 20 10 1 3.00 29.5 700 
6 150 20 10 1 3.50 34.4 700 
7 150 20 10 1 4.00 39.3 700 

sorbent regeneration        
1 - 7 150 20 10 1 ≤ 1.0 ≤ 4.1 700 

*calculated on the basis of cross-sectional areas of 0.25 and 0.62 cm2 for 1 and 3 mL SPE cartridges, respectively, except 
for flow dependency tests, where modified 1 mL cartridges with cross sectional areas of 0.10 cm2 were used. 

 

S2.7 Sorption Parameter Determination by Batch Equilibrium Sorption 
Studies 

Batch equilibrium experiments according to guidelines provided by OECD254 and US 
EPA255 were performed to study the sorption behavior of the 11 model compounds on the 
cyclodextrin-based (i.e., α-, β-, γ-CDP) and commercial SPE sorbents (i.e., Oasis HLB, 
LiChrolut EN, Supel-Select HLB). Suspensions containing 10 mg sorbent in 10 mL 0.01 M 
CaCl2 (pH 7) were pre-equilibrated by overhead shaking for 18 hours and, subsequently, 
spiked with analytes at concentrations ranging from 2.5 to 60 mg L-1. After spiking, final 
methanol volumes did not exceed 1 % to prevent co-solvent effects. In addition, control 
samples (without sorbent) for each concentration level and blanks (without analytes) were 
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run to account for potential instability of the analytes, adsorption to the test vials and matrix 
interferences, respectively. All samples were prepared in triplicates and shaken for 24 hours 
in the dark at 25 ± 1 °C to reach sorption equilibrium. Afterwards, the suspensions were 
filtered (0.2 µm) and aqueous equilibrium concentrations were measured at wavelengths of 
maximum absorption by a high-performance liquid chromatography system (Nexera XR, 
Shimadzu, Japan) equipped with a diode array detector (SPD-M20A, Shimadzu, Japan). The 
injection volume was 20 µL and analyte separation was achieved by a XTerra RP18 column 
(3.0 x 150 mm, 3.5 µm particle size, Waters, USA) at 45 °C and using a gradient elution 
with ultrapure water (eluent A) and acetonitrile (eluent B) at a flow rate of 1.2 mL min-1. 
After 0.75 min of 1 % B, the fraction of B was increased to 40 % within 1.5 min and was 
kept for 5 min, followed by a steep increase to 98 % B within 0.5 min. The fraction of 98 % 
B was kept for 0.5 min and, finally, the column was re-equilibrated to initial conditions for 
2.5 min. Given the high surface area of LiChrolut EN (i.e., 1200 m2 g-1), aqueous 
equilibrium concentrations for all concentration levels were determined below detection 
limits and, hence, sorption data was not obtained for this sorbent. 

The amount of analyte sorbed per mass of sorbent at equilibrium (q) was calculated via 
mass balance and sorption isotherms were fitted to the Freundlich and Langmuir sorption 
model according to equation (S2.1) and (S2.2), respectively: 

𝑞𝑞 = 𝐾𝐾𝐹𝐹 × 𝐶𝐶𝑒𝑒𝑎𝑎
1 𝑖𝑖�  (S2.1) 

𝑞𝑞 =
𝑞𝑞𝑐𝑐𝑒𝑒𝑚𝑚 × 𝐾𝐾𝐿𝐿 × 𝐶𝐶𝑒𝑒𝑎𝑎

1 + 𝐾𝐾𝐿𝐿 × 𝐶𝐶𝑒𝑒𝑎𝑎
 (S2.2) 

where q (mg g-1) is the amount of analyte sorbed per mass of sorbent at equilibrium, Caq 

(mg L-1) is the aqueous equilibrium concentration of the compound, KF [(mg/g)/(mg/L)1/n] 
and KL (L mg-1) are the Freundlich and Langmuir sorption coefficients, respectively, 1/n (-) 
is the degree of isotherm nonlinearity and qmax (mg g-1) is the maximum sorption capacity. 
Isotherm fitting was performed using the software OriginPro 2020. 

Figure S2.5, S2.6, S2.7, S2.8, and S2.9 depict the amount of analyte sorbed per mass of 
sorbent at equilibrium (q) as a function of aqueous equilibrium concentration (Caq), as well 
as fitted Freundlich and Langmuir sorption isotherms for the 11 model compounds obtained 
by batch sorption experiments using α-CDP, β-CDP, γ-CDP, Oasis HLB and Supel-
Select HLB, respectively. The results of data fitting, including sorption parameters and 
coefficients of determination (R2), are summarized in Table S2.8. For a comparison among 
the sorbents, we derived partition coefficients based on the Freundlich model for a fixed 
aqueous equilibrium concentration, Caq, of 100 µg L-1, where uncertainties were propagated 
according to the Gaussian error propagation law (Table S2.9). 
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Figure S2.5. Equilibrium sorption isotherms of α-CDP at 25 ± 1 °C for 2,6-dichlorobenzamide (a), metamitron 
(b), thiacloprid (c), atrazine (d), dimethomorph (e), methiocarb (f), terbuthylazine (g), azoxystrobin (h), 
S-metolachlor (i), boscalid (j), and propiconazole (k). Equilibrium uptake, q (mg g-1), is plotted against aqueous 
equilibrium concentration of compound, Caq (mg L-1). Error bars reflect one standard deviation (±σ) of 
triplicate experiments. Freundlich and Langmuir isotherm fits are represented by blue dashed and red lines, 
respectively. 
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Figure S2.6. Equilibrium sorption isotherms of β-CDP at 25 ± 1 °C for 2,6-dichlorobenzamide (a), metamitron 
(b), thiacloprid (c), atrazine (d), dimethomorph (e), methiocarb (f), terbuthylazine (g), azoxystrobin (h), 
S-metolachlor (i), boscalid (j), and propiconazole (k). Equilibrium uptake, q (mg g-1), is plotted against aqueous 
equilibrium concentration of compound, Caq (mg L-1). Error bars reflect one standard deviation (±σ) of 
triplicate experiments. Freundlich and Langmuir isotherm fits are represented by blue dashed and red lines, 
respectively. 
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Figure S2.7. Equilibrium sorption isotherms of γ-CDP at 25 ± 1 °C for 2,6-dichlorobenzamide (a), metamitron 
(b), thiacloprid (c), atrazine (d), dimethomorph (e), methiocarb (f), terbuthylazine (g), azoxystrobin (h), 
S-metolachlor (i), boscalid (j), and propiconazole (k). Equilibrium uptake, q (mg g-1), is plotted against aqueous 
equilibrium concentration of compound, Caq (mg L-1). Error bars reflect one standard deviation (±σ) of 
triplicate experiments. Freundlich and Langmuir isotherm fits are represented by blue dashed and red lines, 
respectively. 
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Figure S2.8. Equilibrium sorption isotherms of Oasis HLB at 25 ± 1 °C for 2,6-dichlorobenzamide (a), 
metamitron (b), thiacloprid (c), atrazine (d), dimethomorph (e), methiocarb (f), terbuthylazine (g), azoxystrobin 
(h), S-metolachlor (i), boscalid (j), and propiconazole (k). Equilibrium uptake, q (mg g-1), is plotted against 
aqueous equilibrium concentration of compound, Caq (mg L-1). Error bars reflect one standard deviation (±σ) 
of triplicate experiments. Freundlich and Langmuir isotherm fits are represented by blue dashed and red lines, 
respectively. 
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Figure S2.9. Equilibrium sorption isotherms of Supel-Select HLB at 25 ± 1 °C for 2,6-dichlorobenzamide (a), 
metamitron (b), thiacloprid (c), atrazine (d), dimethomorph (e), methiocarb (f), terbuthylazine (g), azoxystrobin 
(h), S-metolachlor (i), boscalid (j), and propiconazole (k). Equilibrium uptake, q (mg g-1), is plotted against 
aqueous equilibrium concentration of compound, Caq (mg L-1). Error bars reflect one standard deviation (±σ) 
of triplicate experiments. Freundlich and Langmuir isotherm fits are represented by blue dashed and red lines, 
respectively. 
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Table S2.9. Partition coefficients between analytes in aqueous solution and sorbents (i.e., Oasis HLB, Supel-
Select HLB, α-CDP, β-CDP) calculated based on the Freundlich sorption model for a fixed aqueous 
equilibrium concentration of 100 µg L-1. Freundlich sorption parameters were obtained by fitting of the 
experimental batch sorption data (see Figure S2.5 to Figure S2.9, Table S2.8). 

analyte log 
KOW 

McGowan 
Volume Kd [L kg-1] 

 
[-] [cm3 mol-1 

100-1] Oasis HLB Supel-Select 
HLB α-CDP β-CDP 

2,6-
dichlorobenz-
amide (BAM) 0.77 1.22 5770 ± 773 3657 ± 378 1909 ± 394 3739 ± 504 

metamitron 0.85 1.50 14411 ± 495 4027 ± 637 11130 ± 680 9296 ± 1076 

thiacloprid 1.26 1.73 87963 ± 8860 21962 ± 3512 26726 ± 3937 27305 ± 10434 

azoxystrobin 2.50 2.92 174464 ± 17309 59437 ± 3334 50069 ± 7926 35594 ± 6313 

dimethomorph 2.68 2.85 147507 ± 17331 68139 ± 12128 42211 ± 5609 49918 ± 3375 

atrazine 2.70 1.62 61957 ± 8807 25927 ± 533 7888 ± 1335 7323 ± 966 

boscalid 2.96 2.39 202481 ± 18060 57904 ± 4092 43606 ± 9107 25410 ± 5947 

S-metolachlor 3.05 2.28 101815 ± 4066 50986 ± 8725 34457 ± 6242 21678 ± 2185 

terbuthylazine 3.40 1.76 65214 ± 8997 38244 ± 4741 16524 ± 3268 23497 ± 4371 

propiconazole 3.72 2.34 158402 ± 14827 99502 ± 17994 43191 ± 16977 79340 ± 36255 
 

S2.8 Column Sorption Experiments Using High-Performance Liquid 
Chromatography 

S2.8.1 Packing of HPLC Columns 

A schematic illustration of the column setup, which was used for packing silicon carbide 
(SiC)-supported sorbents into empty HPLC columns, is given in Figure S2.10. Table S2.4 
provides further information on the individual column parts, which were purchased from 
Bischoff Chromatography (Leonberg, Germany). First, cyclodextrin-based (i.e., α-, β- or 
γ-CDP) or conventional sorbents (i.e., Oasis HLB, LiChrolut EN or Supel-Select HLB) were 
diluted with quasi-inert SiC in a ratio sorbent:SiC of 1:100 (w/w) by means of overhead 
shaking to reduce backpressure and to facilitate experiments within a reasonable time. Then, 
two stainless-steel columns (14 x 2.0 mm, see no. 3 in Figure S2.10) were connected by 
fitting adapters (no. 4), PTFE seals (no. 7) and a stainless-steel connector (no. 5) that was 
drilled to an inner diameter identical to the two connected columns (Figure S2.10a and b). 
The dry packing material was then carefully added until the entire column set was filled. 
During the filling procedure, a screwdriver was used to gently tap against the column wall 
to consolidate the material. Glass fiber filters (no. 8) and stainless steel meshes (5 µm mesh 
size, no. 9) on both sides ensured fixation of the packing material. After encasing, the column 
was connected to an HPLC system (Nexera series, Shimadzu, Japan). An initial flow rate of 
0.05 mL min-1 allowed the column to saturate with ultrapure water, and entrapped air to 
leave the pore volume. Subsequently, the packing material was compressed by gradually 
increasing the flow rate (5-50 bar steps, hold time 30 min) until a maximum backpressure of 
380 bar was reached. To finish the packing procedure, the pre-column was dismounted from 
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the column set, the main column was encased and closed with column end plugs 
(Figure S2.10c). A reference column to evaluate potential interaction between analyte and 
SiC support was only filled with SiC following the same procedure. Characteristics of all 
packed columns are listed in Table S2.10. 

 
Figure S2.10. Schematic illustration of the column setup used for packing silicon carbide-supported sorbents 
into empty HPLC columns. The setup including a pre-column, which was used for liquid compression of the 
solid packing material, is depicted as exploded view in (a) and as closed setup in (b). The final setup, after 
completed sorbent compression and column encasing, is shown in (c). For detailed information on column 
packing and column parts refer to the text.  

Table S2.10. Characteristics of SiC supported sorbent columns (#1-6) and SiC reference column (#7) used for 
HPLC-based flow-through determination of thermodynamic sorption parameters of the analyte 
2,6-dichlorobenzamide (BAM). 

column #: 1 2 3 4 5 6 7 

parameter sorbent: α-CDP β-CDP γ-CDP Oasis 
HLB 

LiChrol
ut EN 

Supel-
Select 
HLB 

SiC 

ratio sorbent:SiC [-] 1:100 1:100 1:100 1:100 1:100 1:100 - 

mass (solid phase) [mg] 92.60 85.00 84.40 91.30 85.80 92.10 106.50 

mass (sorbent) [mg] 0.926 0.850 0.844 0.913 0.858 0.921 - 

ε [g SiC/g SiC] 0.861 0.790 0.785 0.849 0.798 0.856 1.000 

ρb [g cm-3] 2.105 1.933 1.919 2.076 1.951 2.094 2.421 

t0 [min] 1.659 1.684 1.687 1.669 1.695 1.638 1.682 

Vw [mL] 0.029 0.031 0.032 0.030 0.032 0.027 0.031 

ϴ [cm3 cm-3] 0.658 0.714 0.721 0.680 0.739 0.610 0.709 
ε: mass ratio of SiC in sorbent vs. reference column #7, ρb: bulk density, t0: hold-up time for a flow rate of 0.1 mL min-1, 
Vw: net column volume, ϴ: porosity 
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S2.8.2 Determination of Partition Coefficient and Gibbs Free Energy of 
Adsorption 

Table S2.11. Abraham parameters for the compound 2,6-dichlorobenzamide (BAM). Data 
obtained from the UFZ-LSER database.261 

Vi Ei Si Ai Bi Li 

1.2176 1.2 1.75 0.4 0.79 6.248 

Table S2.12. pp-LFER descriptors for the water/ethanol system (9:1, v/v), and water/Aldrich 
humic acid system at 25 °C. 

system vw,EtOH ew,EtOH sw,EtOH aw,EtOH bw,EtOH c 

water/EtOH* 0.45 -0.02 0 0.07 -0.37 -0.17 

water/AHA† 3.94 0.29 -0.52 0.36 -3.4 -0.85 

*data from Abraham and Acree262 for fV,EtOH = 0.1 
†data from Neale et al.374 

S2.8.3 Estimation of the Partitioning of 2,6-Dichlorobenzamide (BAM) 
between Water and Organic Carbon 

The partitioning of compound i (i.e., BAM) between water (W) and the organic carbon (OC) 
of background Aldrich Humic Acid (AHA), Ki OCW (L kg-1), was estimated by a pp-LFER 
according to equation (S2.3):176 

𝑙𝑙𝑐𝑐𝑙𝑙𝐾𝐾𝑖𝑖 𝐷𝐷𝐷𝐷𝑂𝑂 = 𝑣𝑣𝐷𝐷𝐷𝐷𝑂𝑂𝑣𝑣𝑖𝑖 + 𝑒𝑒𝐷𝐷𝐷𝐷𝑂𝑂𝐸𝐸𝑖𝑖 + 𝑐𝑐𝐷𝐷𝐷𝐷𝑂𝑂𝑠𝑠𝑖𝑖 + 𝑎𝑎𝐷𝐷𝐷𝐷𝑂𝑂𝑎𝑎𝑖𝑖 + 𝑏𝑏𝐷𝐷𝐷𝐷𝑂𝑂𝐵𝐵𝑖𝑖 + 𝑐𝑐 (S2.3) 

Capital letters in represent compound-specific descriptors (so-called Abraham parameters) 
which are relevant for the partitioning process: the McGowan characteristic volume (Vi) 
given in cm3 mol-1 100-1, the excess molar refractivity (Ei) given in cm3 mol-1 10-1, 
dipolarity/polarizability parameter (Si), H-donor property (Ai), and H-acceptor property (Bi). 
Small letters represent the complementary descriptors of the water/AHA system. Abraham 
parameters for BAM, obtained from the UFZ-LSER database,261 and descriptors for the 
water/AHA system, derived by Neale et al.,374 are summarized in Table S2.11 and 
Table S2.12, respectively. 
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S2.9 Compound Quantification Using LC-MS/MS and HPLC 

S2.9.1 LC-MS/MS Method 

Analyte concentrations in eluates, which were obtained from water samples spiked at 
1 µg L-1, were quantified by ultrahigh-performance liquid chromatography (UHPLC, 
PLATINblue, Knauer, Germany) coupled to tandem mass spectrometry (MS/MS, AB Sciex 
Triple-Quad 6500, Sciex, USA) using electrospray ionization (ESI) in positive mode. To this 
end, 100 µL aliquots of eluates were diluted with 880 µL ultrapure water and spiked with 
20 µL of isotopically-labeled internal standard mixture (100 µg L-1). The injection volume 
was 25 µL. Analyte separation was achieved by a Kinetex C18 column (3 x 150 mm, 2.6 µm 
particle size, Phenomenex, USA) at 30 °C and using a gradient elution with ultrapure water 
containing 0.2 % formic acid (eluent A) and acetonitrile (eluent B) at a flow rate of 
0.5 mL min-1. After 1 min of 30 % B, the fraction of B was increased linearly to 45 % within 
15 min, followed by a steep increase to 98 % B within 1 min. The fraction of 98 % B was 
kept constant for 1.5 min and finally the column was re-equilibrated to initial conditions for 
2 min. Analytes were quantified against reference standards based on extracted ion 
chromatograms using internal calibration with isotopically labeled internal standards. The 
internal standard with the closest retention time was chosen for quantitation. Analytical 
details used for identification and quantification, including limits of detection and 
quantification (LOD, LOQ) are provided in Table S2.13. 

