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ABSTRACT

Individual hazardous chemicals and substance mixtures with synergistic toxicity effects
occur in the dissolved organic matter (DOM) of wastewater and negatively impact human
health. Yet a large number of chemicals and their treatment by-products in wastewater
makes the tracking of individual compounds nearly impossible and demands new analyt-

ical strategies.

The thesis describes the development and evaluation of non-targeted and suspect analysis
methods aimed at the transformation of DOM and micro-contaminants of interest during
wastewater treatment using liquid chromatography-high-resolution mass spectrometry

(LC-HRMS) data.

On one hand, a non-targeted method to track transformations of DOM in a multiphase
wastewater treatment using LC-HRMS data was developed. LC-MS signals were ex-
tracted, aligned, and had their isotopologues clustered and elemental composition pre-
dicted using open license software MZmine 2 in a way that conceptually prioritized the
detection of anthropogenic compounds. After, unreliable signals were removed using own
methodology in R computing environment. This data analysis revealed that the secondary
treatment removed 67% detected DOM signals, while 24% new signals appeared rela-
tively to the influent DOM. The number of large molecules (> 450 Da) decreased and the
number of unsaturated molecular features of the effluent organic matter (OM) increased.

Van Krevelen plots revealed the distribution of unsaturation and heteroatoms.

The non-targeted methodology was applied to quadrupole-time of flight (QTOF) and
LTQ-Orbitrap HRMS data to test the influence of instrumental setup on analytical con-
clusions. The Orbitrap setup showed a higher amount of detected molecular features and
a higher rate of molecular formula assignment for the detected molecular features. The
QTOF setup uncovered a subset of high molecular weight features due to the stronger

stability of resolving power in the QTOF setup at higher m/z.
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On the other hand, this thesis approached the transformation of chemicals in wastewater
DOM by analyzing micro-contaminants and their confirmed, as well as tentative, trans-
formation products (TPs) to supplement the developed non-targeted analysis. The suspect
screening of micro-contaminants, using Thermo Exact Finder software and an own post-
processing pipeline in R, yielded 11 pharmaceuticals and their TPs in a multistage WWT
using own detection and data processing method. Hereby, secondary treatment was effi-
cient in removing chemicals, while the removal in tertiary treatment was less consistent.
Additionally, the screening method was applied to a novel granular bio-activated carbon-
ultrafiltration (BAC-UF) system. The analysis of 11 pharmaceuticals and their TPs in four
time series showed that BAC had led to a high removal of chemicals in the first months
of the reactor runtime, while the efficiency dropped in the latter months due to BAC filter

saturation.



RESUMEN

El destino de los microcontaminantes en el tratamiento de aguas residuales ha ido ga-
nando atencion debido al impacto ecologico y toxicologico de estas sustancias en la salud
humana. Adicionalmente a los productos quimicos peligrosos individuales, las mezclas
de sustancias como las que ocurren en la materia orgédnica disuelta (MOD) en las aguas
residuales, pueden producir efectos de toxicidad sinérgicos. Sin embargo, el gran nimero
de compuestos naturales y antropogénicos, asi como sus productos de transformacion de
tratamiento (PTs) provocan que el seguimiento de los compuestos individuales sea casi
imposible, exigiendo nuevas estrategias para realizar un seguimiento eficaz de transfor-

maciones MOD.

Esta tesis describe un método desarrollado y probado para rastrear transformaciones de
MOD en aguas residuales, utilizando un analisis no dirigido de cromatografia de liquidos
y espectrometria de masas de alta resolucion (LC-MS). Potencialmente, el andlisis prio-
riza la deteccion de compuestos antropogénicos. Se extrajeron y alinearon las sefiales de
LC-MS, se agruparon sus isotopologos y se predijo la composicion elemental utilizando
MZmine 2. Posteriormente, las sefiales no fiables se eliminaron usando una metodologia
propia en el entorno informatico R. Este analisis de datos reveld que el tratamiento se-
cundario eliminé el 67% de las sefiales de MOD detectada, mientras que un 24% de nue-

vas sefiales aparecieron.

Se observo una reduccion en el numero de moléculas grandes (> 450 Da) y un aumento
en las moléculas insaturadas de la materia organica del efluente. Los graficos de Van
Krevelen revelaron la distribucion de la insaturacion y los heteroatomos. Ademas, el mé-
todo se aplico a los datos de cuadrupolo-tiempo de vuelo (QTOF) y de Orbitrap HRMS
para probar la influencia de la configuracion instrumental en las conclusiones analiticas.
Orbitrap destacod en términos de precision y mayor poder de resolucion, por ejemplo,
mostrando una mayor cantidad de moléculas detectadas y la tasa de asignacion de férmula
molecular. QTOF mostr6 ventajas al incluir un grupo de moléculas de alto peso debido a

la mayor estabilidad del poder de resolucion de QTOF a mayor m/z.

Esta tesis revelo la transformacion de sustancias quimicas en aguas residuales buscando
microcontaminantes especificos y sus PTs confirmados, y su potencial uso para comple-

mentar el desarrollado analisis del tipo “non-target”.
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La transformacion de microcontaminantes en MOD se exploré mediante examenes de 11
productos farmacéuticos y sus PTs, utilizando métodos propios de deteccion y procesa-
miento de datos. El tratamiento secundario fue eficaz para eliminar los productos quimi-
cos, mientras que la eliminacion en el tratamiento terciario varid en la filtracion de arena,
la radiaciéon UV y la cloracion. Adicionalmente, el método de seleccion se aplicod a un
nuevo sistema de carbon bioactivado granular con una ultrafiltracion posterior (CBA-
UF). La transformacién de 11 productos farmacéuticos y sus PTs se explor6 en cuatro
series temporales. CBA condujo a una alta eliminacioén de productos quimicos en los pri-
meros meses de ejecucion del reactor, mientras que la eficiencia disminuyd en los Gltimos

meses debido a la saturacion del filtro CBA.
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RESUM

El desti dels micro-contaminants en tractament d’aigua ha passat a un primer pla degut al
impacte eco-toxicologic d’aquestes substancies en la salut humana. A més de quimics
perillosos individuals, mescles de substancies que ocorren en la matéria organica dissolta
(DOM en angles) en aigiies residuals poden produir efectes toxics sinergetics. No obstant,
el gran nombre de compostos naturals 1 antropogénics, aixi com els productes del seu
tractament (TPs) comporta que el seguiment de components individuals sigui
practicament impossible, el que demana noves estratégies de seguiment per les

transformacions de DOM.

Aquesta tesi descriu un metode desenvolupat i testejat per seguir transformacions de
DOM de aigua residual mitjangant analisis no-especific de cromatografia liquida — dades
d’espectrometria de massa de alta resolucid6 (LC-HRMS en angles) que prioritza
conceptualment la de compostos antropogenics. Senyals LC-MC han sigut extretes i
alineades; els seus isotopologs han sigut agrupats i la seva composicid elemental ha sigut
predita usant MZmine 2. Després, senyals que no eren fiables han sigut eliminades
utilitzant una metodologia propia desenvolupada en el llenguatge computacional R.
Aquest analisi ha revelat que el tractament secundari elimina 67% de les senyals DOM
detectades, mentre que 24% de senyals noves apareixen. Una reducci6 en el nombre de
molecules grans (> 450 Da) i un increment en caracteristiques moleculars no-saturades
del efluent de materia organica (OM) ha sigut observat. Grafics “Van Krevelen” han
revelat la distribucié de insaturacio i heteroatoms. Addicionalment, el métode va ser
aplicat a temps-quadrupole de vol (QTOF en angles) i dades Orbitrap HRMS per testejar
la influencia de la preparacié instrumental en les conclusions analitiques. Orbitrap va ser
superior en termes de precisio 1 poder de resolucid, per eixample mostrant un nombre
major de caracteristiques moleculars detectades i un major ritme de assignacido de
formules moleculars. QTOF va demostrar avantatges en incloure un subset de
caracteristiques de alt pes molecular degut a la estabilitat més forta de resolucié de a

majors m/z.