S2.9.2 HPLC Method 

Concentrations of atrazine, S-metolachlor, boscalid and azoxystrobin in extracts, which were 
obtained from water samples spiked at concentrations of 5 to 500 µg L-1 (SPE validation 
experiments), were measured at analyte-specific wavelengths (i.e., 222 nm, 200 nm, 200 nm, 
and 200 nm, respectively) by an HPLC system (Nexera XR, Shimadzu, Japan) equipped with 
a diode array detector (SPD-M20A, Shimadzu, Japan). The injection volume was 20 µL and 
analyte separation was achieved by a Kinetex C18 column (4.6 x 150 mm, 2.6 µm particle 
size, Phenomenex, USA) at 40 °C and using a gradient elution with ultrapure water 
(eluent A) and acetonitrile (eluent B) at a flow rate of 1.2 mL min-1. After 0.5 min of 10 % B, 
the fraction of B was increased to 67 % within 6.8 min, followed by an increase to 95 % 
within 0.5 min. The fraction of 95 % B was kept constant for 0.5 min and finally the column 
was re-equilibrated to initial conditions for 1.7 min. An external calibration was used to 
quantify concentrations of the investigated analytes in organic extracts after dilution with 
ultrapure water (9:1, v/v). Limits of quantification were determined with values of 
25.8 µg L-1 (atrazine), 27.0 µg L-1 (S-metolachlor), 67.9 µg L-1 (boscalid) and 49.5 µg L-1 
(azoxystrobin). 
375  
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  T
able S2.13. Substance-specific M

S/M
S settings, instrum

ental lim
its of detection (LO

D
instr. ) and lim

its of quantification (LO
Q

instr. ). 

analyte 
E

SI m
ode 

retention 
tim

e 
precursor 

m
ass 

product 
m

ass 
(quantifier) 

product 
m

ass 
(qualifier) 

collision 
energy 

collision 
cell exit 

potential 

declustering 
potential 

L
O

D
instr. * 

L
O

Q
instr. * 

 
 

[m
in] 

[m
/z] 

[m
/z] 

[m
/z] 

[V
] 

[V
] 

[V
] 

[µg L
-1] 

[µg L
-1] 

2,6-dichlorobenzam
ide 

positive 
1.30 

189.9 
172.9 

144.9 
81 

25 
10 

0.6 
1.7 

atrazine 
positive 

4.90 
216.0 

174.0 
104.0 

1 
23 

10 
0.9 

2.8 
azoxystrobin 

positive 
13.70 

404.0 
372.0 

329.0 
46 

17 
26 

0.3 
1.0 

azoxystrobin-d4 
positive 

13.60 
408.0 

376.1 
333.1 

1 
17 

24 
- 

- 
boscalid 

positive 
13.71 

343.0 
307.0 

271.0 
121 

25 
18 

0.2 
0.5 

dim
ethom

orph 
positive 

10.00 
388.1 

301.0 
165.0 

126 
27 

20 
0.4 

1.2 
dim

ethom
orph-d6 

positive 
10.05 

394.0 
307.0 

171.1 
101 

27 
18 

- 
- 

m
etam

itron 
positive 

1.32 
203.0 

175.0 
104.0 

61 
21 

10 
0.7 

2.0 
m

ethiocarb 
positive 

9.95 
226.0 

169.0 
185.0 

26 
11 

10 
0.9 

2.6 
m

ethiocarb-d3 
positive 

9.91 
229.0 

169.0 
121.0 

56 
23 

14 
- 

- 
propiconazole 

positive 
16.60 

342.0 
159.0 

123.0 
81 

33 
18 

0.5 
1.4 

propiconazole-d3 
positive 

16.79 
345.0 

162.0 
126.0 

61 
35 

10 
- 

- 
S-m

etolachlor 
positive 

15.10 
284.0 

252.1 
176.2 

56 
19 

14 
0.3 

0.8 
terbuthylazine 

positive 
9.33 

230.0 
174.0 

132.0 
56 

21 
16 

1.0 
3.0 

terbuthylazine-d5 
positive 

9.18 
235.0 

179.0 
137.0 

56 
33 

16 
- 

- 
thiacloprid 

positive 
2.28 

253.0 
126.0 

186.0 
61 

27 
14 

0.8 
2.4 

thiacloprid-d4 
positive 

2.24 
257.0 

126.0 
166.8 

76 
27 

14 
- 

- 
* based on the standard deviation of the response and the slope of the calibration curve (ranging from

 0.1 to 20.0 µg L
-1) as proposed by IC

H
 guidelines 375 
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S2.10 Compound-Specific Carbon Isotope Analysis 

S2.10.1 GC-IRMS Method 

 
Figure S2.11. Amount-dependency of accurate carbon isotope ratio determination of the in-house standards of 
atrazine (a), S-metolachlor (b), boscalid (c), and azoxystrobin (d) by GC-IRMS. Blue circles represent mean 
δ13C values in per mil and yellow diamonds the peak amplitudes of the main mass trace m/z 44 in mV. Error 
bars of both parameters reflect standard deviations (±σ) of quintuplicate measurements. Dark gray bars indicate 
method quantification limits (MQLs) determined according to the moving mean procedure reported by 
Jochmann et al.265 Calculated moving means are represented by solid lines encompassed by a ± 0.5 ‰ interval, 
that is, the typical uncertainty of δ13C determination by GC-IRMS. Linear ranges of the GC-IRMS method are 
displayed by light gray rectangles. 

Table S2.14. Method quantification limits (MQLs) of accurate carbon isotope 
analysis determined according to the moving mean procedure reported by 
Jochmann et al.265 with an uncertainty limit of ± 0.5 ‰. MQLs are expressed 
as injected concentration (mmol L-1) and corresponding amount of carbon on 
column (nmol C). Mean peak amplitudes of mass m/z 44 are given in mV with 
standard deviations (±σ) of quintuplicate measurements. 

analyte 
MQL amplitude  

m/z 44 
 (mV) mmol L-1 nmol C  

on-column* 
atrazine 0.125 3.0 1332 ± 40 
S-metolachlor 0.033 1.5 648 ± 9 
boscalid 0.046 2.5 239 ± 6 
azoxystrobin 0.030 2.0 166 ± 7 

*corresponding to an injection volume of 3 µL 
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S2.10.2 Isotope Mass Balance 

Carbon isotope ratios influenced by interfering unresolved complex mixture (UCM), 
δ13Ccalc, were predicted using isotope mass balances according to equation (S2.4): 

𝜕𝜕13𝐶𝐶𝑐𝑐𝑒𝑒𝑙𝑙𝑐𝑐 = 𝑓𝑓𝑈𝑈𝐷𝐷𝑈𝑈 × 𝜕𝜕13𝐶𝐶𝑈𝑈𝐷𝐷𝑈𝑈 + (1 − 𝑓𝑓𝑈𝑈𝐷𝐷𝑈𝑈) × 𝜕𝜕13𝐶𝐶𝑒𝑒𝑖𝑖𝑒𝑒𝑙𝑙𝑎𝑎𝑒𝑒𝑟𝑟 (S2.4) 

where fUCM is the fraction of UCM, and δ13CUCM and δ13Canalyte are the isotope values of UCM 
and target analyte, respectively. To derive fUCM, chromatograms (m/z 44) were first corrected 
for instrumental background (i.e., electronic offset determined with blank injections), and 
then integrated within analyte retention times specified by Isodat software. Contribution of 
UCM to the total peak area was distinguished using the baseline value given by the software 
as a threshold value. fUCM was accordingly calculated as the ratio between the area 
contributed by UCM and the total peak area. δ13CUCM was estimated to reflect the mean 
isotopic composition of natural organic matter produced by photosynthesis of C3 plants 
(i.e. ≈ -27 ± 1 ‰).267,376,377 
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S2.11 Matrix-Dependent Limits of Accurate Carbon Isotope Analysis 

Table S2.15. Deviations of carbon isotopic signatures (Δδ13C ± 95 % CI) of post-spiked atrazine, 
S-metolachlor, boscalid, and azoxystrobin from the original value for different extraction volumes on 
Oasis HLB and β-CDP, and corresponding carbon-normalized ratios of DOM and analyte in extracts. The data 
is presented in Figure 2.2 in Chapter 2. 

compound extracted 
volume 

 Oasis HLB  β-CDP 

 
carbon-normalized 

ratio,  
CDOM/Canalyte 

Δδ13C 
 

carbon-normalized 
ratio,  

CDOM/Canalyte 
Δδ13C 

  [mL]  [molC molC-1] [‰]  [molC molC-1] [‰] 
atrazine        
 20  7.4 0.1 ± 0.2  1.2 0.1 ± 0.2 

 50  18.4 0.1 ± 0.2  3.1 0.1 ± 0.1 

 100  36.8 0.0 ± 0.2  6.1 0.0 ± 0.2 

 150  55.1 0.0 ± 0.2  9.2 0.2 ± 0.3 

 200  73.5 0.0 ± 0.4  12.3 -0.1 ± 0.2 

  300  110.3 0.1 ± 0.2  18.4 0.0 ± 0.1 

S-metolachlor       

 20  7.4 0.1 ± 0.2  1.2 -0.1 ± 0.2 

 50  18.4 0.4 ± 0.2  3.1 0.0 ± 0.1 

 100  36.8 0.4 ± 0.1  6.1 0.0 ± 0.1 

 150  55.1 0.3 ± 0.4  9.2 0.3 ± 0.1 

 200  73.5 0.2 ± 0.1  12.3 0.3 ± 0.3 

  300  110.3 0.3 ± 0.2  18.4 0.3 ± 0.2 

boscalid        

 20  7.4 0.2 ± 0.3  1.2 0.0 ± 0.1 

 50  18.4 0.8 ± 0.3  3.1 0.1 ± 0.3 

 100  36.8 1.2 ± 0.6  6.1 0.1 ± 0.3 

 150  55.1 1.4 ± 0.5  9.2 0.4 ± 0.3 

 200  73.5 1.3 ± 0.3  12.3 1.0 ± 0.3 

  300  110.3 1.1 ± 0.4  18.4 0.9 ± 0.3 

azoxystrobin        

 20  7.4 0.1 ± 0.4  1.2 -0.1 ± 0.3 

 50  18.4 0.2 ± 0.4  3.1 0.1 ± 0.3 

 100  36.8 0.2 ± 0.3  6.1 -0.1 ± 0.3 

 150  55.1 0.3 ± 0.3  9.2 0.0 ± 0.1 

 200  73.5 0.3 ± 0.6  12.3 0.2 ± 0.3 

  300  110.3 0.2 ± 0.5  18.4 0.2 ± 0.4 

Table S2.16. GC-IRMS baseline response of Oasis HLB and β-CDP extracts as a function of enriched water 
volumes. The values reflect the slopes of the linear regressions of baseline values in Figure 2.2 in Chapter 2 
including the standard error of the regression line and coefficients of determination (R2). 

  baseline response (R2) 
[mV L-1] 

analyte  Oasis HLB  β-CDP 

boscalid  0.25 ± 0.03 (0.94)  0.14 ± 0.02 (0.87) 
atrazine  0.96 ± 0.03 (1.00)  0.32 ± 0.02 (0.97) 
S-metolachlor  1.37 ± 0.07 (0.99)  0.44 ± 0.03 (0.97) 
azoxystrobin  0.20 ± 0.03 (0.92)  0.10 ± 0.02 (0.81) 
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Table S2.17. Predicted deviations of carbon isotopic signatures (Δδ13Ccalc) for samples extracted with 
Oasis HLB or β-CDP based on isotope mass balances (see S2.10.2), assuming a mean δ13C value of matrix 
of -27 ± 1 ‰.267,376,377 Fractions of interfering matrix (fUCM) at retention times of analytes were derived from 
GC-IRMS chromatograms. Δδ13Cobs - Δδ13Ccalc denote the difference between observed and predicted values. 
Propagated uncertainties reflect 95 % confidence intervals. 

compound sorbent extracted 
volume 

carbon-
normalized ratio, 

CDOM/Canalyte 
fUCM Δδ13Ccalc  Δδ13Cobs 

Δδ13Cobs - 
Δδ13Ccalc 

    [mL] [molC molC-1] [-] [‰] [‰] [‰] 
atrazine        
 Oasis HLB 20 7.4 0.02 0.0 ± 0.1 0.1 ± 0.2 0.1 ± 0.2 
  50 18.4 0.06 0.0 ± 0.1 0.1 ± 0.2 0.1 ± 0.2 
  100 36.8 0.12 0.0 ± 0.1 0.0 ± 0.2 0.0 ± 0.3 
  150 55.1 0.22 0.0 ± 0.2 0.0 ± 0.2 0.0 ± 0.3 
  200 73.5 0.25 0.0 ± 0.3 0.0 ± 0.4 0.0 ± 0.5 
  300 110.3 n.a. n.a. 0.1 ± 0.2 n.a. 
 β-CDP 20 1.2 0.00 0.0 ± 0.1 0.1 ± 0.2 0.1 ± 0.3 
  50 3.1 0.03 0.0 ± 0.1 0.1 ± 0.1 0.1 ± 0.2 
  100 6.1 0.07 0.0 ± 0.1 0.0 ± 0.2 0.0 ± 0.2 
  150 9.2 0.10 0.0 ± 0.1 0.2 ± 0.3 0.2 ± 0.3 
  200 12.3 0.14 0.0 ± 0.2 -0.1 ± 0.2 -0.1 ± 0.3 
  300 18.4 0.16 0.0 ± 0.2 0.0 ± 0.1 0.0 ± 0.2 

S-metolachlor       
 Oasis HLB 20 7.4 0.04 0.1 ± 0.1 0.1 ± 0.2 0.0 ± 0.2 
  50 18.4 0.09 0.2 ± 0.1 0.4 ± 0.2 0.2 ± 0.2 
  100 36.8 0.19 0.3 ± 0.2 0.4 ± 0.1 0.1 ± 0.2 
  150 55.1 0.33 0.6 ± 0.3 0.3 ± 0.4 -0.3 ± 0.5 
  200 73.5 0.40 0.7 ± 0.4 0.2 ± 0.1 -0.5 ± 0.4 
  300 110.3 n.a. n.a. 0.3 ± 0.2 n.a. 
 β-CDP 20 1.2 0.02 0.0 ± 0.1 -0.1 ± 0.2 -0.2 ± 0.2 
  50 3.1 0.03 0.1 ± 0.1 0.0 ± 0.1 0.0 ± 0.1 
  100 6.1 0.05 0.1 ± 0.1 0.0 ± 0.1 -0.1 ± 0.1 
  150 9.2 0.12 0.2 ± 0.1 0.3 ± 0.1 0.1 ± 0.2 
  200 12.3 0.14 0.3 ± 0.1 0.3 ± 0.3 0.1 ± 0.4 
  300 18.4 0.23 0.4 ± 0.2 0.3 ± 0.2 -0.1 ± 0.3 

boscalid        
 Oasis HLB 20 7.4 0.02 0.1 ± 0.1 0.2 ± 0.3 0.1 ± 0.4 
  50 18.4 0.09 0.5 ± 0.1 0.8 ± 0.3 0.3 ± 0.3 
  100 36.8 0.11 0.6 ± 0.1 1.2 ± 0.6 0.7 ± 0.6 
  150 55.1 0.20 1.1 ± 0.2 1.4 ± 0.4 0.3 ± 0.4 
  200 73.5 0.21 1.1 ± 0.2 1.3 ± 0.3 0.2 ± 0.4 
  300 110.3 n.a. n.a. 1.1 ± 0.4 n.a. 
 β-CDP 20 1.2 0.02 0.1 ± 0.1 0.0 ± 0.1 -0.1 ± 0.2 
  50 3.1 0.03 0.2 ± 0.1 0.1 ± 0.3 -0.1 ± 0.3 
  100 6.1 0.03 0.2 ± 0.1 0.1 ± 0.3 -0.1 ± 0.3 
  150 9.2 0.06 0.3 ± 0.1 0.4 ± 0.3 0.0 ± 0.3 
  200 12.3 0.12 0.6 ± 0.1 1.0 ± 0.3 0.4 ± 0.4 
  300 18.4 0.14 0.8 ± 0.2 0.9 ± 0.3 0.1 ± 0.3 

azoxystrobin       
 Oasis HLB 20 7.4 0.01 0.0 ± 0.1 0.1 ± 0.4 0.1 ± 0.5 
  50 18.4 0.04 0.0 ± 0.1 0.2 ± 0.4 0.2 ± 0.4 
  100 36.8 0.04 0.0 ± 0.1 0.2 ± 0.3 0.2 ± 0.3 
  150 55.1 0.19 0.2 ± 0.2 0.3 ± 0.3 0.1 ± 0.4 
  200 73.5 0.36 0.3 ± 0.4 0.3 ± 0.6 0.0 ± 0.7 
  300 110.3 n.a. n.a. 0.2 ± 0.5 n.a. 

 
 
 
β-CDP 

 
 

20 

 
 

1.2 

 
 

0.01 

 
 

0.0 ± 0.1 

 
 

-0.1 ± 0.3 

 
 

-0.1 ± 0.3 
  50 3.1 0.00 0.0 ± 0.1 0.1 ± 0.3 0.1 ± 0.3 
  100 6.1 0.01 0.0 ± 0.1 -0.1 ± 0.3 -0.1 ± 0.3 
  150 9.2 0.03 0.0 ± 0.1 0.0 ± 0.1 0.0 ± 0.2 
  200 12.3 0.07 0.1 ± 0.1 0.2 ± 0.3 0.2 ± 0.3 
  300 18.4 0.09 0.1 ± 0.1 0.2 ± 0.4 0.1 ± 0.4 
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Figure S2.12. GC-IRMS intensities of the CO2 peak (m/z 44, retention time of 15.78 min) corresponding to 
the analyte boscalid over the course of the measurement sequence of (a) Oasis HLB and (b) β-CDP samples, 
as well as associated GC-IRMS baseline values (c and d). Orange and blue circles represent in-house standards 
and extracted surface water samples, respectively, where the blue numbers refer to the extraction volume. 
Horizontal black lines in (a) and (b) represent the quantification limit of the GC-IRMS method for boscalid 
(refer to Table S2.14). Decreasing peak amplitudes were identified to be caused by active spots in the GC 
system which were removed by regular maintenance of GC liner and pre-column. Changes in amplitudes within 
gray areas originated from capillary leakages. Carry-over due to high matrix loads was observed for large 
volumes extracted with Oasis HLB. 

 
Figure S2.13. Deviations of carbon isotopic signatures (Δδ13C) of boscalid from the original value in 
Oasis HLB extracts obtained by SPE of different sample volumes and constant post-spiked analyte 
concentration in the extracts (corresponding to 1.67 mmolC L-1). δ13C values were determined applying the 
nine background correction algorithms offered by the Isodat software, namely a) individual, b) single, c) calc 
mean, d) median mean, e) low pass filtered, f) dynamic, g) base fit, h) skimmed, and i) time-based background 
correction. Propagated uncertainties reflect 95 % confidence intervals. For exact values refer to Table S2.18. 
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Table S2.18. Deviations of carbon isotopic signatures (Δδ13C) of boscalid from the original value in Oasis HLB 
extracts which contained a constant post-spiked analyte concentration (corresponding to 1.67 mmolC L-1) but 
different amounts of extracted DOM, which are together expressed as carbon-normalized ratio of CDOM/Canalyte. 
Comparison of Δδ13C values obtained by applying all nine background correction algorithms offered by the 
Isodat software. Propagated uncertainties reflect 95 % confidence intervals. 

 Δδ13C [‰] 
CDOM/Canalyte 

in extract Indivi-
dual Single Calc 

Mean 
Median 
Mean 

Low 
Pass 

Filtered 
Dynamic Base Fit Skim-

med 
Time 
Based 

[molC molC-1] 
7 0.2 ± 0.3 0.9 ± 0.5 0.6 ± 0.3 1.0 ± 0.4 0.8 ± 0.5 0.2 ± 1.1 -0.1 ± 0.7 0.4 ± 0.8 1.0 ± 0.9 

18 0.8 ± 0.3 1.3 ± 0.3 1.0 ± 0.3 -0.2 ± 0.9 0.9 ± 0.3 0.9 ± 0.5 1.1 ± 0.5 1.3 ± 0.5 1.2 ± 0.4 

37 1.2 ± 0.6 1.7 ± 0.3 0.8 ± 0.3 0.2 ± 3.0 1.3 ± 0.6 -3.5 ± 8.8 1.6 ± 0.6 1.1 ± 0.4 2.1 ± 0.8 

55 1.4 ± 0.5 3.1 ± 1.2 1.1 ± 0.5 1.6 ± 2.5 1.1 ± 0.6 -0.7 ± 7.4 1.7 ± 0.7 1.4 ± 0.7 3.1 ± 1.4 

74 1.3 ± 0.3 3.2 ± 0.7 0.8 ± 0.3 2.1 ± 1.9 1.0 ± 0.5 0.8 ± 0.6 1.2 ± 0.8 1.3 ± 0.9 3.2 ± 0.9 

110 1.1 ± 0.4 2.5 ± 0.9 0.7 ± 0.2 2.1 ± 2.3 1.0 ± 0.5 1.5 ± 1.0 1.1 ± 1.1 1.4 ± 0.9 2.4 ± 1.1 
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S2.12 Recoveries of Target Analytes and Dissolved Organic Matter 

Table S2.19. Recoveries of dissolved organic carbon (DOC) after 
solid-phase extraction of surface water at either pH 3 or pH 7 using 
conventional (i.e., Oasis HLB, LiChrolut EN, Supel-Select HLB) or 
cyclodextrin-based sorbents (i.e., α-, β-CDP). Uncertainties reflect 
one standard deviation (±σ) of experimental triplicates. The data is 
presented in Figure 2.3a in Chapter 2. 

sorbent 
 DOC recovery [%]  

 pH 3 pH 7  

Oasis HLB  43.3 ± 3.5 9.6 ± 1.2  

LiChrolut EN  47.0 ± 0.5 6.2 ± 1.8  

Supel-Select HLB  30.8 ± 0.4 4.0 ± 0.2  

α-CDP  27.2 ± 1.3 2.3 ± 0.9  

β-CDP  29.5 ± 0.5 1.6 ± 0.1  

Table S2.20. Recoveries of target analytes after solid-phase extraction of spiked surface water at either pH 3 
or pH 7 using conventional (i.e., Oasis HLB, LiChrolut EN, Supel-Select HLB) or cyclodextrin-based sorbents 
(i.e., α-, β-CDP). Data for methiocarb is not available for pH 7 due to instability of the analyte under neutral 
conditions. Uncertainties reflect one standard deviation (±σ) of experimental triplicates. The data is presented 
in Figure 2.3b and Figure 2.4 in Chapter 2. 

    analyte recovery [%] 

analyte log 
KOW 

pH 
 Oasis 

HLB 
LiChrolut 

EN 
Supel-

Select HLB α-CDP β-CDP 
[-] [-]  

2,6-dichloro-
benzamide 0.77 

3  68 ± 5 83 ± 7 26 ± 1 23 ± 3 32 ± 2 
7  78 ± 2 87 ± 0 29 ± 3 20 ± 1 31 ± 3 

metamitron 0.85 
3  87 ± 8 89 ± 0 54 ± 5 51 ± 0 67 ± 9 
7  90 ± 2 90 ± 4 57 ± 5 55 ± 0 67 ± 2 

thiacloprid 1.26 
3  91 ± 7 80 ± 1 73 ± 3 88 ± 3 84 ± 8 
7  92 ± 2 79 ± 4 78 ± 7 80 ± 3 82 ± 3 

azoxystrobin 2.50 
3  94 ± 0 80 ± 1 95 ± 6 110 ± 3 96 ± 0 
7  107 ± 3 89 ± 4 104 ± 10 108 ± 0 108 ± 3 

dimethomorph 2.68 
3  98 ± 7 71 ± 0 83 ± 3 101 ± 3 92 ± 10 
7  103 ± 3 73 ± 0 93 ± 11 102 ± 3 99 ± 5 

atrazine 2.70 
3  65 ± 5 62 ± 0 58 ± 3 49 ± 0 62 ± 4 
7  104 ± 0 107 ± 5 99 ± 8 66 ± 3 100 ± 0 

boscalid 2.96 
3  97 ± 7 86 ± 1 101 ± 5 102 ± 0 98 ± 4 
7  94 ± 2 90 ± 5 101 ± 10 97 ± 7 97 ± 0 

S-metolachlor 3.05 
3  98 ± 6 87 ± 7 80 ± 4 79 ± 3 93 ± 3 
7  104 ± 3 94 ± 0 92 ± 7 79 ± 4 100 ± 2 

methiocarb 3.18 
3  87 ± 5 97 ± 6 99 ± 2 96 ± 7 100 ± 3 
7  n.a. n.a. n.a. n.a. n.a. 

terbuthylazine 3.40 
3  69 ± 5 67 ± 0 65 ± 0 63 ± 2 72 ± 2 
7  97 ± 0 99 ± 6 94 ± 10 77 ± 0 100 ± 3 

propiconazole 3.72 
3  101 ± 7 89 ± 0 95 ± 3 105 ± 3 103 ± 3 

7  100 ± 0 94 ± 7 93 ± 1 98 ± 5 98 ± 0 

n.a. = not available 
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Table S2.21. Carbon-normalized ratios of CDOM to Canalyte in extracts after solid-phase extraction of spiked 
surface water at either pH 3 or pH 7 using conventional (i.e., Oasis HLB, LiChrolut EN, Supel-Select HLB) or 
cyclodextrin-based sorbents (i.e., α-, β-CDP). Data for methiocarb is not available for pH 7 due to instability 
of the analyte under neutral conditions. Propagated uncertainties reflect one standard deviation (±σ) of 
experimental triplicates. The data is presented in Figure 2.3c in Chapter 2. 

    CDOM/Canalyte in extract [molC molC-1] 

analyte log KOW pH  Oasis HLB LiChrolut 
EN 

Supel-
Select HLB α-CDP β-CDP 

[-] [-]  
2,6-dichloro-
benzamide 0.77 

3  3868 ± 262 3453 ± 302 7309 ± 388 7325 ± 843 5636 ± 380 

7  745 ± 18 433 ± 1 836 ± 74 697 ± 41 324 ± 29 

metamitron 0.85 
3  2254 ± 209 2391 ± 12 2608 ± 225 2451 ± 11 2009 ± 275 

7  485 ± 13 313 ± 13 317 ± 29 189 ± 0 111 ± 3 

thiacloprid 1.26 
3  2698 ± 219 3355 ± 35 2396 ± 100 1765 ± 58 1991 ± 197 

7  594 ± 14 447 ± 21 286 ± 26 161 ± 6 113 ± 4 

azoxystrobin 2.50 
3  1889 ± 10 2418 ± 18 1341 ± 79 1017 ± 31 1260 ± 1 

7  369 ± 10 288 ± 14 157 ± 15 87 ± 0 62 ± 2 

dimethomorph 2.68 
3  1837 ± 134 2766 ± 7 1530 ± 61 1124 ± 32 1324 ± 141 

7  387 ± 12 351 ± 0 176 ± 21 92 ± 3 68 ± 3 

atrazine 2.70 
3  4045 ± 286 4623 ± 5 3224 ± 171 3364 ± 5 2897 ± 178 

7  557 ± 0 352 ± 17 241 ± 20 210 ± 9 99 ± 0 

boscalid 2.96 
3  1904 ± 128 2349 ± 19 1306 ± 61 1148 ± 4 1285 ± 56 

7  438 ± 9 295 ± 16 167 ± 17 101 ± 7 72 ± 0 

S-metolachlor 3.05 
3  1886 ± 107 2310 ± 199 1644 ± 73 1462 ± 58 1348 ± 49 

7  393 ± 11 282 ± 0 183 ± 15 123 ± 7 69 ± 1 

methiocarb 3.18 
3  2303 ± 132 2227 ± 141 1435 ± 25 1306 ± 94 1361 ± 35 

7  n.a. n.a. n.a. n.a. n.a. 

terbuthylazine 3.40 
3  3589 ± 257 4041 ± 12 2704 ± 7 2474 ± 70 2353 ± 50 

7  564 ± 0 361 ± 22 242 ± 25 170 ± 1 93 ± 3 

propiconazole 3.72 
3  2207 ± 144 2701 ± 4 1655 ± 47 1335 ± 40 1467 ± 44 

7  493 ± 2 336 ± 26 218 ± 2 119 ± 6 85 ± 0 

n.a. = not available 

Table S2.22. Total recovery of dissolved organic carbon (DOC) after 
solid-phase extraction of 20 mL surface water samples (at pH 3 and 7) 
using 10 mg of conventional (i.e., Oasis HLB, LiChrolut EN, Supel-
Select HLB) or cyclodextrin-based sorbents (i.e., α-, β-CDP). Based on 
mass balances accounting for organic carbon loads in filtrates and 
eluates (see equation (2.3) in Chapter 2). Uncertainties reflect one 
standard deviation (±σ) of experimental triplicates. 

sorbent 
  total DOC recovery [%]  
  pH 3 pH 7  

Oasis HLB  95.9 ± 2.6 98.8 ± 0.6  
LiChrolut EN  98.7 ± 3.0 99.6 ± 1.9  
Supel-Select HLB   101.7 ± 0.4 100.6 ± 1.1   
α-CDP  100.5 ± 2.6 100.4 ± 0.5  
β-CDP  96.1 ± 0.7 100.6 ± 0.6  
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S2.13 Effect of Concurrent Dissolved Organic Matter on Gibbs Free 
Energy of Adsorption 

Table S2.23. Recoveries, capacity factors (k) and partition coefficients (Kd) of 2,6-dichlorobenzamide (BAM) 
obtained from column chromatography experiments (25 ± 1 °C) using SiC supported sorbent columns (1 % 
sorbent, w/w) and varying background Aldrich humic acid concentrations in the mobile phase (DOC ranging 
from 0 to 5 mgC L-1). Recoveries were obtained by comparing integrated peak areas of triplicate injections 
with the peak area of the same amount of analyte without passing a column. Propagated uncertainties reflect 
one standard deviation (±σ) of experimental triplicates. 

sorbent DOC recovery  capacity 
factor, k Kd sorbent DOC recovery capacity 

factor, k Kd 
 [mg L-1] [%] [-] [L kg-1]  [mg L-1] [%] [-] [L kg-1] 

α-CDP 

0.00 96 ± 1 0.200 44 ± 1 

Oasis 
HLB 

0.00 n.a. 0.692 156 ± 2 
1.25 98 ± 1 0.183 40 ± 1 1.25 99 ± 1 0.559 126 ± 1 
2.50 103 ± 1 0.183 40 ± 1 2.50 100 ± 5 0.548 123 ± 7 
3.75 101 ± 1 0.178 39 ± 1 3.75 91 ± 2 0.484 109 ± 5 
5.00 90 ± 1 0.165 36 ± 1 5.00* 111 ± 2 n.d. n.d. 

β-CDP 

0.00 n.a. 0.386 94 ± 1 

LiChrolut 
EN 

0.00 105 ± 1 2.511 610 ± 2 
1.25 108 ± 1 0.378 92 ± 1 1.25 102 ± 1 2.476 599 ± 5 
2.50 108 ± 1 0.375 91 ± 1 2.50* 111 ± 1 n.d. n.d. 
3.75 106 ± 2 0.371 90 ± 2 3.75 105 ± 1 2.418 587 ± 5 
5.00 98 ± 1 0.367 89 ± 1 5.00 98 ± 1 2.330 566 ± 6 

γ-CDP 

0.00 98 ± 1 0.803 197 ± 2 

Supel-
Select 
HLB 

0.00 98 ± 1 0.364 80 ± 2 
1.25 106 ± 1 0.772 190 ± 1 1.25 104 ± 1 0.312 68 ± 1 

2.50* 120 ± 3 n.d. n.d. 2.50 108 ± 1 0.298 65 ± 1 

3.75 106 ± 2 0.761 187 ± 2 3.75 109 ± 3 0.293 64 ± 1 
5.00 102 ± 2 0.747 183 ± 2 5.00 97 ± 2 0.270 59 ± 1 

*data points were excluded since recovery was beyond quality limit of 90 to 110 %,  
n.a. = not available, n.d. = not determined 

 
Figure S2.14. Changes of Gibbs free energy (ΔG0) involved in the sorption process of 2,6-dichlorobenzamide 
(BAM) onto (a) Oasis HLB, (b) LiChrolut EN, (c) Supel-Select HLB, (d) α-CDP, (e) β-CDP, and (f) γ-CDP 
influenced by varying concentrations of concurrent Aldrich humic acid (0 to 5 mgC L-1) in the mobile phase 
of the HPLC system. Experiments were performed at 25 ± 1 °C. Dotted lines represent linear regressions, the 
slopes of which were used to derive ΔΔG0 values as a function of concurrent DOC.  
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S2.14 Validation of Carbon Isotopic Integrity after Solid-Phase 
Extraction of Surface Water on β-Cyclodextrin Polymer 

Table S2.24. Deviations of carbon isotopic signatures from original values (Δδ13C) and corresponding 
recoveries of atrazine, S-metolachlor, boscalid, and azoxystrobin after SPE on β-CDP performed under varying 
pre-spiked analyte concentrations and linear flow velocities, as well as successive extraction cycles after 
sorbent regeneration (see Table S2.7). Propagated uncertainties reflect 95 % confidence intervals for Δδ13C 
and one standard deviation (±σ) of triplicate experiments for recoveries. The data is presented in Figure 2.6 in 
Chapter 2. 

  concentration dependency  flow dependency  sorbent regeneration 

analyte spiked 
conc. 

Δδ13C  
± CI95% 

recovery  
± σ  

lin. flow 
vel. 