Aquesta tesi ha revelat la transformacio de quimics en aigua residual mitjancant la cerca
de micro-contaminants particulars i els seus TPs confirmats i temptatius per suplementar

el analisi no-especific desenvolupat.
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La transformacié de micro-contaminants individuals a la DOM ha sigut explorat
mitjangant I’escanejat de 11 farmaceutics i els seus TPs utilitzant el procés de deteccio 1
processament de dades propi. El tractament secundari va ser eficient eliminant quimics,
mentre que la eliminaci6 del tractament terciari va variar en filtres d’arena, irradiaci6 UV
i cloracio. Addicionalment, el metode de escanejat va ser aplicat a un nou sistema de
carbo-ultrafiltracié bio-activat granular (BAC-UF). La transformacié de 11 farmaceutics
1 els seus TPs va ser explorada en 4 series temporals. BAC va comportar una gran
eliminacié de quimics durant els primers mesos de funcionament del reactor pero la

eficiéncia va caure durant els Gltims mesos degut a la saturaci6 del filtre.
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INTRODUCTION: Motivation

1 INTRODUCTION

1.1 Motivation

Wastewater dissolved organic matter (DOM) represents a complex, heterogenic mixture
of polysaccharides, proteins, lipids, nucleic acids, soluble microbial products, and anthro-
pogenic organic chemicals. Among these chemicals, the complement of anthropogenic
substances used by humans and effectually disposed of in wastewater encompasses thou-
sands of compounds. It includes, among others, surfactants, personal care products, phar-
maceuticals, biocides, pesticides, and industrial chemicals '. Additionally, there is a wide
range of biologically active transformation products (TPs), intermediates, metabolites
2, and tertiary treatment disinfection by-products (DBPs) °. Some of these compounds
can be hazardous even at a low concentration and the confirmed discharge of micro-con-
taminants into groundwater and water bodies for indirect potable reuse puts the end-con-

sumer at risk *7.

Meanwhile, the detection of thousands potentially dangerous DOM constituents and their
transformation in wastewater treatment remains a challenge, despite many methodologies
to detect environmental contaminants in wastewater. This gap in knowledge impedes the
innovation of treatment technologies and public health measures in respect to micro-con-
taminants ®°. For this reason, analysis of DOM and of particular micro-contaminant trans-

formation was explored in this thesis.
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1.2 The scope of the thesis

The standard suite of wastewater treatment consists of a grid to remove large objects and
a primary treatment to settle suspended solids. It is followed up by a secondary biological
treatment aiming to reduce the amount of nutrients phosphorus and nitrogen, but also
organic matter (OM) containing the fraction of anthropogenic trace contaminants. In the
last decades, tertiary treatment was added aiming to improve the quality of water by re-
moving pathogens as in chlorination or UV-treatment or particles/DOM as in various fil-
tration techniques. Tertiary treatment technologies were also being explored concerning
the removal of micro-contaminants since the secondary biological treatment has shown

to underperform in this respect.

Despite the wide applicability and robustness of various secondary and tertiary treatment
setups, the prediction of micro-contaminant fate in WWT remains a scientific and engi-
neering endeavor which has to account for the quality of influent water, economic levers,
and climatic conditions '°. The composition of effluent wastewater depends upon the type
of wastewater (municipal, industrial, hospital’s effluent, runoff from fields, etc.) and the
treatment processes in wastewater treatment plants (WWTP) 12 Accordingly, the be-
havior of DOM and the fraction of micro-contaminants in it varies widely. A second no-
table challenge is a uniform fate prediction for micro-contaminants in wastewater due to

a wide range of their physiochemical properties.

The preferable analytical method to detect and characterize micro-contaminants in
wastewater is mass spectrometry (MS), usually with a prior chromatographic separation
of WW constituents 3. Such separation of analytes prior to MS with ultra-high perfor-
mance liquid chromatography (UHPLC) improves the resolution of signals . The high
precision of various novel HRMS analyzers as Fourier transform ion cyclotron resonance
(FT ICR), Orbitrap or QTOF allowed reaching new levels of substance identification in
environmental samples '“"'°. Such confident detection of small molecules is achieved us-
ing the chemical’s exact mass, isotopic pattern, and the distribution of isotopic intensities
17 The identification is even more confident when confirmation by tandem MS or internal

standards (IS) is included in the analysis '8,
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Different MS methods were developed for the analysis of WWT constituents. Initially,
those methods focused on the detection of a number of contaminants and occasionally on
their TPs 2°. These highly creative and functional approaches uncovered the presence of
precarious trace substances, as illicit and legal drugs, but more importantly their fate and

2122 However, such

decomposition into potentially hazardous TPs in wastewater
screening methods omit thousands of DOM constituents that are present in the influent or
are created during the treatment process. An HRMS analysis yields 10° — 10° signals due
to wastewater complexity, which makes a manual structural identification of so many
unique substances nearly impossible. Therefore such HRMS methodologies generally un-
cover only a small fraction of compounds and omit the unknown majority of wastewater
DOM 2. Yet, even without a tentative structural identification of particular substances, a

large number of signals with assigned elemental compositions can be used to uncover

physiochemical changes in wastewater treatment.

While wastewater is a complex mixture and such analysis of unknowns is not yet widely
represented in literature, the author’s hope is that it will become useful in pinpointing
incidents, flaws, and benefits in WWTP as it has already shown to do in other fields 2°.
Yet, it should be kept in mind that HRMS analyzers themselves have the potential to
affect the outcome of analyses due to the differences in resolution of masses or the ability
to detect compounds based on their physiochemical properties. These differences are less
pronounced in screening for particular compounds 27 but have to be kept in mind and

explored further in the analysis of unknown DOM constituents 2%,

The researcher community produced numerous reviews of excellence on the topics of
transformation and fate of micro-contaminants and DOM in wastewater treatment 2%’
In the current introduction, the author streamlined the literature review according to the
scope of the thesis, personal interests of the author, and his proficiencies. The following
sections of the Introduction chapter cover the transformation of DOM in wastewater treat-
ment, a brief description of advances in the treatment of micro-contaminants, HRMS in-
strumentation, and HRMS workflows for detection of micro-contaminants such as the

targeted, suspected or non-targeted search for trace substances,
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1.3 The context of the thesis

1.3.1 Micro-contaminants, their TPs, and metabolites

The research interest in micro-contaminants has been increasing in the last decades due
to the environmental importance of these compounds . Many of them are not eliminated
fully in WWTP and thus are discharged directly into the environment where they can
accumulate **~*!. Many organic substances have adverse effects on ecosystems and the
human population once released into the environment either by themselves or in complex
mixtures ***#. This complexity of impacts leads to various toxicity endpoints **** which

underlines the importance of micro-contaminant monitoring already in WWTP 3.

Substance classes, as legal pharmaceuticals, illicit drugs or personal care products, which
show difficult elimination patterns in WWTP, take a special role in the realm of environ-
mental micro-contaminants **°. This is because various anthropogenic substances were
designed to hinder or change bio-elimination mechanisms in living organisms, while sim-

ilar metabolic processes are occurring in the biological treatment of wastewater >!.