Δδ13C  
± CI95% 

recovery 
± σ  

extraction 
cycle 

Δδ13C  
± CI95% 

recovery  
± σ 

   [µg L-1] [‰] [%]  [cm min-1] [‰] [%]  [-] [‰] [%] 
atrazine 

  5 -0.1 ± 0.3 99 ± 1  4.9 0.0 ± 0.1 97 ± 3  1 0.0 ± 0.1 97 ± 3 

  25 0.0 ± 0.2 93 ± 0  12.3 0.0 ± 0.1 93 ± 1  2 0.0 ± 0.1 89 ± 1 

  50 -0.1 ± 0.2 99 ± 3  19.6 0.0 ± 0.1 86 ± 2  3 0.0 ± 0.1 92 ± 2 

  100 0.0 ± 0.3 93 ± 0  24.6 -0.1 ± 0.2 94 ± 1  4 -0.1 ± 0.3 86 ± 2 

  150 0.0 ± 0.1 97 ± 3  29.5 0.1 ± 0.1 95 ± 3  5 -0.2 ± 0.1 89 ± 1 

  250 0.0 ± 0.0 94 ± 5  34.4 0.0 ± 0.2 101 ± 2  6 -0.3 ± 0.2 88 ± 2 

   500 -0.1 ± 0.1 93 ± 2  39.3 0.0 ± 0.1 99 ± 6  7 -0.1 ± 0.1 92 ± 2 

S-metolachlor 

  5 0.1 ± 0.1 105 ± 1  4.9 0.2 ± 0.1 100 ± 1  1 0.2 ± 0.1 100 ± 1 

  25 0.1 ± 0.1 101 ± 0  12.3 -0.1 ± 0.1 100 ± 2  2 0.1 ± 0.1 96 ± 3 

  50 -0.1 ± 0.2 102 ± 1  19.6 0.1 ± 0.2 98 ± 1  3 0.2 ± 0.1 96 ± 2 

  100 0.0 ± 0.1 100 ± 5  24.6 0.1 ± 0.2 101 ± 0  4 0.1 ± 0.2 101 ± 1 

  150 0.2 ± 0.1 100 ± 1  29.5 0.0 ± 0.2 101 ± 3  5 0.2 ± 0.2 99 ± 2 

  250 0.1 ± 0.3 103 ± 3  34.4 0.0 ± 0.2 101 ± 2  6 0.2 ± 0.1 98 ± 2 

   500 0.1 ± 0.1 104 ± 4  39.3 -0.1 ± 0.1 103 ± 3  7 -0.1 ± 0.1 100 ± 0 

boscalid 

  5 0.1 ± 0.2 102 ± 3  4.9 0.0 ± 0.3 100 ± 1  1 0.0 ± 0.3 100 ± 1 

  25 0.0 ± 0.1 103 ± 0  12.3 -0.2 ± 0.2 100 ± 2  2 0.0 ± 0.2 100 ± 3 

  50 0.0 ± 0.2 102 ± 0  19.6 -0.2 ± 0.2 101 ± 1  3 0.1 ± 0.3 101 ± 2 

  100 0.2 ± 0.4 101 ± 1  24.6 0.0 ± 0.1 101 ± 3  4 0.1 ± 0.2 99 ± 1 

  150 0.0 ± 0.3 100 ± 1  29.5 -0.1 ± 0.2 102 ± 2  5 0.0 ± 0.2 101 ± 1 

  250 0.1 ± 0.3 103 ± 1  34.4 0.0 ± 0.2 103 ± 1  6 0.0 ± 0.1 101 ± 2 

   500 0.0 ± 0.1 99 ± 2  39.3 0.0 ± 0.2 103 ± 3  7 0.0 ± 0.1 103 ± 4 

azoxystrobin 

  5 0.1 ± 0.3 99 ± 2  4.9 -0.1 ± 0.1 98 ± 1  1 -0.1 ± 0.1 98 ± 1 

  25 0.2 ± 0.2 101 ± 1  12.3 -0.2 ± 0.2 98 ± 2  2 0.0 ± 0.1 74 ± 3 

  50 0.1 ± 0.4 101 ± 2  19.6 -0.1 ± 0.2 98 ± 0  3 0.1 ± 0.2 79 ± 4 

  100 0.0 ± 0.1 98 ± 1  24.6 -0.1 ± 0.2 100 ± 3  4 0.0 ± 0.2 72 ± 3 

  150 -0.1 ± 0.1 98 ± 1  29.5 0.0 ± 0.3 100 ± 0  5 0.1 ± 0.1 80 ± 2 

  250 0.1 ± 0.3 90 ± 1  34.4 -0.1 ± 0.1 100 ± 2  6 -0.2 ± 0.0 81 ± 2 

    500 0.0 ± 0.1 98 ± 6  39.3 -0.1 ± 0.2 103 ± 1  7 0.1 ± 0.1 74 ± 3 
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Table S2.25. Linear flow velocities and corresponding volumetric flow rates for 1, 3, 6 mL SPE 
cartridges and 47 mm SPE disks for which carbon isotope integrity of analytes was investigated 
after SPE of spiked surface water samples (V = 20 mL, c = 150 µg L-1) using β-CDP as SPE 
sorbent. 

linear flow 
velocity 

[cm min-1] 

  volumetric flow rate* [mL min-1] 

 
1 mL 

cartridge, 
modified† 

1 mL 
cartridge‡ 

3 mL 
cartridge§ 

6 mL 
cartridge¶ 

47 mm             
disk● 

4.9  0.5 1.2 3.1 6.1 85.2 
12.3  1.3 3.0 7.6 15.3 213.1 
19.6  2.0 4.8 12.2 24.5 340.9 
24.6  2.5 6.0 15.3 30.6 426.1 
29.5  3.0 7.3 18.3 36.8 511.3 
34.4  3.5 8.5 21.4 42.9 596.6 
39.3  4.0 9.7 24.4 49.0 681.8 

*based on cross-sectional areas of SPE cartridges of †0.10, ‡0.25, §0.62, ¶1.25, and ●17.35 cm2 
 

  



Appendices 

174 

S3 Supporting Information to Chapter 3 

S3.1 Chemicals and Materials 

All reagents and solvents used in this study, including their CAS number, purity, and supplier 
are summarized in Table S3.1. The commercial SPE sorbents Bond Elut PPL, Oasis HLB, 
LiChrolut EN, and Supel-Select HLB were purchased from Agilent (Santa Clara, CA, USA), 
Waters (Milford, MA, USA), Merck Millipore (Burlington, MA, USA), and Sigma-Aldrich 
(Taufkirchen, Germany), respectively. Bulk sorbents were packed into polypropylene SPE 
cartridges (1 mL) equipped with polyethylene frits (20 µm pore size) both obtained from 
Sigma-Aldrich (Taufkirchen, Germany). Nylon membrane filters (47 mm diameter, 0.45 µm 
pore size) were purchased from GVS Filter Technology (Bologna, Italy). Ultrapure water 
(18.2 MΩ cm at 25 °C) was produced with a Milli-Q® Reference water purification system 
(Merck Millipore, USA). 

Table S3.1. List of reagents and solvents used for sorbent and sample preparation in this study. 

Chemical CAS number Purity/Grade (further info.) Supplier 
Reagents    

hydrochloric acid 7647-01-0 ACS reagent, 37 % Sigma-Aldrich 
potassium carbonate 584-08-7 BioXtra, ≥99.0 % Sigma-Aldrich 
potassium hydrogen phthalate 877-24-7 BioXtra, ≥99.95 % Sigma-Aldrich 
sodium hydroxide 1310-73-2 BioXtra, ≥98 % Sigma-Aldrich 
tetrafluoroterephthalonitrile 1835-49-0 99 % Sigma-Aldrich 
β-cyclodextrin 7585-39-9 ≥97.0 % Sigma-Aldrich 

Solvents    

dichloromethane 75-09-2 EMSURE®, for analysis  Sigma-Aldrich 
methanol 67-56-1 ≥99.9 % Sigma-Aldrich 
N,N-dimethylformamide 68-12-2 anhydrous, 99.8 % Sigma-Aldrich 
tetrahydrofuran 109-99-9 anhydrous, ≥99.9 %, inhibitor-free Sigma-Aldrich 

 

S3.2 Preparation and Characterization of β-Cyclodextrin Polymer 

S3.2.1 Synthesis of Porous β-Cyclodextrin Polymer 

Porous β-cyclodextrin polymer was prepared according to the improved synthesis procedure 
reported by Alsbaiee et al.,193 which is based on the nucleophilic aromatic substitution of 
β-cyclodextrin hydroxyl groups by the cross-linker tetrafluoroterephthalonitrile (TFN). In 
short, a flame-dried 500 mL round-bottom flask was charged with 4.1 g of β-cyclodextrin, 
2.0 g of TFN, and 6.4 g of potassium carbonate. After adding 160 mL of anhydrous 
tetrahydrofuran/dimethylformamide mixture (9:1, v/v), the flask was connected to a reflux 
condenser, and the system was flushed with nitrogen for 10 min. After removing the nitrogen 
inlet, the reflux condenser was closed with a septum. The mixture was placed in an oil bath 
(85 °C) and stirred for 48 h. Subsequently, the suspension was slowly cooled to room 
temperature where the solids could settle to the bottom of the flask. The supernatant was 
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decanted, and the residual potassium carbonate was removed by washing with 1M 
hydrochloric acid until CO2 evolution stopped. The remaining suspension was filtered and 
sequentially washed with 250 mL of ultrapure water (Milli-Q®, Merck Millipore, USA), 
200 mL of tetrahydrofuran, 200 mL of dichloromethane and 200 mL of methanol. The 
yellow powder was dried under vacuum at room temperature for two days and finally 
sedimented in methanol to obtain particle sizes larger than 40 µm. 

S3.2.2 Field Emission Scanning Electron Microscope (FESEM) Imaging 

Field emission scanning electron microscope (FESEM) imaging of β-cyclodextrin polymer 
(β-CDP) was carried out on a Sigma 300 VP instrument (Carl Zeiss Microscopy GmbH, 
Jena, Germany) using an accelerating voltage of 10.0 kV and a sample distance of 6 mm. 
FESEM images at magnifications of 1.10 × 103 and 2.82 × 103 showing the highly porous 
surface morphology of β-CDP are depicted in Figure S3.1a and b, respectively. 

 
Figure S3.1. Field emission scanning electron microscope (FESEM) images of cross-linked β-cyclodextrin 
polymer (β-CDP) at magnifications of (a) 1.10 × 103 and (b) 2.82 × 103. 

S3.2.3 Fourier Transform Infrared Spectroscopy 

Fourier transform infrared (FTIR) spectra (solid, attenuated total reflectance, ATR) were 
recorded using a Nicolet 6700 FT-IR spectrometer (Thermo Scientific, USA) at a 
wavenumber range of 4000 to 650 cm-1 and a resolution of 4 cm-1. The signal-to-noise ratio 
was improved by accumulating 32 individually recorded scans. Baseline correction was 
performed using the software OriginPro 2020.  

FTIR spectrum of β-CD building block showed intense absorbance at 1030 cm-1, 
corresponding to polysaccharide C-O stretch vibrations, as well as aliphatic C-H stretch 
vibrations at 2930 cm-1 and O-H stretch vibrations around 3400 cm-1 (Figure S3.2). These 
spectral features were also found in spectra of the cross-linked polymer (β-CDP). 
Furthermore, β-CDP exhibited nitrile stretches resonating at 2235 cm-1 and C-F stretch 
vibrations at 1268 cm-1, which confirmed successful incorporation of the cross-linker TFN. 
Compared with the spectrum of neat TFN, C-F absorption band in the β-CDP spectrum was 
less pronounced as expected for partial substitution of fluorine during synthesis. Finally, 
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peaks appearing at 1670 cm-1 and 1463 cm-1 are assigned to aromatic C=C stretches of both 
β-CD and TFN. 

 
Figure S3.2. Fourier transform infrared (FTIR) spectra of β-cyclodextrin (β-CD, green), synthesized 
β-cyclodextrin polymer (β-CDP, red), and the cross-linker tetrafluoroterephthalonitrile (TFN, black). Dashed 
vertical lines represent TFN specific absorption bands at 1268 cm-1 (C-F stretch vibrations) and 2235 cm-1 
(nitrile stretch vibrations), CD specific absorption bands at 1030 cm-1 (C-O stretch vibrations), 2930 cm-1 
(aliphatic C-H stretch vibrations), and 3400 cm-1 (O-H stretch vibrations), and common aromatic C=C stretch 
vibrations at 1464 cm-1 and 1670 cm-1. 

S3.3 Water Sample Collection and Treatment 

Surface water (SW) was sampled in the creek Wiesäckerbach close to the Department of 
Chemistry of the Technical University of Munich in Garching, Germany (latitude 
48.268028, longitude 11.667509), whereas a groundwater sample (GW) was taken in a well 
near lake Wörthsee, Germany (latitude 48.071860, longitude 11.187960). Samples were 
collected in glass bottles previously rinsed with methanol, ultrapure water, and pristine water 
sample. After refrigerated transport to the laboratory, water samples were immediately 
passed through pre-washed 0.45 µm nylon membrane filters (GVS Filter Technology, 
Bologna, Italy). Water samples contained 3.2 mgC L-1 (SW) and 7.7 mgC L-1 (GW), 
respectively. Other physicochemical parameters are given in Table S3.2. Both samples are 
classified as calcium bicarbonate waters, which reflect typical aquifer lithologies of the 
North Alpine foreland basin (Figure S3.3). Samples were separated into two aliquots, which 
were manually adjusted to either pH 2 or pH 7 using 1M HCl or 1M NaOH. Finally, samples 
were stored at 4 °C in the dark until further experiments were performed as described in 
Chapter 3.2. 
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Table S3.2. Physicochemical properties of natural water samples used 
for experiments in this study. 

parameter unit SW* GW† 

pH - 6.8 6.6 
Conductivity µS cm-1 385 1008 
Acid capacity mmol L-1 5.03 7.37 
DOC mg L-1 3.18 7.71 
Sodium (Na+) mg L-1 12.50 21.30 
Potassium (K+) mg L-1 35.00 9.80 
Ammonium (NH4

+) mg L-1 < 0.04 < 0.04 
Calcium (Ca2+) mg L-1 65.88 127.80 
Magnesium (Mg2+) mg L-1 23.60 28.50 
Fluoride (F-) mg L-1 < 0.10 < 0.10 
Chloride (Cl-) mg L-1 15.47 57.68 
Bromate (BrO3

-) mg L-1 < 0.10 < 0.10 
Bromide (Br-) mg L-1 < 0.10 < 0.10 
Iodide (I-) mg L-1 < 0.10 < 0.10 
Nitrite (NO2

-) mg L-1 < 0.05 < 0.05 
Nitrate (NO3

-) mg L-1 1.26 6.00 
Sulfate (SO4

2-) mg L-1 20.45 42.25 
Hydrogen phosphate (HPO4

2-) mg L-1 < 0.10 < 0.10 
Hydrogen carbonate (HCO3

-) mg L-1 306.80 449.80 
* surface water from the creek Wiesäckerbach 
† groundwater from a well near lake Wörthsee 
 

 
Figure S3.3. Piper plots for hydrochemical chracterization of the surface (SW) and groundwater (GW) samples 
used for experiments in this study. Both water samples are classified as calcium bicarbonate waters, which 
reflect typical aquifer lithologies of the North Alpine foreland basin. Symbol sizes reflect amount of total 
dissolved solids (TDS), which amounted to 250 mg L-1 for SW and 655 mg L-1 for GW. 
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S3.4 Solid-Phase Extraction of Dissolved Organic Matter 

S3.4.1 DOM Extraction Using β-CDP and Conventional Sorbents 

Table S3.3. Parameters of solid-phase extraction (SPE) of surface water (SW) and groundwater samples (GW), 
including sample volume (Vsample), sorbent bed weight of self-packed SPE cartridges (msorbent), dissolved 
organic carbon (DOC) concentration of water samples, and quality control parameters (i.e., DOC and sample 
volume per mass sorbent). 

sample Vsample msorbent  DOC  DOC/msorbent* Vsample/msorbent† 

 [mL] [mg]  [mg L-1] [mmol L-1] [mmol]  [mmol g-1] [L g-1] 
SW 50.0 25.0  3.2 0.26 0.013  0.53 2.0 
GW 50.0 25.0  7.7 0.64 0.032  1.28 2.0 

* maximum threshold: 2 mmol g-1, proposed by Dittmar et al.293 
† maximum threshold: 10 L g-1, proposed by Dittmar et al.293 

 
Figure S3.4. Dissolved organic carbon (DOC) concentrations in SPE breakthrough volumes of ultrapure water 
caused by organic carbon leaching from sorbent material. The horizontal dashed line represents the 
instrumental limit of detection (LOD) and the gray rectangular indicates the volume used for sorbent 
conditioning, in order to reduce organic carbon bleed from the sorbent material. 

S3.4.2 Extraction of Representative DOM Spectra 

To characterize molecular DOM compositions of both the original water samples and SPE 
permeates, we extracted these samples using the functionalized styrene divinylbenzene 
sorbent Bond Elut PPL (Agilent, CA, USA) as proposed by Li and co-workers.292 Since the 
proprietary PPL phase offers selectivity toward a vast range of bulk environmental DOM 
compounds (including highly polar species),177 it is most effective in extracting a 
representative spectrum of DOM constituents,289,292,293 and in turn recommended for DOM 
isolation from natural water.287 Prior to loading of 50 mL sample, SPE cartridges (25 mg 
sorbent, Table S3.3) were conditioned with 1 mL of methanol followed by 1 mL of ultrapure 
water (pH 2). The acidified samples (pH 2) were then percolated through the cartridges at a 
volumetric flow rate of ≤ 1.0 mL min-1 corresponding to a linear flow velocity of 
≤ 4.1 cm min-1. Subsequently, the cartridges were washed with 1 mL of ultrapure water 
(pH 2), dried under vacuum overnight, and eluted with 1 mL of methanol. 
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S3.5 Determination of Dissolved Organic Matter 

Dissolved organic carbon (DOC) concentrations were determined as nonpurgeable organic 
carbon (NPOC) using a total organic carbon analyzer (TOC-L, Shimadzu, Japan) equipped 
with a combustion catalytic oxidation reactor (680 °C) and a nondispersive infrared (NDIR) 
detector. The instrument was calibrated immediately prior to sample analysis by measuring 
standard solutions of potassium hydrogen phthalate. Quality control measurements of 
bracketed blanks ensured background DOC values below the detection limit of the 
instrument (i.e., 0.05 mg L-1). DOC concentrations in methanolic extracts were measured 
and validated after complete evaporation of the organic solvent under a gentle stream of 
nitrogen at 65 °C using an automated solvent evaporation system (TurboVap LV, Biotage, 
Sweden), followed by reconstitution of the dry residues in ultrapure water by ultrasonication 
for 15 min and vortex mixing for 1 min. 