Moreover, besides these high-level treatment targets, the influent in WWTP already con-
tains metabolites of chemicals derived from human activity 32. These include Phase I
metabolites, representing products of biochemical transformation reactions. The
metabolisms of the parent chemical aims at a better water solubility and excretion from
the organism >*. Phase II metabolites are conjugates of the parent compound with a con-
jugating moiety such as glucuronic acid. The conjugation reduces the toxicity and speeds
up the elimination of the compound from the body **°°. Phase II metabolites can decon-
jugate and release the active parent compound in the sewer or WWTP %7, Further, chem-
icals and their metabolites undergo biotic and abiotic reactions in the sewer network be-

fore entering WWTP %%,

The treatment at WWTP itself produces TPs by partial biodegradation of chemicals in
secondary biological treatment °*¢!. Many TPs and metabolites retain the bioactive prop-
erties of their parents when the bioactive part of the molecule remains intact, which makes
them a potential danger down the pipe 2. As a rule of thumb, TPs show a decrease of

bioactivity compared to their parents.
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However, the lack of monitoring in wastewater and the subsequent unsupervised release
into the environment where they can accumulate enhances the importance of their re-

search &,

There are multiple pathways of removal in biological treatment as the conventional acti-
vated sludge treatment. Organic chemicals, especially hydrophobic compounds with a
high adsorption affinity, might be removed by adsorption onto sludge. Meanwhile, the
elimination of trace contaminants in the water phase includes decomposition of com-
pounds with metabolic and co-metabolic reactions initiated in and by bacteria. The bio-
logical treatment also produces conjugated TPs, which while reducing biochemical activ-

ity, serve as reservoirs of contaminants once they are released into the environment.

Additionally, to the secondary treatment, tertiary treatment technologies were introduced
to improve the quality of effluent water by removing pathogens, suspended solids, and
DOM. They were also applied to reduce the impact of micro-contaminants. However,

tertiary treatment inadvertently introduced TPs in processes as UV-irradiation *, Fenton-

65-67 68-72

like processes , 0zonation , and chlorination 7>-%, Tertiary treatments as sand or

86-90 8,9,91

activated carbon filters and membranes are physical treatment methods, but can
also introduce TPs by chemical or biological processes within, such as DOM transfor-
mation by a biofilm adsorbed onto the granules or membranes. Such TPs or DBPs are
observed in tertiary treatment and in some cases even show a higher toxicity than the
parent compounds °2. The physiochemical mechanisms of DBP formation differ between
various tertiary treatment technologies and are crucially different compared to the meta-
bolic logic of TP formation in biological treatment *. Such variability adds complexity to

the task of DBP detection and elimination *>.

Tertiary treatment is an indispensable tool to increase the quality of the effluent WW
despite the challenges of DPB formation and removal. For example, filtration techniques
are a viable option for tertiary treatment since they show a good removal of particulate
OM, DOM, and micro-contaminants combined with a moderate cost of operation
86.87.89.90.94  Among these, the application of granular activated carbon (GAC) treatment

has shown to remove micro-contaminants of interest, for example, pharmaceuticals >’
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Here, the high adsorption capacity of GAC was responsible for the removal of micro-
contaminants *®. Additionally, contaminants were being removed by biological activity

of the biomass on the surface of carbon granules fed by OM retained in the filter bed *°.

A GAC filter bed with such bioactivity is described as biological activated carbon
(BAC) and shows a higher micro-contaminant removal compared to filtering technologies
as sand filtration ®. The combination of adsorption and biological activity in a BAC filter
removes a broader range of micro-contaminants and drives the viability of big scale ap-

plication of the technology '%%10!,

However, the treatment and disposal of the carbon granules and the concentrate collected
during the filtration remain a challenge. In addition, microorganisms attached to carbon
granules can be washed out from the BAC filter causing a health risk down the pipe. The
installation of an ultrafiltration (UF) treatment as an additional filtration step after the
BAC has shown to prevent the washing out of bacteria 2.

Despite the challenges, BAC has proven to be an efficient and sustainable removal tech-
nology for micro-contaminants of interest reaching high removal efficiencies '°>!%4,
Hereby the treatment parameters as the adsorbent composition, pH, temperature regulate
the removal efficiency '°>1%, For example, the time of operation correlates negatively
with adsorption on GAC and the removal of trace contaminants, which drops at longer
reactor operation times '°7. In addition, the quality of influent water, the individual ad-
sorption affinity of a micro-contaminant, its charge, and hydrophobicity control the re-

moval '8,

The tracking of organic trace contaminants and their TPs is a complex task constricted by
the treatment process, the properties of the contaminant, and the environmental variables.
The physicochemical properties of chemicals as hydrophobicity, solubility or volatiliza-
tion are crucial to understand the elimination patterns of each contaminant ', WWTP
properties as the sludge or hydrological retention time, size of particles, and kinetics of
biodegradation make the elimination site-dependent %%, Additionally, environmental
variables as temperature, pH, and redox conditions influence the removal patterns on a

daily or seasonal scale ''°.
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1.3.2 DOM as a reservoir for micro-contaminants

There is a large number of unknown factors in the removal of anthropogenic OM, despite
the ingenious treatment technologies described in the previous chapter. Overlooking po-
tentially hazardous constituents in WWTP effluent limits the understanding of the impact
of effluent OM on the environment. Therefore, monitoring of the entire molecular com-
plement or a sub-complement of wastewater DOM offers a possibility for a more com-
prehensive evaluation of the organic content in wastewater and a deeper understanding
of the treatment processes and DOM transformation **. This new understanding will allow
to study the shortcomings of the treatment processes themselves and propose evidence-

based improvement strategies similar to other fields of OM research !'!.

Currently, the efficiency of DOM removal at a WWTP is evaluated through measure-
ments of the chemical oxygen demand (COD), biological oxygen demand (BOD) and the
total organic carbon (TOC). Additional specialized technologies for the prioritized frac-
tions of DOM include the assessment of aromaticity using UV absorbance (SUV A»ss),
size exclusion chromatography (SEC) to identify mass/size distributions of C-or N-con-
taining constituents or excitation-emission-matrix fluorescence used to identify substance
classes in natural OM (NOM) 12114 These techniques reveal the chemical characteristics
to a certain extent and the abundance of organics in WWTP influent and effluent, Yet,
they do not provide information on the presence of unique organic substances and need
an effort to be combined into one data stream. Thus there is a need for strategies to assess

the quality of wastewater treatment, especially in respect to anthropologic chemicals ''°.
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1.3.3 DOM detection. From target analysis and suspect screening to
non-target analysis

1.3.3.1 DOM sample preparation

Wastewater DOM often requires a pre-concentration prior to HRMS acquisition, since
the minute concentrations of trace contaminants might be below the detection limit of the
instrument. Additionally, the extraction of solely a part of wastewater DOM has the ben-

efit of avoiding damage or contamination of the analytical equipment down the line.

The solid-liquid phase extraction, more commonly called solid phase extraction (SPE)
is prevalent in the field of wastewater analysis, due to the facility and the swiftness of the
procedure compared to other extraction methods. It has a pre-concentration ability of

20 -1000 times.

The choice of SPE for pre-concentration allows for a high level of specificity when ex-
tracting a certain compound group and applying a compound-specific, targeted LC-MS
method !'®. Hereby, the choice of the sorbent (solid phase) defines which complement of
DOM will be selectively retained. The retention depends on the sorbent’s physical and
structural properties. The widely spread choices for the SPE cartridge sorbents are Oasis
HLB (Hydrophilic-lipophilic balance), Oasis MCX (Mixed Cation Exchange), Oasis
WCX (Weak Cation Exchange), Oasis MAX (Mixed Anion Exchange), Oasis WAX
(Weak Anion Exchange) fabricated by Waters', and Strata-X, -X-A, X-AW, -X-C, -X-
CW by Strata™, as well as GCB (Graphitized Carbon Black) by Sepra™.

The balanced Oasis HLB/Strata-X cartridges are used for medium polar compounds at
various pH. Meanwhile, Oasis MCX/WCX/Strata-X-C/Strata-X-W and Oasis MAX/
WAX/Strata-X-A/Strata-X-AW are more suitable for basic and acidic compounds respec-
tively. A graphene-based sorbent as GCB is an alternative to previously mentioned poly-
mer-based sorbents and is capable to retain non-polar compounds as pesticides. However,
alkyl-bonded silica phases (such as Cig) and balanced sorbents, based in the case of Oasis
HLB on a copolymer of lipophilic divinylbenzenevinylpyrrolidone and hydrophilic N-

vinylpyrrolidone, are prevalent for targeted LC-MS methods 7.
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With an increased interest in non-targeted LC-MS analyses, came the need for a pre-
concentration which did not target a specific subset of DOM, but aimed at the holistic
extraction of DOM constituents while still removing equipment damaging contaminants
as inorganic salts. Previously alkyl-bonded silica phases and solid phases as Bond Elut™
PPL and ENV based on styrene divinylbenzene polymers have shown an efficient extrac-

tion of NOM 18,

In a further step, a solution for the challenge of insufficient extraction was proposed when
multiple solid phase materials and extraction protocols were combined into one extraction
procedure. This has led to the improvement of extraction yields and the scope of extracta-
ble DOM making SPE alluring for a non-targeted analysis of DOM 3¢!!° Hereby, the
samples with the neutral pH had been loaded onto four connected in-line SPE cartridges
with respectively balanced, acidic, basic, and non-polar properties. Subsequently, the re-
tained DOM was extracted from each cartridge in a respective pH/solvent-specific pro-

cedure and the combined DOM has been brought back to neutral pH.

It has to be kept in mind that a measurement without pre-concentration, although it pre-
vents a loss of DOM that is inevitable in any SPE pre-concentration, is not always the
best option, due to a strong matrix effect . A pre-concentration step prior to HRMS
acquisition might reduce matrix-dependent signal suppression of trace contaminant mix-
tures. The signal suppression or sometimes enhancement is caused by the interaction of
analyte ions with unwanted DOM constituents (matrix) within the sample and their com-
petition for the HRMS analyzer '*!. However, a pre-concentration reduces the matrix ef-
fect only when the relevant fraction of wastewater DOM is being concentrated.

Otherwise, the matrix is being pre-concentrated as well.

Another way to reduce matrix-dependent signal suppression is a chromatographic sepa-
ration of mixtures prior to HRMS. Yet, often DOM analyses do not include a chromato-
graphic separation that might enhance the resolution of the spectral data. A direct infu-
sion, without a separation on a chromatographic column, can simplify the procedure.
However, retention time serves as an additional variable to distinguish molecules and an

advantage of LC over an injection without a separation '%2,
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The separation on a chromatographic column is beneficial for the reduction of the matrix
effect compared to a direct infusion, since it simplifies the mixture thus increasing the
chance of detecting low-intensity signals 1224, This is a common practice for analyses
of micro-contaminants and their select TPs. Non-polar, volatile trace contaminants and
TPs are separated by gas chromatography (GC) while water-soluble, medium polar com-
pounds are separated by LC. In more recent cases hydrophilic interaction liquid chroma-
tography (HILIC) was applied to separate mixtures of highly polar compounds ®*!?°. En-

antioselective chromatography is applied in cases where a mixture of stereoisomers has

1 126

to be separated to reveal the active chemica

1.3.3.2 LC-MS analytical workflows

Target screening

Suspect screening

Non-targeted screening

Nolist of targets/suspects

List of substances withavailable IS
¥ List of substances without available IS
(Insilico prediction of TPs, metabolic
LC-MS [as lowresolution LC-triple logic, search in compound data bases)
Quadrupole tandem MS (LC-QqQ-
MS/MS) ]

LC-HRMS Fullscan: Low chance of
success with lowresolution MS

LC-MS

. . . Often high resolution LC-MS/MS. Data extraction:
Compound recognition by isotopic Sometimes mass defect filtering Prioritization by strongest signals or
pattern, retention time, MS/MS intensity shifts intime-trend analysis.
fragments In case of data driven non-targeted

analysis, all signalsare extracted, with
grouped isotopologues, intensity

Compound recognition by exact mass,

: . ction, blank subtraction, molecular
I . , MS/MS fragments, corre
uantification of micro-pollutants 1sotop1cpa‘t‘tern i & N 2chd
comparison with MS libearies formulaprediction

Compound recognition by exact mass,
isotopic pattern, molecular formula
prediction, in silicoMS/MS fragmentation
pattern comparison, comparison with MS
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In case of data driven non-targeted
analysis, no structure identification, but
inference of DOM properties from
physico-chemical properties as exact
mass or molecular formula.

I IfIS available, confirmation by retention I

time and quantification

v v ‘

Figure 1.1 Simplified schemes of the target, suspect, and non-targeted screenings for

organic compounds using LC-MS.

10 Yaroslav Verkh - January 2019



INTRODUCTION: The context of the thesis

The ability of high-resolution mass spectrometry (HRMS) to identify small amounts of
organic chemicals from increasingly complex mixtures provides a large amount of infor-
mation on wastewater DOM and micro-contaminants of interest within. The workflows
broadly separate into three major groups, namely targeted, suspect, and non-targeted

screenings 7.

While the first two approaches involve a prioritization previously to the analysis by build-
ing lists of targets and tentative suspects, the non-targeted approach is rather based on
observation of shifting signal intensities in time or space series analysis (Figure 1.1).
HRMS approaches for the detection of trace contaminants and their TPs vary depending
on the level of available data and required outcomes, with substances gaining more iden-
tification certainty moving from a non-targeted to a targeted screening protocol

(Figure 1.2) 1?8,

| Non-target HR-MS(MS) Acquisition |
|

| 1
( Targ?t list | ( SUSP(?CT list ) { Peak} -, Increasing identification
(__ Peak picking or XICs ] picking " confidence
1 “downgrading” with
Target Non-target Nes do g'ad - .
; - > contradictory evidence
Screening Screening

Level 1 Confirmed Structure
"& by reference standard

Level 2 Probable Structure

by library/diagnostic evidence

Level 4 | Unequivocal Molecular Formula
insufficient structural evidence

.
"

~ R

TTTEe—> start”

I
I
I
[
/
o)

Level 5 | Mass of Interest
multiple detection, trends, ...