S3.6 Compound Class Assignment in the Van Krevelen Diagram 

 
Figure S3.5. Approximate areas of different compound classes in the van Krevelen diagram based on the 
characteristic H/C versus O/C ratios of the biogeochemical precursor materials as derived from previous 
studies.213-216,294,296-299 The assignment of the aromatic and condensed regions in the van Krevelen diagram was 
based on the modified aromaticity index (AImod) proposed by Koch and Dittmar,230,231 where AImod values ≥ 0.5 
indicate the aromatic character of molecules. 
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S3.7 Molecular-Level Characterization of SPE Permeates by FTICR MS 

 
Figure S3.6. (a) Molecular composition of original surface water (SW) and groundwater (GW) DOM 
compared with DOM in permeates after SPE with conventional (i.e., Oasis HLB, LiChrolut EN, Supel-
Select HLB) and β-CDP sorbent projected onto van Krevelen diagrams. Symbols are color-coded according to 
CHO (blue), CHNO (orange), and CHOS (green) molecular series. Symbol sizes reflect relative signal 
intensities of each mass peak. Insert pie charts indicate relative proportions of molecular series, with total 
number of assigned formulas provided. Panels (b) – (d): van Krevelen diagrams for individual molecular series. 
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S3.8 Molecular-Level Characterization of SPE Extracts by FTICR MS 

S3.8.1 Characteristic Features in FTICR Mass Spectra of DOM Extracts 

 
Figure S3.7. Negative ESI 12 T FTICR mass spectra from m/z 200 - 800 of the original (a) surface water (SW) 
and (b) groundwater (GW) DOM (bottom). Examples of the recurring mass spacing patterns attributed to the 
addition/subtraction of CH2 or H2, or the nominal exchange of CH2 vs. NH, or CH4 vs. O (ref. 213,301,378) 
are highlighted in scale-expanded segments from m/z 500 – 530 (third row) and m/z 514.5 – 519.5 (second 
row), and at nominal mass 519 (top). 

 
Figure S3.8. Principal component analysis (PCA) score plots derived from normalized negative ESI 12 T 
FTICR mass spectra of original (a) surface water (SW) and (b) groundwater (GW) DOM (gray) and the 
respective sorbent extracts (β-CDP: red, conventional sorbents: green). The first two principal components 
accounted for 70.7 % and 72.9 % of the variance in SW and GW data sets, respectively. 
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Table S3.6. Annotated CHO-formulas derived from ions observed in both 
SW and GW DOM spectra at nominal mass 471, and corresponding 
computed elemental ratios (i.e., H/C, O/C) and chemical indices (i.e., DBE, 
DBE/C, AImod). 

m/z  
(Da) 

formula  
(neutral form) H/C O/C DBE DBE/C AImod 

formula series 1 (green in Figure 3.1 in Chapter 3) 

471.056889 C22H16O12 0.73 0.55 15 0.68 0.56 

471.093283 C23H20O11 0.87 0.48 14 0.61 0.49 

471.129686 C24H24O10 1.00 0.42 13 0.54 0.42 

471.166087 C25H28O9 1.12 0.36 12 0.48 0.37 

471.202475 C26H32O8 1.23 0.31 11 0.42 0.32 

formula series 2 (black in Figure 3.1 in Chapter 3) 

471.078001 C19H20O14 1.05 0.74 10 0.53 0.25 

471.114390 C20H24O13 1.20 0.65 9 0.45 0.19 

471.150805 C21H28O12 1.33 0.57 8 0.38 0.13 

471.187214 C22H32O11 1.45 0.50 7 0.32 0.09 

 
Figure S3.9. Intensity-weighted average H/C and O/C (a,b) ratios, DBE, DBE/C and AImod indices (c,d), and 
mass-to-charge ratios (e,f) for SW and GW samples, respectively, as computed from negative ESI 12 T FTICR 
mass spectra. Relative proportions of CHO, CHNO and CHOS molecular compositions are additionally shown 
in panel (e) and (f). 
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S3.8.2 Chemodiversity of DOM Extracted by β-CDP and Universal SPE 
Sorbents 

 
Figure S3.10. Molecular composition of original surface water (SW) and groundwater (GW) DOM, compared 
to DOM in conventional (i.e., Oasis HLB, LiChrolut EN, Supel-Select HLB) and β-CDP sorbent extracts 
projected onto van Krevelen diagrams sorted accoring to the assigned molecular CHO (a), CHNO (b), and 
CHOS (c) series. Symbol sizes reflect relative signal intensities of each mass peak. 
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Figure S3.11. (a) Mass-edited H/C ratios of molecular compositions of original surface water (SW) and 
groundwater (GW) DOM, compared to DOM in conventional (i.e., Oasis HLB, LiChrolut EN, Supel-
Select HLB) and β-CDP sorbent extracts. Symbols are color-coded according to CHO (blue), CHNO (orange), 
and CHOS (green) molecular series, and symbol sizes reflect relative signal intensities of each mass peak. In 
addition, panel (b), (c), and (d) depict mass-edited H/C ratios of individual molecular series, that is, CHO, 
CHNO, and CHOS, respectively. 
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Molecular Characterization of Original DOM Compositions 

Original DOM compositions were characterized by high chemodiversity, as reflected in high 
numbers of assigned formulas (i.e., 7549 for SW, 6126 for GW) occupying a wide range in 
the CHO-compositional space (H/C: 0.5 – 2.0, O/C: 0.04 – 0.9) (Table S3.5, Figure S3.10). 
A majority of 63 % of assigned formulas were shared in both samples (Figure S3.12), and 
covered regions in the van Krevelen diagrams commonly ascribed to the major 
biogeochemical precursors of lignin-like,214,215,298,299 and tannin-like compounds,216,296 and 
refractory carboxylic-rich alicyclic molecules (CRAMs)213. CRAMs represent highly 
diverse transformation products of terpenoid origin,212 which are prominent constituents in 
freshwater DOM,217-220 and their co-presence with lignin- and tannin-like compounds 
suggests terrestrial biomass residues (e.g., vascular/higher plants) as main DOM source.379 
Besides, 12 and 14 % of molecular compositions in SW and GW DOM, respectively, were 
identified to be of aromatic character (AImod ≥ 0.5,230,231 Table S3.5), typical of freshwater-
derived DOM.212 Differences between the two DOM sources were unveiled by molecular 
signatures uniquely detected in either water sample (Figure S3.12). SW DOM exclusively 
contained a range of unsaturated sulfolipids and numerous aliphatic CHO-compounds with 
H/C > 1.5,297 the latter resulting in higher relative abundance of CHO molecular members 
compared to GW DOM (50 vs. 46 %, Table S3.5). In contrast, CHOS-compounds were 
relatively more abundant in GW DOM (12 vs. 8 %) due to considerable unique sulfonated 
compounds in the CRAM region. N-bearing compounds were equally abundant at 42 % in 
both samples, but unique CHNO signatures tended to be more unsaturated in GW DOM. 

 
Figure S3.12. (a) Venn diagram indicating number of shared and unique molecular signatures in original SW 
and GW DOM compositions. (b) Shared and unique elemental compositions of original SW and GW DOM 
projected onto van Krevelen diagrams, separated according to CHO (blue), CHNO (orange), and CHOS (green) 
molecular series. Symbol sizes reflect relative signal intensities of each mass peak. 
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Molecular DOM Characterization in Sorbent Extracts 

 
Figure S3.13. (a) Venn diagrams indicating shared and unique molecular signatures in conventional sorbent 
extracts (red), β-CDP extracts (green), and the original SW (left side) and GW DOM (right side), respectively. 
(b) Molecular composition that were not extracted with either of the tested sorbents (i.e., unique to original 
DOM) projected onto van Krevelen diagrams. Symbols are color-coded according to CHO (blue), CHNO 
(orange), and CHOS (green) molecular series, and symbol sizes reflect relative signal intensities of each mass 
peak. 

 
Figure S3.14. Relative abundance of CHO-annotated formulas as a function of double bond equivalent (DBE) 
values and DBE minus count of oxygen (DBE-O) values for surface water (a, c) and groundwater samples 
(b, d), respectively. 
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S3.8.3 High-abundance and Unique Molecular Signatures in Sorbent Extracts 

 
Figure S3.15. Comparative analysis of FTICR mass spectra of (a) surface (SW) and (b) groundwater (GW) 
samples based on similarity indices using Pearson correlation coefficient. Van Krevelen diagrams depict 
molecular compositions with relatively high abundance for groups of highest similarity identified by 
hierarchical cluster analysis (cf. Chapter 3). 

 
Figure S3.16. (a) Van Krevelen diagrams of unique molecular compositions present in Oasis HLB, 
LiChrolut EN, Supel-Select HLB, or β-CDP extracts. Symbols are color-coded according to CHO (blue), 
CHNO (orange), and CHOS (green) molecular series, and symbol sizes reflect relative signal intensities of 
each mass peak. (b) Venn diagrams indicating counts of shared and unique molecular compositions. 
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S3.9 Literature Data on Recovery of Nonionic Micropollutants after 
Solid-Phase Extraction Using β-CDP as Sorbent 

Table S3.7. Recovery data for target analytes uncharged at neutral pH conditions after solid-phase extraction 
using β-CDP sorbent. The data was adopted from literature and used for data visualization in Figure 3.5b in 
Chapter 3. The table additionally lists the compound classification, CAS number, formula, molecular weight, 
elemental H/C and O/C ratio, log KOW value, and McGowan volume (MV). 

compound comp. 
class* CAS MW† formula H/C O/C log 

KOW 
MV‡ Recovery 

(%) Ref.§ 

10,11-dihydrocarbamazepine Pharm. 3564-73-6 238.28 C15H14N2O 0.93 0.07 2.46 1.85 84 ± 12 Li et al. 

6-benzylaminopurine Pest. 1214-39-7 225.25 C12H11N5 0.92 0.00 1.57 1.67 100 ± 0 Li et al. 

Abacavir Pharm. 136470-78-5 286.33 C14H18N6O 1.29 0.07 1.62 2.09 100 ± 0 Li et al. 

Acetamiprid Pest. 135410-20-7 222.67 C10H11ClN4 1.10 0.00 2.55 1.67 98 ± 4 Li et al. 

Acetochlor Pest. 34256-82-1 269.77 C14H20ClNO2 1.43 0.14 4.14 2.14 98 ± 3 Li et al. 

Adrenosterone Horm. 382-45-6 300.40 C19H24O3 1.26 0.16 1.41 2.36 99 ± 1 Li et al. 

Alachlor Pest. 15972-60-8 269.77 C14H20ClNO2 1.43 0.14 3.52 2.14 98 ± 3 Li et al. 

Amcinonide Pharm. 51022-69-6 502.60 C28H35FO7 1.25 0.25 3.56 3.62 100 ± 0 Li et al. 

Atrazin-2-Hydroxy Pest. 2163-68-0 197.24 C8H15N5O 1.88 0.13 1.40 1.56 99 ± 1 Li et al. 

Atrazine Pest. 1912-24-9 215.68 C8H14ClN5 1.75 0.00 2.70 1.62 100 ± 0 Glöckler et al. 

Azoxystrobin Pest. 131860-33-8 403.40 C22H17N3O5 0.77 0.23 2.50 2.92 108 ± 3 Glöckler et al. 

Bendiocarb Pest. 22781-23-3 223.22 C11H13NO4 1.18 0.36 1.70 1.60 84 ± 11 Li et al. 

Benzisothiazolin-3-on  Pest. 2634-33-5 151.18 C7H5NOS 0.71 0.14 0.64 1.03 94 ± 8 Li et al. 

Benzotriazole Indust. 95-14-7 119.12 C6H5N3 0.83 0.00 1.17 0.86 86 ± 18 Li et al. 

Benzotriazole-methyl-1H Indust. 136-85-6 266.30 C7H7N3 1.00 0.00 1.71 1.01 99 ± 2 Li et al. 

Boscalid Pest. 188425-85-6 343.20 C18H12Cl2N2O 0.67 0.06 2.96 2.39 97 ± 0 Glöckler et al. 

Bromacil Pest. 314-40-9 261.12 C9H13BrN2O2 1.44 0.22 2.11 1.63 77 ± 15 Li et al. 

Carbamazepine Pharm. 298-46-4 236.27 C15H12N2O 0.80 0.07 2.45 1.81 90 ± 8 Li et al. 

Carbaryl Pest. 63-25-2 201.22 C12H11NO2 0.92 0.17 2.36 1.50 97 ± 2 Ling et al. 

Carbendazim Pest. 10605-21-7 191.19 C9H9N3O2 1.00 0.22 1.55 1.36 100 ± 0 Li et al. 

Carbofuran Pest. 1563-66-2 221.25 C12H15NO3 1.25 0.25 2.32 1.69 87 ± 4 Ling et al. 

Carisoprodol Pharm. 78-44-4 260.33 C12H24N2O4 2.00 0.33 2.36 2.15 77 ± 13 Li et al. 

Chloridazon Pest. 1698-60-8 221.64 C10H8ClN3O 0.80 0.10 1.14 1.52 98 ± 3 Li et al. 

Corticosterone Pharm. 50-22-6 346.50 C21H30O4 1.43 0.19 1.94 2.74 99 ± 2 Li et al. 

Coumarin Natural 91-64-5 146.14 C9H6O2 0.67 0.22 1.51 1.06 99 ± 3 Li et al. 

Cyflufenamid Pest. 180409-60-3 412.40 C20H17F5N2O2 0.85 0.10 5.60 2.66 100 ± 0 Li et al. 

Diethyltoluamide (DEET) Pest. 134-62-3 191.27 C12H17NO 1.42 0.08 2.02 1.68 95 ± 3 Ling et al. 

Dexamethasone Pharm. 50-02-2 392.50 C22H29FO5 1.32 0.23 1.83 2.91 90 ± 9 Li et al. 

Diazinon Pest. 333-41-5 304.35 C12H21N2O3PS 1.75 0.25 3.81 2.30 100 ± 0 Ling et al. 

Diethyl Phthalate Indust. 84-66-2 222.24 C12H14O4 1.17 0.33 2.47 1.71 77 ± 11 Li et al. 

Dimethachlor Pest. 50563-36-5 255.74 C13H18ClNO2 1.38 0.15 2.17 2.00 87 ± 11 Li et al. 

Dimethomorph Pest. 110488-70-5 387.90 C21H22ClNO4 1.05 0.19 2.68 2.85 99 ± 5 Glöckler et al. 

Diuron Pest. 330-54-1 233.09 C9H10Cl2N2O 1.11 0.22 2.68 1.60 100 ± 0 Li et al. 

Efavirenz Pharm. 154598-52-4 315.67 C14H9ClF3NO2 0.64 0.14 4.70 1.89 100 ± 0 Li et al. 

Estrone Horm. 53-16-7 270.40 C18H22O2 1.22 0.11 3.13 2.16 100 ± 0 Li et al. 

Ethofumesate Pest. 26225-79-6 286.35 C13H18O5S 1.38 0.38 2.70 2.05 100 ± 1 Li et al. 

Famciclovir Pharm. 104227-87-4 321.33 C14H19N5O4 1.36 0.29 0.64 2.34 99 ± 1 Li et al. 

Hexazinone Pest. 51235-04-2 252.31 C12H20N4O2 1.67 0.17 1.85 1.97 92 ± 7 Li et al. 

Hydrocortisone Pharm. 50-23-7 362.50 C21H30O5 1.43 0.24 2.16 2.80 91 ± 8 Li et al. 

Isophorone Diisocyanate Indust. 4098-71-9 222.28 C12H18O2N2 1.50 0.17 4.75 1.84 79 ± 17 Li et al. 

Isoproturon Pest. 34123-59-6 206.28 C12H18N2O 1.50 0.08 2.87 1.78 100 ± 0 Li et al. 

Lamotrigine Pharm. 84057-84-1 256.09 C9H7Cl2N5 0.78 0.00 2.57 1.65 100 ± 0 Li et al. 

Linuron Pest. 330-55-2 249.09 C9H10Cl2N2O2 1.11 0.22 3.20 1.66 100 ± 0 Li et al. 

Malaoxon Metab. 1634-78-2 314.29 C10H19O7PS 1.90 0.70 0.97 2.20 99 ± 1 Ling et al. 

Metaxalone Pharm. 1665-48-1 221.26 C12H15NO3 2.60 1.69 0.25 1.25 99 ± 1 Li et al. 

Methiocarb Pest. 2032-65-7 225.31 C11H15NO2S 1.36 0.18 3.18 1.76 96 ± 2 Glöckler et al. 

Methocarbamol Pharm. 532-03-6 241.24 C11H15NO5 1.36 0.45 0.61 1.77 87 ± 10 Li et al. 
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Metolachlor Pest. 51218-45-2 283.79 C15H22ClNO2 1.47 0.13 3.05 2.28 100 ± 2 Glöckler et al. 

Metribuzin Pest. 21087-64-9 214.24 C8H14N4OS 1.75 0.13 1.49 1.62 96 ± 2 Ling et al. 

Molinate Pest. 2212-67-1 187.30 C9H17NOS 1.89 0.11 3.21 1.55 99 ± 2 Li et al. 

Oxazepam Pharm. 604-75-1 286.71 C15H11ClN2O2 0.73 0.13 2.24 1.99 93 ± 6 Li et al. 

Oxcarbazepine Pharm. 28721-07-5 252.27 C15H12N2O2 0.80 0.13 1.11 1.87 85 ± 12 Li et al. 

Oxybenzone Lifest. 131-57-7 228.24 C14H12O3 0.86 0.21 3.79 1.74 100 ± 0 Li et al. 

Pentoxifylline Pharm. 6493-05-6 278.31 C13H18N4O3 1.38 0.23 0.56 2.08 98 ± 4 Li et al. 

Phenytoin (Dilantin) Pharm. 57-41-0 252.27 C15H12N2O2 0.80 0.13 2.47 1.87 93 ± 7 Li et al. 

Pirimicarb Pest. 23103-98-2 238.29 C11H18N4O2 1.64 0.18 1.70 1.89 99 ± 1 Li et al. 

Pirimiphos-Ethyl Pest. 23505-41-1 333.39 C13H24N3O3PS 1.85 0.23 4.85 2.55 100 ± 0 Li et al. 

Primidone Pharm. 125-33-7 218.25 C12H14N2O2 1.17 0.17 0.91 1.68 84 ± 27 Li et al. 

Progesterone Horm. 57-83-0 314.50 C21H30O2 1.43 0.10 3.87 2.62 100 ± 1 Li et al. 

Prometon Pest. 1610-18-0 225.29 C10H19N5O 1.90 0.10 2.99 1.84 99 ± 1 Li et al. 

Propachlor Pest. 1918-16-7 211.69 C11H14ClNO 1.27 0.09 2.18 1.66 97 ± 3 Ling et al. 

Propazine Pest. 139-40-2 229.71 C9H16ClN5 1.78 0.00 2.93 1.76 100 ± 0 Li et al. 

Propiconazole Pest. 60207-90-1 342.20 C15H17Cl2N3O2 1.13 0.13 3.72 2.34 98 ± 0 Glöckler et al. 

Propoxur Pest. 114-26-1 209.24 C11H15NO3 1.36 0.27 1.52 1.65 84 ± 11 Li et al. 

Propyzamide Pest. 23950-58-5 256.12 C12H11Cl2NO 0.92 0.08 3.43 1.84 100 ± 0 Li et al. 

Pyrazophos Pest. 13457-18-6 373.37 C14H20N3O5PS 1.43 0.36 3.80 2.61 100 ± 0 Li et al. 

Siduron Pest. 1982-49-6 232.32 C14H20N2O 1.43 0.07 3.80 1.95 100 ± 0 Li et al. 

Simazine Pest. 122-34-9 201.66 C7H12ClN5 1.71 0.00 2.18 1.48 91 ± 7 Li et al. 

Sulfadimethoxine Pharm. 122-11-2 310.33 C12H14N4O4S 1.17 0.33 1.17 2.21 81 ± 15 Li et al. 

TDCPP Indust. 13674-87-8 430.90 C9H15Cl6O4P 1.67 0.44 3.65 2.55 83 ± 5 Li et al. 

Temazepam Pharm. 846-50-4 300.74 C16H13ClN2O2 0.81 0.13 2.19 2.13 96 ± 6 Li et al. 

Terbuthylazine Pest. 5915-41-3 229.71 C9H16ClN5 1.78 0.00 3.40 1.76 100 ± 3 Glöckler et al. 

Testosterone Horm. 58-22-0 288.40 C19H28O2 1.47 0.11 3.32 2.38 100 ± 0 Li et al. 

Thiabendazole Pharm. 148-79-8 201.25 C10H7N3S 0.70 0.00 2.47 1.40 100 ± 0 Li et al. 

Thiacloprid Pest. 111988-49-9 252.72 C10H9CIN4S 0.90 0.00 1.26 1.73 82 ± 3 Glöckler et al. 

Triamterene Pharm. 396-01-0 253.26 C12H11N7 0.92 0.00 0.98 1.83 100 ± 0 Li et al. 

Tributyl phosphate (TBP) Indust. 126-73-8 266.31 C12H27O4P 2.25 0.33 4.00 2.24 98 ± 3 Li et al. 

Triclosan Pest. 3380-34-5 289.50 C12H7Cl3O2 0.58 0.17 4.76 1.81 100 ± 0 Li et al. 

Tris (2-chloroethyl) phosphate 
(TCEP) Indust. 115-96-8 285.50 C6H12Cl3O4P 2.00 0.67 1.44 1.76 88 ± 11 Li et al. 

*Pharm. = Pharmaceutical, Pest. = Pesticide, Metab. = Metabolite, Indust. = Industrial, Horm. = Hormone, Lifest. = Lifestyle 
†Molecular weight in g mol-1 
‡McGowan volume in cm3 mol-1 100-1 

§ Recovery data obtained from Ling et al. 2017,194 Li et al. 2018,195 or Glöckler et al. 2023285
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S4 Supporting Information to Chapter 4 

S4.1 Chemicals and Materials 

All reagents, solvents, and analytical standards used in this study, including their CAS 
number, purity, and supplier, are summarized in Table S4.1. Natural organic matter reference 
standards of Suwannee River Humic (SRHA III, CN: 3S101H) and Fulvic Acid (SRFA III, 
CN: 3S101F) were obtained from the International Humic Substances Society (IHSS, St. 
Paul, MN, USA). Bond Elut PPL sorbent was purchased from Agilent (Santa Clara, CA, 
USA) and empty polypropylene SPE cartridges (1 mL) and polyethylene frits (20 µm pore 
size) were obtained from Sigma-Aldrich (Taufkirchen, Germany). Nylon membrane filters 
(47 mm diameter, 0.45 µm pore size) were obtained from GVS Filter Technology (Bologna, 
Italy), and centrifugal filter devices with molecular weight cut-offs of 1, 3, and 10 kDa 
(Macrosep Advance, 20 mL) were purchased from the Pall Corporation (Port Washington, 
NY, USA). 

S4.2 Standard Solutions and Ultrapure Water 

We selected 11 model target compounds, which are covering a range of physicochemical 
properties, including four herbicides (i.e., atrazine, metamitron, S-metolachlor and 
terbuthylazine), four fungicides (i.e., azoxystrobin, boscalid, dimethomorph and 
propiconazole), two insecticides (i.e., methiocarb and thiacloprid), and the metabolite 
2,6-dichlorobenzamide (BAM). Their physicochemical properties along with other 
compound-specific information are given in Table S4.2. Stock solutions of analytical and 
isotopically labeled standards (1 g L-1) were prepared in pure methanol and processed further 
to appropriate working solutions. Methanolic standards were stored at -20 °C in the dark. 
Ultrapure water (18.2 MΩ cm at 25 °C) was produced with a Milli-Q® Reference water 
purification system (Merck Millipore, USA). 
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Table S4.1. List of reagents, solvents, and analytical standards used in this study. 

Chemical CAS number Purity/Grade (further info.) Supplier 
Reagents    

hydrochloric acid 7647-01-0 ACS reagent, 37 % Sigma-Aldrich 
potassium carbonate 584-08-7 BioXtra, ≥99.0 % Sigma-Aldrich 
potassium hydrogen phthalate 877-24-7 BioXtra, ≥99.95 % Sigma-Aldrich 
sodium hydroxide 1310-73-2 BioXtra, ≥98 % Sigma-Aldrich 
tetrafluoroterephthalonitrile 1835-49-0 99 % Sigma-Aldrich 
α-cyclodextrin 10016-20-3 ≥98.0 % Sigma-Aldrich 
β-cyclodextrin 7585-39-9 ≥97.0 % Sigma-Aldrich 
γ-cyclodextrin 17465-86-0 ≥98.0 % Sigma-Aldrich 

Solvents    
acetonitrile 75-05-8 HPLC Plus, ≥99.9% Sigma-Aldrich 
dichloromethane 75-09-2 EMSURE®, for analysis  Sigma-Aldrich 
methanol 67-56-1 ≥99.9 % Sigma-Aldrich 
N,N-dimethylformamide 68-12-2 anhydrous, 99.8 % Sigma-Aldrich 
tetrahydrofuran 109-99-9 anhydrous, ≥99.9 %, inhibitor-free Sigma-Aldrich 

Analytical standards    

2,6-dichlorobenzamide (BAM) 2008-58-4 PESTANAL®, analytical standard Sigma-Aldrich 
atrazine 1912-24-9 PESTANAL®, analytical standard Sigma-Aldrich 
azoxystrobin 131860-33-8 PESTANAL®, analytical standard Sigma-Aldrich 
azoxystrobin-d4 n.a. PESTANAL®, analytical standard Sigma-Aldrich 
boscalid 188425-85-6 PESTANAL®, analytical standard Sigma-Aldrich 
dimethomorph 110488-70-5 PESTANAL®, analytical standard Sigma-Aldrich 
dimethomorph-d6 n.a. PESTANAL®, analytical standard Sigma-Aldrich 
metamitron 41394-05-2 PESTANAL®, analytical standard Sigma-Aldrich 
methiocarb 2032-65-7 PESTANAL®, analytical standard Sigma-Aldrich 
methiocarb-d3 n.a. PESTANAL®, analytical standard Sigma-Aldrich 
propiconazole 60207-90-1 PESTANAL®, analytical standard Sigma-Aldrich 
propiconazole-d3 n.a. PESTANAL®, analytical standard Sigma-Aldrich 
S-metolachlor 87392-12-9 PESTANAL®, analytical standard Sigma-Aldrich 
terbuthylazine 5915-41-3 PESTANAL®, analytical standard Sigma-Aldrich 
terbuthylazine-d5 n.a. PESTANAL®, analytical standard Sigma-Aldrich 
thiacloprid 111988-49-9 PESTANAL®, analytical standard Sigma-Aldrich 
thiacloprid-d4 n.a. PESTANAL®, analytical standard Sigma-Aldrich 

n.a. = not available.    
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S4.3 Preparation and Characterization of β-Cyclodextrin Polymer 

S4.3.1 Synthesis of Porous Cyclodextrin Polymers 

Porous cyclodextrin polymers (CDPs) were synthesized based on the nucleophilic aromatic 
substitution of cyclodextrin hydroxyl groups by tetrafluoroterephthalonitrile (TFN) as 
shown in Figure S4.1. The improved procedure reported by Alsbaiee et al.193 was utilized 
for the synthesis of β-CDP and adapted for the synthesis of α- and γ-CDP. A flame-dried 
500 mL round-bottom flask was charged with the respective amounts of reagents 
(Table S4.3) at a molar ratio of 1.0:2.9:12.8 of cyclodextrin:cross-linker:potassium 
carbonate, respectively. After adding 160 mL of an anhydrous tetrahydrofuran/ 
dimethylformamide mixture (9:1, v/v) the flask was connected to a reflux condenser, and the 
system was flushed with nitrogen for 10 min. Subsequently, the nitrogen inlet was removed, 
and the reflux condenser was closed with a septum. The mixture was placed in an oil bath 
(85 °C) and stirred for 48 h. Thereafter, the suspension was slowly cooled to room 
temperature while the solids could settle at the bottom of the flask. The supernatant was 
decanted, and the residual potassium carbonate was removed by washing with 1 M 
hydrochloric acid until CO2 evolution stopped. The remaining suspension was filtered and 
sequentially washed with 250 mL of ultrapure water, 200 mL of tetrahydrofuran, 200 mL of 
dichloromethane and 200 mL of methanol. The polymers were finally dried under vacuum 
for 48 h. Successful synthesis was verified by scanning electron microscopy (S4.3.2) and 
Fourier-transform infrared spectroscopy (S4.3.3). 

 
Figure S4.1. Synthesis scheme for the cross-linking of α-, β-, or γ-cyclodextrin (CD) with tetrafluoro-
terephthalonitrile (TFN) to form mesoporous cyclodextrin polymers (TFN-CDPs) according to the procedure 
reported by Alsbaiee et al.193 The scheme depicts negatively charged phenolates in the cross-linker, which are 
introduced during the synthesis by a side reaction, as identified by Klemes et al.197 
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Table S4.3. Amounts of reagents used for synthesis of porous 
α-, β-, and γ-cyclodextrin polymers (CDPs). 

reagent M mol.-eq. n m 
 [g mol-1]  [mmol] [g] 

α-CD 972.84 1.00 3.61 3.51 
β-CD 1134.98 1.00 3.61 4.10 
γ-CD 1297.12 1.00 3.61 4.69 
TFN* 200.09 2.85 10.28 2.06 
K2CO3 138.21 12.82 46.30 6.40 

*tetrafluoroterephthalonitrile, cross-linker 

S4.3.2 Field Emission Scanning Electron Microscope (FESEM) Imaging 

Field emission scanning electron microscope (FESEM) imaging of the cyclodextrin-based 
sorbents was carried out on a Sigma 300 VP instrument (Carl Zeiss Microscopy GmbH, 
Jena, Germany) using an accelerating voltage of 10.0 kV and a sample distance of 5.4 to 
5.9 mm. Figure S4.2 depicts FESEM images at magnifications between 0.4 × 103 and 
7.5 × 103 showing the porous surface morphology of α-CDP (a,b), β-CDP (c,d), and 
γ-CDP (e,f), respectively. 

 
Figure S4.2. Field emission scanning electron microscope (FESEM) images of synthesized cross-linked 
cyclodextrin polymers. The panels (a) and (b) depict SEM images of α-CDP, (c) and (d) of β-CDP, and (e) and 
(f) of γ-CDP. 
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S4.3.3 Fourier Transform Infrared (FTIR) Spectroscopy 

Fourier transform infrared (FTIR) spectra (solid, attenuated total reflectance, ATR) were 
recorded using a Nicolet 6700 FT-IR spectrometer (Thermo Scientific, USA) at a 
wavenumber range of 650 to 4000 cm-1 and a resolution of 4 cm-1. The signal-to-noise ratio 
was improved by accumulating 32 individually recorded scans. Baseline correction was 
performed using the software OriginPro 2020. 

According to similar structure and common functional groups, the FT-IR spectra of the 
α-, β- and γ-CD building blocks showed intense absorbance at 1030 cm-1, corresponding to 
polysaccharide C-O stretch vibrations, as well as aliphatic C-H stretch vibrations at 
2930 cm-1 and O-H stretch vibrations around 3400 cm-1 (Figure S4.3). These spectral 
features were also found in spectra of the cross-linked polymer (β-CDP). In addition, all 
three CDPs exhibited nitrile stretches resonating at 2235 cm-1 and C-F stretch vibrations at 
1268 cm-1, which confirmed successful incorporation of the cross-linker TFN. Compared 
with the spectrum of neat TFN, C-F absorption band in the CDP spectra was less pronounced 
as expected for partial substitution of fluorine during synthesis. Finally, peaks appearing at 
1670 cm-1 and 1463 cm-1 are assigned to aromatic C=C stretches of both the CD building 
block and the cross-linker. 

 
Figure S4.3. Fourier-transform infrared (FTIR) spectra of the cross-linker tetrafluoroterephthalonitrile (TFN), 
α-, β- and γ-cyclodextrin (α-, β-, γ-CD), and synthesized α-, β- and γ-cyclodextrin polymer (α-, β-, γ-CDP). 
Dashed vertical lines represent TFN specific absorption bands at 1268 cm-1 (C-F stretch vibrations) and 
2235 cm-1 (nitrile stretch vibrations), CD specific absorption bands at 1030 cm-1 (C-O stretch vibrations), 
2930 cm-1 (aliphatic C-H stretch vibrations), and 3400 cm-1 (O-H stretch vibrations), and common aromatic 
C=C stretch vibrations at 1464 cm-1 and 1670 cm-1. 
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S4.4 Sampling of Surface Water and Preparation of Dissolved Organic 
Matter Reference Standards 

Pristine surface water was sampled in the creek Wiesäckerbach, Garching, Germany 
(latitude 48.121905, longitude 11.511416) and in lake Kirchsee located in a marshland in 
Southern Bavaria, Germany (latitude 47.820473, longitude 11.625132). Grab samples were 
collected in glass bottles previously rinsed with methanol, ultrapure water, and natural water 
from the sampling site. After sampling, the water was immediately passed through pre-
washed 0.45 µm nylon membrane filters (47 mm, GVS, USA). The dissolved organic carbon 
(DOC) in the samples amounted to 8.2 and 4.3 mgC L-1, respectively. Other 
physicochemical parameters are given in Table S4.4. The sample taken in the creek 
Wiesäckerbach was used for investigating the competition between MPs and DOM 
compounds of varying molecular size. Lake Kirchsee water was used for experiments 
involving molecular-level investigation by Fourier transform ion cyclotron resonance MS. 