Figure 1.2 “Matrix of identification approach versus identification confidence”. A
schematic representation of requirements and possibilities in the targeted, suspect
or non-targeted screening for micro-contaminants. Reprinted from “Non-target
screening with high-resolution mass spectrometry: critical review using a collaborative

trial on water analysis” by SchymanskKi et al., 15 May 2015 35,
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The target analysis was used to encounter and monitor the concentration of micro-con-
taminants of interest, such as antibiotics and pharmaceutical compounds '?*!3°. The sus-
pect screening was applied in recent years to encounter TPs of pharmaceuticals, flame
retardants, benzotriazoles using both the strategy of building a TP list using in silico frag-
mentation tools and confirming compounds derived from metabolic logic by MS/MS
fragment comparison '*!. Non-targeted analysis of time series and a close combination
with the suspect screening approach elucidated novel environmental micro-contaminants,
such as pharmaceuticals and TPs, by prioritizing temporal shifts and prioritization by the

strongest signal %133,

The targeted screening allows obtaining quantitative results on many chemicals in one
run, given that the analytical standards corresponding to these substances match the target
signals in the same experiment '*13%13% Usually, the protocol of targeted micro-contami-
nant analysis relies on LC-MS setups allowing low limits of detection and good fragmen-
tation patterns while the precision of signals is of secondary importance. LC-triple quad-
rupole low-resolution tandem MS is well suitable for this task and therefore a common
choice for a target analysis of micro-contaminants and TPs for which analytical standards

are available.

In a suspect screening, exact monoisotopic masses of suspects are compared to candidates
from manually compiled or internet databases '%1%133:13¢ IS are often not available, espe-
cially for non-commercial compounds as TPs. Therefore the routinely applied strategies
are confirmation by isotopic pattern and structural confirmation by fragments in tandem
MS 7149 In particular, HRMS suspect screening identifies the structure of dominant
signals using databases of chemicals and in silico prediction by linking the analyte’s exact

mass, isotopic pattern, and fragment information from tandem MS to the predictions '®.

The post-targeted analysis is a special case of suspect screening in which an already ac-
quired HRMS scan is explored for suspects after the measurement using suspect databases
which can contain > 1000 entries >*»?’. Herein, the acquisition of tandem MS or comparing
to the analytical standard of found suspects in a repeated data acquisition increases the

level of confirmation.
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Meanwhile, in some cases, the line between the suspect and non-targeted workflows is
blurry as the research moves on both levels of identification '4'. However, a non-targeted
screening for TPs involves the search for unknown TPs by comparing the isotopic pattern,
structural information, or retention time of parent compounds to the signals found in MS
data 9119132142 "Here  the workflows can go beyond the identification of specific com-
pounds and encompass whole groups of TPs as in unknown DBPs of bromination or chlo-
rination #3714 Such non-targeted HRMS signals are prioritized due to the occurrence of

intensity patterns in time series or sampling sites 23147148,
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1.3.4 Non-targeted analysis of DOM

Recent attempts in wastewater analytics took advantage of the large complement of sig-
nals detectable by HRMS using rather a data-driven than a selective approach to the
analysis of wastewater DOM 2%, Such non-targeted workflow aims to elucidate insights
on wastewater DOM transformation based on a large number of detected signals. The
currently almost impossible task of structural identification for thousands of compounds
is omitted and the signals are analyzed on the level of molecular features with an exact
mass, an average retention time, isotopic pattern and possibly an assigned molecular for-

mula .

Such data exploration reduces the challenge of manual data treatment present in a suspect
screening. This HRMS data treatment emerged from the fields of petroleomics '#°, bio-

logical research '*°, and characterization of natural organic matter (NOM) 23131-15% Tt was

155-157 158-161

then applied for the organic matter in processed water and wastewater
Hereby the strategies range from identifying changes for a wastewater treatment sequence
within one corresponding hydrological retention time to encompassing multiple time

measurements over a range of sampling sites 2.

The protocol of a data-driven non-targeted analysis involves the extraction of ion chro-
matograms, a grouping of isotopologues/adducts and the assignment of elemental com-
position to the representative signal. The signals then are being tracked throughout all
samples by using alignment algorithms based on the non-linear comparison of their m/z
and retention time. Such data extraction yields a list of molecular features which corre-
spond to compounds and have a mass, a retention time (when chromatography used in
data acquisition) and if assigned, an elemental composition. A large number of obtained
molecular features together with variables derived from their physio-chemical properties
allows then to infer transformation of DOM using a set of analytical tools described fur-

ther below in this chapter.
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The mass of molecular features as an intrinsic property of chemicals offers the possibility
to track transformations of DOM in subsets of signals. Also mass defects are widely ap-
plied in HRMS analysis. For example, the Relative Mass Defect (RMD) which is defined
as the difference of an atom’s exact mass from the integer-rounded mass (nominal mass)

and divided by the exact mass.

A large positive RMD in organic molecules often means a large number of H atoms in a
molecule. This observation allows for interesting applications in non-targeted analysis of
DOM. For example, a correlation between the percentage of hydrogen in a formula
(%H) and RMD of naturally occurring compounds predicted %H for molecular features
without an assigned elemental composition '®*. This tool offers a quality test of the ele-
mental composition assignment by comparing whether the RMD of the raw data m/z and

the %H from the estimated molecular formula correlate well.

Also, the identification of the homolog series using a non-targeted mass defect analysis
was used to map surfactants in wastewater '**. Homologs occur in NOM '>? but more
importantly in classes of anthropogenic substances like surfactants, polyfluorinated com-
pounds or chlorine substitute series '°. The Kendrick Mass Defect (KMD), which sets
the exact mass of a chosen molecular fragment to a nominal value (for example 14.015
Da to 14.000 Da for -CH>-) is able to identify homologous series for various structural
moieties as -C>H,0- or -H/+Cl. The pattern recognition in Kendrick plots previously elu-
cidated reactions, heteroatom distributions, and series of novel compounds 3132165166,
The plot helped to assign elemental formulae to high masses by extrapolation from chem-

ical homologs with a lower mass, thus avoiding the statistical error of formula prediction

for masses above 400 Da.

Additionally to the mass, the extraction of chemical properties of DOM from molecular
formulae has a big focus in the non-targeted analysis. As such, the van Krevelen dia-
gram is an important part of DOM exploration where the atomic ratio X/C, with X being
an element of interest, is plotted against H/C. In petroleomics and NOM chemistry the
correlation between the areas in this plot and functional classes of compounds led to the

elucidation of the chemical composition of organic matter 4+167-169,
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A comparison of multiple samples using the van Krevelen plot revealed the transfor-
mation of orgainic matter (for example oxidation of DOM) 36170171 'The van Krevelen
plot applied to a wastewater treatment revealed a possible transformation of detected
DOM (Figure 1.3) 2. On the other hand, heterogeneous DOM (found in wastewater or
eutrophic river) leads to a less structured distribution of points obscuring the graphic na-
ture of the van Krevelen plot. Such difficulty of exploring the graphical nature of the van

Krevelen plot of the heterogeneous OM was experienced outside the field of water chem-

istry 172,
2.5
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Figure 1.3 Van Krevelen plot of DOM molecular features in secondary effluent. Re-
printed from “The Effect of Advanced Secondary Municipal Wastewater Treatment

on the Molecular Composition of Dissolved Organic Matter” by Maizel et al.,
1 October 2017 %5,
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Also, the monitoring of double bond equivalents (DBE) in wastewater treatment can
estimate the quality of the process, to recognize the hydrophobicity-altering reactions as
hydrolysis or oxidation, and conceptually to even support the process control !>, DBE
reflect the level of unsaturation by double bonds in an organic molecule using only the

counts of H, C, O, N, and halogen atoms in a molecule '"*!7>,

However, DBE do not always apply to predict aromaticity since they can include double
bonds with heteroatoms. Other models to predict unsaturation of a molecule as DBE di-
vided by the number of C atoms, DBE minus oxygen atoms (DBE-0O), and the aroma-
ticity index were proposed 7. DBE-O correlate especially well with the saturation of
oxygen-rich organic compounds, but they represent a more abstract measure of unsatura-

tion than DBE.