Suwannee River Humic (SRHA) and Fulvic Acid (SRFA) reference standards were used 
as received from the International Humic Substances Society (IHSS, St. Paul, MN, USA) 
and dissolved in ultrapure water (50 mg L-1) by stirring for 2 h followed by filtration 
(0.45 µm). This procedure resulted in DOC concentrations of 14.9 and 22.4 mgC L-1 for the 
aqueous SRHA and SRFA standard, respectively. All samples were separated into two 
aliquots, which were manually adjusted to either pH 2 or pH 7 using 1 M HCl or 1 M NaOH. 
Finally, samples were stored at 4 °C in the dark until further experiments were performed as 
described in Chapter 4.2. 

Table S4.4. Physicochemical properties of the surface water sampled in lake Kirchsee 
and the creek Wiesäckerbach. 

parameter unit Wiesäckerbach Kirchsee 
pH - 6.8 6.1 
Conductivity µS cm-1 385 205 
Acid capacity mmol L-1 5.03 3.04 
DOC mg L-1 4.34 8.17 
Sodium (Na+) mg L-1 12.50 8.60 
Potassium (K+) mg L-1 35.00 2.00 
Ammonium (NH4

+) mg L-1 < 0.04 < 0.04 
Calcium (Ca2+) mg L-1 65.88 35.39 
Magnesium (Mg2+) mg L-1 23.60 10.40 
Fluoride (F-) mg L-1 < 0.10 < 0.10 
Chloride (Cl-) mg L-1 15.47 0.71 
Bromate (BrO3

-) mg L-1 < 0.10 < 0.10 
Bromide (Br-) mg L-1 < 0.10 < 0.10 
Iodide (I-) mg L-1 < 0.10 < 0.10 
Nitrite (NO2

-) mg L-1 < 0.05 < 0.05 
Nitrate (NO3

-) mg L-1 1.26 0.70 
Sulfate (SO4

2-) mg L-1 20.45 1.21 
Hydrogen phosphate (HPO4

2-) mg L-1 < 0.10 < 0.10 
Hydrogen carbonate (HCO3

-) mg L-1 306.80 185.58 
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S4.5 Sample Preparation Procedures 

S4.5.1 Centrifugal Ultrafiltration and Analyte Spiking of Surface Water 

The dissolved organic matter (DOM) in the SW sample (Wiesäckerbach) was fractionated 
according to molecular size by ultrafiltration following the procedure reported by Xu and 
Guo.323 To this end, we used centrifugal devices equipped with modified polyethersulfone 
(PES) filters of different molecular weight cut-offs (1, 3, 10 kDa MWCO, Macrosep® 
Advance 20 mL, Pall Corporation, USA). The centrifugal devices were successively rinsed 
with 20 mL of 0.05 M NaOH, 20 mL of 0.02 M HCl, 6 x 20 mL of ultrapure water, and 
20 mL of SW sample to reduce organic carbon leaching from filter membranes and 
polypropylene housings (Figure S4.4a). The surface water was then sequentially centrifuged 
at a relative centrifugal force of 4000 g using membranes of decreasing cut-off. After every 
centrifugation cycle both supernatant (approx. 0.5 mL) and filtrate were collected. While 
filtrates were used for the next fractionation step, supernatants were combined and analyzed 
for dissolved organic carbon (DOC) concentration. DOC recoveries ranging between 99 and 
105 % after every ultrafiltration step (Table S4.5) confirmed successful DOM fractionation 
without significant DOC loss or contamination. Partitioning of DOM among the size ranges 
was determined based on DOC concentration and exact volume of the different molecular 
size fractions. The DOC in the MW fractions of <1 kDa, 1 – 3 kDa, 3 – 10 kDa, and >10 kDa 
accounted for 38.2, 26.2, 20.8, and 14.7 % of the total SW DOC (Figure S4.5). 

 
Figure S4.4. (a) DOC concentration in ultrapure water after ultrafiltration using centrifgal devices with 
molecular weight cut-offs of 1 and 10 kDa (Macrosep Advance 20 mL, Pall Corporation, USA), which had 
previously been rinsed with 20 mL of 0.05M NaOH and 20 mL of 0.02M HCl. (b) DOC concentrations in SPE 
breakthrough volumes of ultrapure water caused by organic carbon bleed from sorbent material. The horizontal 
dashed lines represent the instrumental limit of detection (LOD) and the gray rectangulars indicates the 
volumes used for centrifugal device and sorbent washing. 
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Table S4.5. Dissolved organic carbon (DOC) recoveries after every 
ultrafiltration cycle of surface water sample SW using centrifugal 
devices with molecular weight cut-offs (MWCO) of 10, 3, and 1 kDa. 

Ultrafiltration 
cycle 

MWCO 
[kDa] 

DOC recovery 
[%] 

1 10 103.2 
2 3 105.0 
3 1 98.6 

Table S4.6. DOC and spiked target analyte concentrations in the 
different molecular weight fractions, and resulting ratios of DOC to 
analyte prior to SPE experiments. 

MW fraction DOC 
concentration 

target analyte 
concentration 

DOC:analyte 
ratio 

[kDa] [µg L-1] [µg L-1] [-] 

> 10 5281 1.15 4592 
3 - 10 2275 0.50 4550 
1 - 3 2088 0.45 4640 
< 1 3030 0.65 4662 

 

S4.5.2 Extraction of Dissolved Organic Matter for Molecular-Level Analysis 

Table S4.7. Parameters of solid-phase extraction (SPE) of surface water (SW) and DOM reference standards 
(SRFA, SRHA) including sample volume (Vsample), sorbent bed weight of self-packed SPE cartridges (msorbent), 
dissolved organic carbon (DOC) concentration of water samples, and quality control parameters (i.e., DOC 
and sample volume per mass sorbent). 

sample Vsample msorbent  DOC  DOC/msorbent* Vsample/msorbent† 
 [mL] [mg]  [mg L-1] [mmol L-1] [mmol]  [mmol g-1] [L g-1] 

SW 50.0 25.0  8.2 0.68 0.034  1.36 2.0 
SRFA 50.0 50.0  22.4 1.86 0.093  1.86 1.0 
SRHA 50.0 50.0  14.9 1.24 0.062  1.24 1.0 
* maximum threshold: 2 mmol g-1, proposed by Dittmar et al.293 
† maximum threshold: 10 L g-1, proposed by Dittmar et al.293 
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S4.6 Chemical Analyses 

S4.6.1 Liquid Chromatography – Tandem Mass Spectrometry (LC-MS/MS) 
Analysis 

Quantification of target analytes was performed using an ultrahigh-performance liquid 
chromatography system (PLATINblue, Knauer, Germany) coupled to tandem mass 
spectrometry (AB Sciex Triple-Quad 6500, Sciex, USA) using electrospray ionization (ESI) 
in positive mode. Prior analysis, sample aliquots (100 µL) were diluted with 880 µL 
ultrapure water and spiked with 20 µL of isotopically labeled internal standard (ILIS) 
mixture to a final ILIS concentration of 2 µg L-1. 25 µL of samples were injected and 
separated on a reversed-phased analytical column (Kinetex C18, 3 x 150 mm, 2.6 µm particle 
size, Phenomenex, USA) at 30 °C at a constant flow rate of 0.5 mL min-1. We used an elution 
gradient with ultrapure water amended with 0.2 vol% formic acid as eluent A and acetonitrile 
as eluent B. First, the fraction of B was kept constant at 30 % for one minute. Within the 
next 15 min the fraction of B was increased linearly to 45 %, followed by a steep increase to 
98 % within 1 min, which was kept constant for another 1.5 min. Finally, the column was 
re-equilibrated to initial conditions for 2 min. Analytes were quantified against reference 
standards based on extracted ion chromatograms using internal calibration with ILIS. The 
internal standard with the closest retention time was chosen for quantitation. Analytical 
details used for identification and quantification, including LODs and LOQs, are provided 
in Table S4.8. 

S4.6.2 High-field Fourier Transform Ion Cyclotron Resonance Mass 
Spectrometry (FTICR MS) Analysis 

FTICR MS Measurement 

Ultrahigh-resolution Fourier transform ion cyclotron resonance (FTICR) MS analyses were 
acquired in negative ionization mode using a Solarix mass spectrometer equipped with a 
12 T superconducting magnet and coupled to an Apollo II electrospray ionization (ESI) 
source (Bruker Daltonics, Bremen, Germany). Prior to continuous infusion of methanolic 
extracts at a constant flow rate of 2 µL min-1, SW and SRFA samples were diluted with 
methanol to a concentration of 5 µgC mL-1, whereas SRHA samples were diluted to 
20 µgC mL-1. These DOC concentrations in extracts were optimized to ensure appropriately 
high peak intensities, while still preventing significant ionization suppression, adduct 
formation, and overloading of the ICR cell. The ESI source was operated with a nebulizer 
gas pressure of 138 kPa and a drying gas pressure of 103 kPa, while a source heater 
temperature of 200 °C guaranteed rapid desolvation of ionized droplets. 400 scans with a 
time domain of 4 megawords and within a m/z range of 174.4 to 1400 were averaged and 
post-calibrated based on clusters of arginine and reference mass lists of known internal DOM 
calibrants. A mass accuracy below 100 ppb was achieved. Post-processing was executed 
using the software Compass DataAnalysis 4.1 (Bruker Daltonics, Bremen, Germany). 
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Data Analysis 

Intensity-weighted averages of bulk parameters (Xwa), such as elemental ratios or chemical 
indices, were calculated based on peak intensities (Int) of each assigned formula (i) 
according to equation (S4.1): 

𝑋𝑋𝑤𝑤𝑒𝑒 =
∑ 𝑋𝑋𝑖𝑖 × 𝐾𝐾𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖
𝑖𝑖=1
∑ 𝐾𝐾𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖
𝑖𝑖=1

 (S4.1) 

Relative peak intensities (RI), were calculated based on summarized total peak intensity 
according to equation (S4.2): 

𝑅𝑅𝐾𝐾 =
𝐾𝐾𝑐𝑐𝑐𝑐𝑖𝑖

∑ 𝐾𝐾𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖
𝑖𝑖=1

× 1000 (S4.2) 

Chemical indices to study the degree of unsaturation and aromaticity of compounds, 
including double bond equivalent (DBE), carbon-normalized DBE (DBE/C), and the 
modified aromaticity index (AImod), were derived according to equation (S4.3) and (S4.4) as 
described by Koch and Dittmar:230,231 

𝐷𝐷𝐵𝐵𝐸𝐸 = 1 +
1
2

(2𝐶𝐶 − 𝐻𝐻 + 𝑁𝑁) (S4.3) 

𝑎𝑎𝐾𝐾𝑐𝑐𝑐𝑐𝑑𝑑 =
1 + 𝐶𝐶 − 1

2𝑂𝑂 − 𝑠𝑠 − 1
2 (𝐻𝐻 + 𝑁𝑁)

𝐶𝐶 − 1
2𝑂𝑂 − 𝑁𝑁 − 𝑠𝑠

 (S4.4) 

where C, H, N, O, and S are the numbers of carbon, hydrogen, nitrogen, oxygen, and sulfur 
atoms, respectively, in the molecular structure.  
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S4.7 Results 

S4.7.1 Micropollutant Extraction in Presence of Dissolved Organic Matter of 
Varying Molecular Size 

 
Figure S4.5. Partitioning of dissolved organic carbon (DOC) among different molecular weight fractions 
(i.e., < 1 kDa, 1-3 kDa, 3-10 kDa, > 10 kDa) in the surface water (SW) sample. 
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S4.7.2 Literature data on Recovery of Uncharged Micropollutants after Solid-
Phase Extraction using β-CDP as Sorbent 

Table S4.10. Recovery data for 88 target analytes uncharged at neutral pH conditions after solid-phase 
extraction using β-CDP sorbent. The data was adopted from literature and used for data visualization in 
Figure 4.3 in Chapter 4. The table additionally lists the compound classification, CAS number, formula, 
molecular weight, elemental H/C and O/C ratio, log KOW value, and McGowan volume (MV). 

compound comp. 
class* CAS MW† formula H/C O/C log 

KOW 
MV‡ Recovery 

(%) 
Ref.§ 

10,11-dihydrocarbamazepine Pharm. 3564-73-6 238.28 C15H14N2O 0.93 0.07 2.46 1.85 84 ± 12 Li et al.  

6-benzylaminopurine Pest. 1214-39-7 225.25 C12H11N5 0.92 0.00 1.57 1.67 100 ± 0 Li et al.  

Abacavir Pharm. 136470-78-5 286.33 C14H18N6O 1.29 0.07 1.62 2.09 100 ± 0 Li et al.  

Acetaminophen Pharm. 103-90-2 151.16 C8H9NO2 1.13 0.25 0.46 1.17 50 ± 6 Ling et al.  

Acetamiprid Pest. 135410-20-7 222.67 C10H11ClN4 1.10 0.00 2.55 1.67 98 ± 4 Li et al.  

Acetochlor Pest. 34256-82-1 269.77 C14H20ClNO2 1.43 0.14 4.14 2.14 98 ± 3 Li et al.  

Adrenosterone Horm. 382-45-6 300.40 C19H24O3 1.26 0.16 1.41 2.36 99 ± 1 Li et al.  

Alachlor Pest. 15972-60-8 269.77 C14H20ClNO2 1.43 0.14 3.52 2.14 98 ± 3 Li et al.  

Allopurinol Pharm. 315-30-0 136.11 C5H4N4O 0.80 0.20 -0.55 0.90 25 ± 9 Ling et al.  

Amcinonide Pharm. 51022-69-6 502.60 C28H35FO7 1.25 0.25 3.56 3.62 100 ± 0 Li et al.  

Atrazine-2-Hydroxy Pest. 2163-68-0 197.24 C8H15N5O 1.88 0.13 1.40 1.56 99 ± 1 Li et al.  

Atrazine-desethyl Pest. 6190-65-4 203.63 C6H10ClN5 1.67 0.00 1.51 1.34 54 ± 46 Li et al.  

Bendiocarb Pest. 22781-23-3 223.22 C11H13NO4 1.18 0.36 1.70 1.60 84 ± 11 Li et al.  

Benzisothiazolin-3-on (BIT) Pest. 2634-33-5 151.18 C7H5NOS 0.71 0.14 0.64 1.03 94 ± 8 Li et al.  

Benzotriazole Indust. 95-14-7 119.12 C6H5N3 0.83 0.00 1.17 0.86 86 ± 18 Li et al.  

Benzotriazole-methyl-1H Indust. 136-85-6 266.30 C7H7N3 1.00 0.00 1.71 1.01 99 ± 2 Li et al.  

Bromacil Pest. 314-40-9 261.12 C9H13BrN2O2 1.44 0.22 2.11 1.63 77 ± 15 Li et al.  

Caffeine Lifest. 58-08-2 194.19 C8H10N4O2 1.25 0.25 0.16 1.36 11 ± 20 Li et al.  

Carbamazepine Pharm. 298-46-4 236.27 C15H12N2O 0.80 0.07 2.45 1.81 90 ± 8 Li et al.  

Carbaryl Pest. 63-25-2 201.22 C12H11NO2 0.92 0.17 2.36 1.50 97 ± 2 Ling et al.  

Carbendazim Pest. 10605-21-7 191.19 C9H9N3O2 1.00 0.22 1.55 1.36 100 ± 0 Li et al.  

Carbofuran Pest. 1563-66-2 221.25 C12H15NO3 1.25 0.25 2.32 1.69 87 ± 4 Ling et al.  

Carisoprodol Pharm. 78-44-4 260.33 C12H24N2O4 2.00 0.33 2.36 2.15 77 ± 13 Li et al.  

Chloridazon Pest. 1698-60-8 221.64 C10H8ClN3O 0.80 0.10 1.14 1.52 98 ± 3 Li et al.  

Chloroxylenol Pharm. 88-04-0 156.61 C8H9ClO 1.13 0.13 3.27 1.20 56 ± 13 Ling et al.  

Corticosterone Pharm. 50-22-6 346.50 C21H30O4 1.43 0.19 1.94 2.74 99 ± 2 Li et al.  

Coumarin Natural 91-64-5 146.14 C9H6O2 0.67 0.22 1.51 1.06 99 ± 3 Li et al.  

Cyanazine Pest. 21725-46-2 240.69 C9H13ClN6 1.44 0.00 2.22 1.77 68 ± 30 Li et al.  

Cyflufenamid Pest. 180409-60-3 412.40 C20H17F5N2O2 0.85 0.10 5.60 2.66 100 ± 0 Li et al.  

Diethyltoluamide (DEET) Pest. 134-62-3 191.27 C12H17NO 1.42 0.08 2.02 1.68 95 ± 3 Ling et al.  

Dehydroacetic Pest. 520-45-6 168.15 C8H8O4 1.00 0.50 0.78 1.19 16 ± 15 Li et al.  

Dexamethasone Pharm. 50-02-2 392.50 C22H29FO5 1.32 0.23 1.83 2.91 90 ± 9 Li et al.  

Diazinon Pest. 333-41-5 304.35 C12H21N2O3PS 1.75 0.25 3.81 2.30 100 ± 0 Ling et al.  

Diethyl Phthalate Indust. 84-66-2 222.24 C12H14O4 1.17 0.33 2.47 1.71 77 ± 11 Li et al.  

Dimethachlor Pest. 50563-36-5 255.74 C13H18ClNO2 1.38 0.15 2.17 2.00 87 ± 11 Li et al.  

Dimethoate Pest. 60-51-5 229.30 C5H12NO3PS2 2.40 0.60 0.78 1.58 75 ± 33 Li et al.  

Diuron Pest. 330-54-1 233.09 C9H10Cl2N2O 1.11 0.22 2.68 1.60 100 ± 0 Li et al.  

Efavirenz Pharm. 154598-52-4 315.67 C14H9ClF3NO2 0.64 0.14 4.70 1.89 100 ± 0 Li et al.  

Estrone Horm. 53-16-7 270.40 C18H22O2 1.22 0.11 3.13 2.16 100 ± 0 Li et al.  

Ethofumesate Pest. 26225-79-6 286.35 C13H18O5S 1.38 0.38 2.70 2.05 100 ± 1 Li et al.  

Famciclovir Pharm. 104227-87-4 321.33 C14H19N5O4 1.36 0.29 0.64 2.34 99 ± 1 Li et al.  

Fluconazole Pharm. 86386-73-4 306.27 C13H12F2N6O 0.92 0.08 0.25 2.01 22 ± 16 Li et al.  

Hexametapol Indust. 680-31-9 179.20 C6H18N3OP 3.00 0.17 -0.22 1.52 13 ± 3 Li et al.  

Hexazinone Pest. 51235-04-2 252.31 C12H20N4O2 1.67 0.17 1.85 1.97 92 ± 7 Li et al.  

Hydrocortisone Pharm. 50-23-7 362.50 C21H30O5 1.43 0.24 2.16 2.80 91 ± 8 Li et al.  

Isophorone Diisocyanate Indust. 4098-71-9 222.28 C12H18O2N2 1.50 0.17 4.75 1.84 79 ± 17 Li et al.  

Isoproturon Pest. 34123-59-6 206.28 C12H18N2O 1.50 0.08 2.87 1.78 100 ± 0 Li et al.  
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Lamotrigine Pharm. 84057-84-1 256.09 C9H7Cl2N5 0.78 0.00 2.57 1.65 100 ± 0 Li et al.  

Linuron Pest. 330-55-2 249.09 C9H10Cl2N2O2 1.11 0.22 3.20 1.66 100 ± 0 Li et al.  

Malaoxon Metab. 1634-78-2 314.29 C10H19O7PS 1.90 0.70 0.97 2.20 99 ± 1 Ling et al.  

Meprobamate Pharm. 57-53-4 218.25 C9H18N2O4 2.00 0.44 0.70 1.73 38 ± 22 Li et al.  

Metalaxyl Pest. 57837-19-1 279.33 C15H21NO4 1.40 0.27 1.65 2.23 75 ± 13 Li et al.  

Methocarbamol Pharm. 532-03-6 241.24 C11H15NO5 1.36 0.45 0.61 1.77 87 ± 10 Li et al.  

Methomyl Pest. 16752-77-5 162.21 C5H10N2O2S 2.00 0.40 0.60 1.20 36 ± 14 Ling et al.  

Metribuzin Pest. 21087-64-9 214.24 C8H14N4OS 1.75 0.13 1.49 1.62 96 ± 2 Ling et al.  

Molinate Pest. 2212-67-1 187.30 C9H17NOS 1.89 0.11 3.21 1.55 99 ± 2 Li et al.  

Oxazepam Pharm. 604-75-1 286.71 C15H11ClN2O2 0.73 0.13 2.24 1.99 93 ± 6 Li et al.  

Oxcarbazepine Pharm. 28721-07-5 252.27 C15H12N2O2 0.80 0.13 1.11 1.87 85 ± 12 Li et al.  

Oxybenzone Lifest. 131-57-7 228.24 C14H12O3 0.86 0.21 3.79 1.74 100 ± 0 Li et al.  

Paraxanthine Lifest. 611-59-6 180.16 C7H8N4O2 1.14 0.29 -0.39 1.22 17 ± 19 Li et al.  

Penciclovir Pharm. 39809-25-1 253.26 C10H15N5O3 1.50 0.30 -1.14 1.80 22 ± 8 Ling et al.  

Pentoxifylline Pharm. 6493-05-6 278.31 C13H18N4O3 1.38 0.23 0.56 2.08 98 ± 4 Li et al.  

Phenytoin (Dilantin) Pharm. 57-41-0 252.27 C15H12N2O2 0.80 0.13 2.47 1.87 93 ± 7 Li et al.  

Pirimicarb Pest. 23103-98-2 238.29 C11H18N4O2 1.64 0.18 1.70 1.89 99 ± 1 Li et al.  

Pirimiphos-Ethyl Pest. 23505-41-1 333.39 C13H24N3O3PS 1.85 0.23 4.85 2.55 100 ± 0 Li et al.  

Primidone Pharm. 125-33-7 218.25 C12H14N2O2 1.17 0.17 0.91 1.68 84 ± 27 Li et al.  

Progesterone Horm. 57-83-0 314.50 C21H30O2 1.43 0.10 3.87 2.62 100 ± 1 Li et al.  

Prometon Pest. 1610-18-0 225.29 C10H19N5O 1.90 0.10 2.99 1.84 99 ± 1 Li et al.  

Propachlor Pest. 1918-16-7 211.69 C11H14ClNO 1.27 0.09 2.18 1.66 97 ± 3 Ling et al.  

Propazine Pest. 139-40-2 229.71 C9H16ClN5 1.78 0.00 2.93 1.76 100 ± 0 Li et al.  

Propoxur Pest. 114-26-1 209.24 C11H15NO3 1.36 0.27 1.52 1.65 84 ± 11 Li et al.  

Propyzamide Pest. 23950-58-5 256.12 C12H11Cl2NO 0.92 0.08 3.43 1.84 100 ± 0 Li et al.  

Pyrazophos Pest. 13457-18-6 373.37 C14H20N3O5PS 1.43 0.36 3.80 2.61 100 ± 0 Li et al.  

Siduron Pest. 1982-49-6 232.32 C14H20N2O 1.43 0.07 3.80 1.95 100 ± 0 Li et al.  

Simazine Pest. 122-34-9 201.66 C7H12ClN5 1.71 0.00 2.18 1.48 91 ± 7 Li et al.  

Sucralose Lifest. 56038-13-2 397.60 C12H19Cl3O8 1.58 0.67 -1.00 2.42 8 ± 14 Li et al.  

Sulfadimethoxine Pharm. 122-11-2 310.33 C12H14N4O4S 1.17 0.33 1.17 2.21 81 ± 15 Li et al.  

Sulfamethazine Pharm. 57-68-1 278.33 C12H14N4O2S 1.17 0.17 0.14 2.00 38 ± 37 Li et al.  

Sulfamethoxazole Pharm. 723-46-6 253.28 C10H11N3O3S 1.10 0.30 0.48 1.72 39 ± 35 Li et al.  

TDCPP Indust. 13674-87-8 430.90 C9H15Cl6O4P 1.67 0.44 3.65 2.55 83 ± 5 Li et al.  

Temazepam Pharm. 846-50-4 300.74 C16H13ClN2O2 0.81 0.13 2.19 2.13 96 ± 6 Li et al.  

Testosterone Horm. 58-22-0 288.40 C19H28O2 1.47 0.11 3.32 2.38 100 ± 0 Li et al.  

Theophylline Pharm. 58-55-9 180.16 C7H8N4O2 1.14 0.29 -0.39 1.22 17 ± 19 Li et al.  

Thiabendazole Pharm. 148-79-8 201.25 C10H7N3S 0.70 0.00 2.47 1.40 100 ± 0 Li et al.  

Triamterene Pharm. 396-01-0 253.26 C12H11N7 0.92 0.00 0.98 1.83 100 ± 0 Li et al.  

Tributyl phosphate (TBP) Indust. 126-73-8 266.31 C12H27O4P 2.25 0.33 4.00 2.24 98 ± 3 Li et al.  

Triclosan Pest. 3380-34-5 289.50 C12H7Cl3O2 0.58 0.17 4.76 1.81 100 ± 0 Li et al.  

Tris (2-chloroethyl) phosphate 
(TCEP) Indust. 115-96-8 285.50 C6H12Cl3O4P 2.00 0.67 1.44 1.76 88 ± 11 Li et al.  

*Pharm. = Pharmaceutical, Pest. = Pesticide, Metab. = Metabolite, Indust. = Industrial, Horm. = Hormone, Lifest. = Lifestyle 
†Molecular weight in g mol-1 
‡McGowan volume in cm3 mol-1 100-1 

§ Recovery data obtained from Ling et al.194 or Li et al.195  

  



Appendices 

208 

S4.7.3 Molecular-Level Characterization of Dissolved Organic Matter by 
FTICR MS 

 
Figure S4.6. (a) Negative ESI 12 T FTICR mass spectra (left panels) and corresponding Van Krevelen 
diagrams (right panels) of the original surface water (SW) and Suwannee River Fulvic and Humic (SRFA, 
SRHA) samples and respective extracts of α-, β-, and γ-CDP. (b) Hierarchical cluster analysis (HCA) of all 
m/z ions based on normalized peak intensities and Pearson similarity indices. 
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Figure S4.7. Relative abundance of CHO-annotated formulas as a function of double bond equivalent (DBE) 
and DBE minus count of oxygen (DBE-O) values for surface water (a, d), Suwannee River fulvic acid (b, e) 
and Suwannee River humic Acid (c, f) samples, respectively. Original DOM sample compositions are 
compared with compositions of compounds that were not detected in extracts obtained after solid-phase 
extraction using α-, β-, and γ-CDP as sorbent. 

 
Figure S4.8. O/C versus modified aromaticity index (AImod) diagrams of CHO-annotated molecular DOM 
compositions in α-, β-, and γ-CDP extracts of surface water (SW) and Suwannee River Fulvic and Humic Acid 
(SRFA, SRHA) samples. Differences in relative intensities (ΔRI) were calculated relative to the original sample 
composition. Dashed lines denote approximate boundaries between relative enhancement (red) and depletion 
(blue, gray) of compounds in CDP extracts whereas the green area indicate molecules with aromatic moieties 
(i.e., AImod ≥ 0.5). Symbol sizes reflect the relative signal intensities of mass peaks in the original mass spectra. 
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Figure S4.9. Van Krevelen diagram of uniquely detected CHNO-annotated molecular formulas in cyclodextrin 
polymer (CDP) extracts of the surface water samples. The dashed circle signifies highly saturated CHNO-
compounds, possibly cationic aliphatic amines, which were selectively extracted by CDPs due to their negative 
surface charge.  
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S5 Supporting Information to Chapter 5 

S5.1 Chemicals 

Table S5.1. List of chemicals used in Chapter 5. 

chemical CAS number purity/grade supplier 
Reagents    

  ammonia 7664-41-7 puriss., anhydrous, ≥99.9% Sigma-Aldrich 
  boron trifluoride diethyl etherate 109-63-7 for synthesis Sigma-Aldrich 
  calcium chloride 10043-52-4 free-flowing, Redi-Dri, ≥97% Sigma-Aldrich 
  graphene oxide 1034343-98-0 n.a. Graphitene Ltd.  
  hydrochloric acid 7647-01-0 ACS reagent, 37 % Sigma-Aldrich 
  L-ascorbic acid 50-81-7 BioXtra, ≥99.0%, crystalline Sigma-Aldrich 
  N,N′-dicyclohexylcarbodiimide 538-75-0 for synthesis Sigma-Aldrich 
  polyether diamine 65605-36-9 Jeffamine ED-2003 Huntsman, USA 
  polyglycerol-3-glycidyl ether  118549-88-5 Polypox R9 UPPC, Mietingen 

  sodium bicarbonate 144-55-8 ACS reagent, ≥99.7 % Sigma-Aldrich 
  sodium carbonate 497-19-8 ACS reagent, ≥99.5 % Sigma-Aldrich 
  sodium hydroxide 1310-73-2 BioXtra, ≥98 % Sigma-Aldrich 
Solvents    

  1,4-dioxane 123-91-1 ACS reagent, ≥99.0 % Sigma-Aldrich 
  acetonitrile 75-05-8 HPLC Plus, ≥99.9% Sigma-Aldrich 
  methanol 67-56-1 ≥99.9 % Sigma-Aldrich 
  N,N-dimethylformamide 68-12-2 ACS reagent, ≥99.8 % Sigma-Aldrich 
  tert-butyl methyl ether 1634-04-4 ACS reagent, ≥99.0 % Sigma-Aldrich 
  toluol 108-88-3 puriss. p.a., ACS reagent, ≥99.7 % Sigma-Aldrich 
Analytical standards    

  2,6-dichlorobenzamide (BAM) 2008-58-4 PESTANAL®, anal. standard Sigma-Aldrich 
  chloridazon 1698-60-8 PESTANAL®, anal. standard Sigma-Aldrich 
  isoproturon 34123-59-6 PESTANAL®, anal. standard Sigma-Aldrich 
  S-metolachlor 87392-12-9 PESTANAL®, anal. standard Sigma-Aldrich 
  terbuthylazine 5915-41-3 PESTANAL®, anal. standard Sigma-Aldrich 

n.a. = not available    
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S5.2 MAF Functionalization 

 
Figure S5.1. Reaction scheme of the coupling of graphene oxide (GO) with primary amines on the surface of 
monolithic adsorption filters (NH2@MAF) using dicyclohexylcarbodiimide (DCC) as activation agent. 

S5.3 Results and Discussion 

 
Figure S5.2. Equilibrium sorption isotherms of graphene oxide (GO) and reduced graphene oxide (rGO) at 
25 ± 1 °C for 2,6-dichlorobenzamide, chloridazon, isoproturon, terbuthylazine, and S-metolachlor. The sorbed 
anaylte concentration at equilibrium, qeq (mg g-1), is plotted against the aqueous equilibrium concentration of 
the compound, Caq (mg L-1). Freundlich and Langmuir isotherm fits are represented by dashed and solid lines, 
respectively.  
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Table S5.3. Sorption parameters of the 5 target analytes for graphene oxide (GO) and reduced graphene oxide 
(rGO). Values were obtained by fitting batch sorption data (Figure S5.2) to both Freundlich and Langmuir 
sorption isotherm models. 

Sorbent Isotherm Parameter Unit BAM CHL ISO TER MET 

Graphene 
Oxide 
(GO) 

Freundlich KF 𝑐𝑐𝑜𝑜 𝑜𝑜⁄
(𝑐𝑐𝑜𝑜 𝐿𝐿⁄ )1 𝑛𝑛�

  0.37 ± 0.02 0.82 ± 0.10 0.71 ± 0.05 0.94 ± 0.01 0.65 ± 0.06 

 n [-] 5.94 ± 0.79 2.84 ± 0.45 6.00 ± 1.2 2.32 ± 0.11 2.53 ± 0.37 

 R2 [-] 0.92 0.91 0.85 0.98 0.89 

Langmuir KL [L mg-1] 1.21 ± 0.28 0.24 ± 0.04 1.11 ± 0.16 0.33 ± 0.04 0.24 ± 0.03 

 qm [mg g-1] 0.58 ± 0.02 2.63 ± 0.14 1.14 ± 0.03 3.44 ± 0.26 2.31 ± 0.17 

 R2 [-] 0.86 0.98 0.95 0.97 0.97 

Reduced 
Graphene 
Oxide 
(rGO) 

Freundlich KF 
𝑐𝑐𝑜𝑜 𝑜𝑜⁄

(𝑐𝑐𝑜𝑜 𝐿𝐿⁄ )1 𝑛𝑛�
  1.49 ± 0.08 5.35 ± 0.07 3.63 ± 0.18 3.10 ± 0.03 2.55 ± 0.04 

 n [-] 9.27 ± 2.39 3.69 ± 0.06 6.53 ± 0.73 3.87 ± 0.10 4.98 ± 0.15 

 R2 [-] 0.79 0.99 0.95 0.99 0.99 

Langmuir KL [L mg-1] 2.94 ± 1.61 0.15 ± 0.05 1.23 ± 0.27 0.39 ± 0.17 2.09 ± 0.24 

 qm [mg g-1] 1.96 ± 0.13 16.22 ± 1.43 6.01 ± 0.18 7.27 ± 0.62 4.81 ± 0.16 

 R2 [-] 0.55 0.99 0.90 0.99 0.97 

 
Figure S5.3. Kinetic plots for the sorption of the five model compounds on rGO (red) and Oasis HLB (green) 
displaying the percentage of removal versus the time. 

 
Figure S5.4. Nitrogen adsorption-desorption isotherm of rGO@MAF. Insert: BET isotherm linear plot of the 
section p/p0 = 0.05 – 0.35, which was used for determining the specific surface area. 
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S6 Reprint Permissions 

S6.1 Reprinted Figures in Chapter 1 

Reprint permission for Figure 1.2b in Chapter 1.2.1 Principle of the CSIA Technique: 

Reprinted from Trends in Analytical Chemistry, Vol. 30, No. 4, Hofstetter, T.B.; Berg, M., 
Assessing transformation processes of organic contaminants by compound-specific stable 
isotope analysis, 618-627, Copyright © 2010, with permission from Elsevier. 
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Reprint permission for Figure 1.3 in Chapter 1.2.2 Measurement of Compound-Specific 
Isotope Ratios: 

Reprinted from Analytical and Bioanalytical Chemistry, Vol. 403, No. 9, Elsner, M.; 
Jochmann, M.A.; Hofstetter, T.B.; Hunkeler, D.; Bernstein, A.; Schmidt, T.C.; 
Schimmelmann, A., Current challenges in compound-specific stable isotope analysis of 
environmental organic contaminants, 2471-2491, Copyright © 2012, with permission from 
Springer Nature. 
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S6.2 Reprinted Publication in Chapter 2 

 
S6.3 Reprinted Publication in Chapter 3 
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S6.4 Reprinted Publication in Chapter 4 
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