Finally, various multivariate statistical tools sieve through large amounts of data and
infer DOM transformations processing all available data from a non-targeted data extrac-
tion. As such, principal component analysis (PCA) is a multivariate statistical tool which
previously reduced many variables observed in HRMS analysis to a few principal com-
ponents and revealed correlations between DOM quality parameters !”717°, In addition,
partial least squares discriminant analysis (PLS-DA) was previously applied in the non-

targeted analysis to evaluate properties such as LC-MS setup performance 80131,

1.3.5 Importance of MS instruments in non-targeted analysis

Despite the novelty of HRMS instruments, the availability of brands and instrumental
setups on the market is increasingly diverse driving the importance of choosing the right
instrument 2. A crucial distinction between machines is the mass analyzer, as Quadru-
pole, FT ICR, Time-of-Flight (TOF) or Ion Trap. Hybrid analyzers such as Quadrupole
(Q) — TOF or C Trap — Orbitrap expand the capabilities of acquisition by combining the

properties of analyzers.

The analyzer selects the mass range of detected chemicals, the speed of processing, the
sensitivity, and the cost of operation. For example, Orbitrap analyzers offer a higher re-
solving power, defined as the ratio of mass to full width at half maximum (FWHM), than
QTOF, but at the same time, QTOF setups show a smaller decrease of resolving power

with increasing m/z of the chemical as observed in Orbitrap or FTICR 83185,
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The second important parameter of HRMS instruments is the ionization method. In the
case of LC, it is liquid-to-gas phase switching, which for organic analytes narrows down
to Electron Impact Ionization, Electrospray lonization (ESI), Atmospheric Pressure
Chemical Ionization, and Laser Desorption. The ionization method narrows down the
polarity, size, and desired fragmentation of detected compounds. Wastewater LC-MS
makes an extensive use of ESI since it fits well the profile of medium polar trace contam-
inants encountered in water that can be separated by LC. Yet, parameters as resolution
and precision should not be abused, independent of the choice of the analyzer and the
detector. Peer-reviewed literature happens to report anecdotally low ppm error intervals
of m/z or precise isotopic pattern distributions which, while valid for select signals, can

lead to bad extraction yields in non-targeted data '86-1°°,

HRMS instruments show a comparably high rate of targeted identification between the
instruments 7. Yet, the similarity of data produced in non-targeted data mining is to the
author’s best knowledge not extensively explored in the complex matrix of wastewater.
Hereby, the challenge of standardizing the MS response between multiple LC-MS setups
is faced by correcting the intensity of detected signals with an internal and/or external
mass calibration by standards !"®!°!. The Retention Time Index homogenizes GC meth-

ods among multiple machines by injecting a set of specific carbohydrate compounds '*2.

However, a methodology for LC is still in development 3.

The insight that machines do not perform similarly given the same parameters has impli-
cations for the application of the non-targeted methods in wastewater research. Compar-
ative studies of the influence of the HRMS instrumental setup on the DOM analysis were
performed in adjacent scientific disciplines. Non-targeted analyses of natural DOM and
effluent of oil sands treatment were compared between FTICR-MS and LC-QTOF-MS
or LTQ-Orbitrap respectively '*>!°*. The studies could establish a comparable result for
various system parameters. However, they also found a low m/z detection bias in FTICR-
MS compared to Orbitrap MS, and the lower resolution of QTOF-MS led to ambiguous

results in positive ionization mode.
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The results of data-driven HRMS analyses also depend on the software used for data
extraction and cleaning up. MS vendors provide commercial software packages opti-
mized for the output of their spectrometers together with corresponding help and training,
e.g. Waters MassLynx®, Thermo Scientific Compound Discoverer 2® or Agilent
MassHunter® !>, Data processing software with a non-commerecial license as MZmine
196-198 %X CMS, OpenMS ', and enviMass 2% often allow a larger suite of accepted data
input and output formats while having the advantage of being accessible without a com-
mercial license. Despite a large number of options, all software packages require a careful
selection of data extraction settings. Additionally, many were conceived as tools for non-
targeted analysis in biological analysis and have to be adjusted to the conditions in

wastewater samples 20!,

1.4 Filled gaps

The previous sections outlined the current state of knowledge on the fate of DOM and
micro-contaminants in the wastewater treatment. A comprehensive analysis of
wastewater DOM as a reservoir for micro-contaminants is still in the first stages of ex-
ploration, despite the multitude of developed approaches to analyze select micro-contam-
inants and sophisticated methods to detect suspected micro-contaminants and TPs. The
challenges of a non-targeted data analysis remain the inclusion of noise signals into the
datasets and the exclusion of true DOM signals. These arise from the necessarily complex

HRMS data acquisition, extraction, and cleansing methodology.

The use of LC-ESI-MS additionally reduces the discovered DOM, since it mostly detects
medium-polar compounds 2°2. Therefore, it is crucial to maximize the output of analysis
by expanding the options of non-targeted data extraction, given current limitations. This
thesis concentrates on the development of a methodology for a non-targeted analysis
that prioritizes the detection of anthropogenic compounds by combining previously re-

searched approaches from metabolomics, petroleomics, and micro-contaminant research.

Previously, the output of non-targeted analysis was shown to vary depending on the in-
strumentation and conditions during HRMS data acquisition. The reliability and flexibil-

ity of analysis, together with its price will drive the applicability of non-targeted analysis
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of wastewater, especially in the business sector. It is important to map out whether dif-
ferent HRMS setups perform non-targeted analysis at a sufficiently high level of
comparability since the specifications and prices of spectrometers vary largely. For ex-
ample, FT ICR-MS remains difficult to access due to the price of the instruments, despite
its superior mass resolution. At the same time, QTOF and LTQ-Orbitrap instrumental
setups gained a lot of trust in environmental analytics due to a good combination of the
price, the sensitivity, and the resolving power 2%, The comparison of non-targeted anal-
yses based on these instruments was explored in adjacent fields as petroleomics and
metabolomics '81:204295 T explore the LC-QTOF and LC-LTQ-Orbitrap influence on
wastewater non-targeted analysis, the own non-targeted methodology was applied using
both instrumental setups in this thesis. This allowed to additionally test the robustness of

the methodology’s.

At the same time, the LC-HRMS suspect screening for TPs remains a reliable way to map
out transformation paths of chemicals in wastewater 2*°. A suspect screening has the abil-
ity to zoom in on known micro-contaminants and extract quantitative or semi-quantitative

information on their fate in wastewater treatment '%°.

A suspect screening for known and unknown TPs was applied in this thesis to the same
wastewater samples as in non-targeted approach. The analysis mapped out the transfor-
mation of known micro-contaminants in a multistage wastewater treatment. It also al-
lowed comparing the performance of both analyses in regard to the transformation of

anthropogenic DOM constituents.

Additionally, this work explored the application of a novel long-term BAC-UF pilot
WWTP as a stand-alone tertiary treatment system for the removal of select micro-con-
taminants and their TPs. The author’s hope is that the exploration of BAC in regard to
trace contaminant will help the BAC-UF operators to prepare the reactor system for a

full-scale challenge of micro-contaminant removal.
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1.5 Thesis roadmap

The aim of the thesis and the four sub-points are described in Chapter 2.

Chapter 3 describes the materials, the sample preparation, the data acquisition and the
cleaning up of data. In particular, Chapter 3.3.1 describes the experimental procedure and
testing of the developed non-targeted methodology in a multistage WWT and corresponds
to the results in Chapter 4.1. The experimental procedure of spectrometer comparison in
respect to non-targeted analysis in Chapter 3.3.2 corresponds to the results in Chapter 4.2.
Chapter 3.4 describes the experimental procedure of suspect screenings for micro-pollu-
tants performed on two sets of WWT samples and corresponds to the results in Chapter

4.3.

Chapter 4 “Results and Discussion” presents the results and their discussion of the four
sub-topics described in Chapter 2. Chapter 4.1 involves the non-targeted analysis of
wastewater, while Chapter 4.2 discusses the robustness of non-targeted analysis by com-
paring the output of two LC-HRMS setups. Chapter 4.3 describes the results of suspect
screenings. It contains in Chapter 4.3.1 a suspect screening for micro-contaminant TPs
with wastewater samples used for non-targeted analysis in Chapter 4.1. The Chapter 4.3.2
presents results in which the removal profiles of micro-contaminants and their TPs are
explored for a novel BAC-UF pilot plant. The Results and Discussion part is concluded
by Chapter 4.4 which offers an insight into the comparison of experimental procedures
used in the non-targeted and the suspect screenings and also explores the pre-concentra-

tion challenges encountered and tackled throughout the thesis.

Finally, Chapter 5 offers a general summary of the previously presented results and offers

an outlook into the future development of the field.
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2 OBJECTIVES

The aim of this thesis was to develop and evaluate a methodology with a deep insight into
the transformation of DOM and micro-contaminants of interest during wastewater treat-
ment. The work was subdivided into four specific objectives according to the current

challenges in the field:

Development and validation of a methodology for non-targeted analysis of

wastewater DOM focusing on the fraction of anthropogenic chemicals.

Evaluation of MS instrument influence on the output of non-targeted methodol-
ogy. Data acquired with two LC-HRMS setups (QTOF and Orbitrap analyzers)

were used for the task.

Zooming in on the transformation of micro-contaminants by using an own meth-
odology for a suspect screening for pharmaceuticals and their TPs. Drawing par-

allels to non-targeted analysis.
Elucidation of abatement profiles for pharmaceuticals and their TPs in a novel

BAC-UF pilot WWTP at multiple measurements and time points as a

performance test for the explored suspect screening methodology.
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3 METHODOLOGY

3.1 Reagents and standards

HPLC grade solvents methanol, water, ethyl acetate, and acetonitrile were purchased
from Fisher (Germany) and the buffer solution was prepared using HPLC grade 98-100%
formic acid (Merck, Germany). Membrane and glass fiber filters were from Merck Mil-
lipore Ltd (Germany). Milli-Q water was purified in-house. Ethylenediamine tetra-acetic
acid disodium salt solution (Na2EDTA) was from Panreac (Spain). N2 0f 99.9990% purity
for drying was from Abelld Linde S.A. SPE cartridges used in this work were Oasis
hydrophilic-lipophilic balanced (HLB), mixed-mode, strong anion-exchange (MAX), and
mixed-mode, strong cation-exchange (MCX) from Waters Corporation (USA).

All pharmaceutical standards were of high purity grade (>90%). Isotopically labeled com-
pounds, used as internal standards acetaminophen-dy, antipyrine-ds, atenolol-d7, azaper-
one-dy, bezafibrate-ds4, carbamazepine-d;o, cimetidine-d3, citalopram-dy, cprofloxacin-ds,
diclofenac-dy, dexamethasone-dy, diazepam-ds, diltiazem-d3, fluoxetine-ds, glyburide-ds,
indomethacin-ds4, ketoprofen-ds, lincomycin-ds3, meloxicam-d, ofloxacin-d3, ronidazole-
ds, sertraline-ds, simvastatin-ds, sulfamethoxazole-dy, sulfapyridine-n-acetyl-dy, trime-
thoprim-d3, valsartan-ds, venlafaxine-ds, verapamil-ds, warfarin-ds, xylazine-ds, bezafi-
brate-dy, chloramphenicol-ds, citalopram-dy, glyburide-ds, meloxicam-d3, valsartan-ds,
and warfarin-ds were purchased from Sigma-Aldrich, CDN Isotopes, and Toronto Re-
search Chemicals. The surrogate standards sulfadimethoxine-ds and sulfadoxine-ds; were

purchased from Sigma—Aldrich.
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3.2 Software

LC-Orbitrap-MS system was controlled via Aria software, version 1.6, under Xcalibur
2.2 (Thermo Fisher Scientific, USA). Custom built MZmine 2 27 was used for data ex-
traction in which the atomic ratios in formula prediction were set to H/C <3.2, O/C < 1.2,

N/C < 1.3, and S/C <0.8.

The formula prediction yielded output in form of “FormX IsoY MassZ”, where X is a
neutral formula, Y is isotopic pattern score between 0 and 1, and Z is a neutral monoiso-
topic mass of the predicted formula in Da. Details for modifying MZmine 2 are described

in Verkh et al. 28,

R >3.2.3 system for statistical computation 2** was used with own package MZmineR >
0.0.2.1 2'% R packages used in the thesis were ChemmineR >2.28.0 and ChemmineOB >
1.14.0 from Open Babel 2!'213, tidyverse > 1.1.1 2%, and Rdisop > 1.30.0 2523, Images
were created with R package ggplot2 > 2.2.1 2! and processed in Inkscape 0.92.1 2%
Molecular structures as SMILES were compiled using MolView 2*! and plotted in R with
package depict 0.1.1 %2, Exact Finder 2.5.4 (Thermo Fisher Scientific) was used for com-
pound detection in suspect screening. Mass Frontier™ 7.0.3 (High Chem™) was used for

in silico prediction of MS? fragments and their recognition in spectra.
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3.3 Non-targeted analysis

The non-targeted screening follows a series of steps shown in Figure 3.1.

Wastewater sample collection
lon chromatogram extraction, peak

Sample preparation: Separation in 3 smoothing, linear m/z correction, isotope
replicates, filtration, addition of IS grouping, sample alignment, molecular

formula prediction, duplicate feature
LC-Orbitrap-MS Fullscan 100 000 FWHM

removal

Data extraction in MzMine 2 Assignment of molecular formula, Area-
to-Height filter, CV-filter, blank features

subtraction. Extraction of # and % of
element atoms in feature, elemental

ratios, double bonds, mass defects
Data cleaning and enrichment in R

Figure 3.1 Flow scheme of applied non-targeted analysis.

3.3.1 Methodology development and analysis of a multi-stage WWTP
3.3.1.1 Sampling at Castell d’Aro

The samples were collected from the municipal WWTP at Castell d'Aro, Spain with
175000 people equivalents and a flow of 35000 m*-d™!. This facility consists of conven-
tional primary and secondary biological treatment, and tertiary treatment with three steps:
sand filtration, UV-treatment, and chlorination. 24 h composite secondary influent and
effluent samples with a corresponding hydrological retention time correction were taken

on 07.06.2017.

Additionally, six grab samples of two different time series of tertiary treatment with 24 h
between them were taken on 07.06.2017 and 08.06.2017. A grab sample of secondary
effluent was taken which corresponded in time to a time series of tertiary treatment sam-
ples. The motivation behind the grab sampling is the short residence time of the tertiary

treatment which renders composite sampling difficult.
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Wastewater samples were collected in pre-rinsed 1 L PET bottles and stored at 4 °C dur-
ing transportation before being frozen. The samples were filtered under vacuum using 1.0
pm and 0.45 um Hydrophilic Polyvinylidene Fluoride Durapore® membrane filters. A
mixture of 32 detected internal standards (IS, isotopically labeled pharmaceuticals and
antibiotics) was used to evaluate the ion suppression caused by the matrix, and to estimate
variations in the instrumental response from injection to injection (Annex Table 7.1). The
concentration of IS was 10 ppb with the exception of 5 ppb for Lincomycin. A correction
of the matrix induced ion suppression using an intensity normalization of spectra by av-
eraged IS intensity was not attempted. A normalization leads to worse results in replicates

compared to the unaltered spectra.
3.3.1.2 Validity of tertiary grab samples

The samples were extracted as described in Section 3.3. Two grab samples of each tertiary
treatment step were used to check the consistency of the sampling, before comparing the
results of secondary and tertiary treatment. The sample pairs were compared using four
variables. Mass, retention time (RT), logarithmic intensity (Int) served as raw LC-MS

data outputs and the count of N atoms as a measure of elemental properties.

The sample pairs were considered significantly similar upon exceeding a p-value of 0.05
in hypothesis testing. The grab samples of the sand filtration (pmass = 0.71, prt = 0.54, pimt
= 0.30, px = 0.75) and the chlorination (pmass = 0.87, prr = 0.62, pme = 0.95, pn = 0.54)
were significantly similar. The UV-treatment samples had an intensity difference of 1.2
times, but otherwise were significantly similar (pmass = 0.86, prT = 0.71, pimt = 0.03, pn =

0.44). Grab samples were largely stable over the 24 h period due to the hypothesis testing.

Composite secondary effluent and grab secondary effluent differed in mass and retention
time distribution (pmass = 0.03, prr < 0.001, pimt = 0.06, pn = 0.71). The difference, given
the same data extraction, shows that care has to be exercised when comparing molecular

features between composite samples and grab samples in the study.

Differences in the treatment series of grab secondary effluent and tertiary treatment cor-
responding to the same time series were explored using one-way ANOVA tests. The
stages did not differ significantly in their properties by exceeding the p-value of 0.05,

except considering the retention time. (anovamass: F(3, 4763) = 1.09, p = 0.35; anovarr:
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F(3, 4763) = 2.83, p = 0.04; anovam: F(3, 4763) = 0.80, p = 0.49; anovan: F(3, 2099) =

0.31, p = 0.82; homogeneity of variance was confirmed.)

This shows that the detected complement of features was largely stable during the tertiary
treatment. DOM and small molecules have been shown to react in advanced treatment
technologies >2%*. However, the tertiary treatments of sand filtration, UV, and chlorina-
tion are designed to remove the suspended particles of biomass from the secondary treat-
ment and to remove biological constituents and can underperform considering small mol-

ecules 8143,

3.3.1.3 LC-HRMS analysis

LC-HRMS analysis was performed on an LTQ-Orbitrap Velos™ coupled with the Aria
TLX-1 HPLC system (Thermo Fisher Scientific, USA). This system comprised a PAL
autosampler and two mixing quaternary pumps (eluting pump and loading pump). The
chromatographic separation was achieved on Acquity UPLC® BEH Cis (2.1 mm x 50
mm, 1.7 um particle size, Waters UK) chromatographic column in both the positive ion-
ization (PI) and the negative ionization (NI) modes. 20 pL of the filtered sample was

injected into the LC-MS.

A solvent gradient with 0.1% formic acid in acetonitrile and an aqueous solution of formic
acid 0.1% was used in both PI and NI modes. The chromatographic resolution was per-
formed in the following way: solvent (A) solution of formic acid 0.1% in acetonitrile and
solvent (B) aqueous solution of formic acid 0.1% at a flow rate of 0.4 mL-min™' at 25 °C.
Initial conditions 5% A; 0.02 — 10.02 min, 5 —95% A; 10.02 — 15.02 min, 95% A; 15.02
—15.10 min, 95 — 5% A; 15.10 — 18.00 min, 5% A.

The hybrid linear ion trap-Fourier Transform Mass Spectrometry analyzer (LTQ-Orbitrap
Velos™, Thermo Fisher Scientific) was equipped with a diverter valve and an ESI source.
Mass calibration and mass accuracy checks were performed with LTQ ESI Positive lon
Calibration Solution (Thermo Fisher Scientific) and mass accuracy was always within the
error of £5 ppm. The ionization voltage was set at 3.0 kV with the sheath gas flow at 45,
auxiliary gas flow at 20, S-Lens RF level at 60% and the capillary temperature and the

source heater temperature at 350 °C.
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The full scan spectra were acquired within a range of 100 to 1000 m/z at a set resolving

power of 100,000 full width at half maximum (FWHM).

3.3.1.4 Extraction and cleaning up of non-targeted data

3.3.1.4.1 MZmine 2.26 parameters in Pl mode

30

Mass Detection: “Exact mass” detector with an intensity noise level of 1-10% a.u.
FTMS Shoulder peaks filter: Lorenzian extended peak model function with a mass
resolution of 1-10° FWHM.

Chromatogram builder: A minimum time span of 0.03 min (2 sec); a minimum
signal height of 1-10° a.u.; a mass tolerance of extraction 5 ppm.

Chromatogram smoothing: Filter width of 7 points.

Chromatogram deconvolution: Noise amplitude algorithm was applied with a sig-
nal duration of 0.05 — 8.00 min, a minimal signal height of 3-10° a.u. and an am-
plitude of noise 1-10° a.u.

Custom database search for IS: mass tolerance < 5 ppm, retention time tolerance
< 0.3 min. A visual check of the IS signals confirmed their validity.

A personal script in R corrected the m/z of signals in exported XML peak lists
using linear models based on IS. The linear models were calculated for two m/z
ranges over and under 400 Da. The script removed IS outliers > 4 * interquartile
range and omitted the correction where less than 3 IS signals defined the model.
Isotopic peaks grouper: 60 ppm mass tolerance, 0.03 min of time tolerance and a
maximum charge of 2, representative peak: lowest m/z and monotonic shape.
Filters: peaks in an isotope pattern > 2, peak per row > 1, points per peak 7-500.
Adduct search: retention time tolerance < 0.03 min, adducts in PI LC-ESI-MS:
[M+NH4]*, [M+Na]*, [M+2Na]**, [M+K]', [M+2K]*', [M+CH30H]" , mass tol-
erance 5 ppm and maximum adduct signal height of 50%. Subsequently these ad-
ducts were removed from the feature list.

RANSAC aligner: Mass tolerance 5 ppm, retention time tolerance 2.00 min, re-
tention time tolerance after correction 1.00 min. Number of iterations was set by
the software, 60% of points in the model were considered for validation, fit thresh-
old of 1 min. A linear model was not assumed. Same charge was required.

m/z and RT gap filler: mass tolerance of 10 ppm.
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List of aligned features was separated by charge to contain either charge 1 or 2.
Duplicate peak filter: 3 ppm mass tolerance, 0.03 min retention time tolerance.
Formula prediction: The ionization type was [M+H]" and the mass tolerance of
prediction 5 ppm. Atomic ranges used for prediction: Ci-g0, Hi-100, O0-20, No-15, So-
4, Clo4, Bro-4. Heuristic rules and RDBE restrictions of 0—40 RDBE were applied.
A custom-built MZmine version allowed the atomic ratios H/C < 3.2, O/C < 1.2,
N/C < 1.3, S/C <0.8. Isotopic pattern comparison enhanced the prediction with a
mass tolerance of isotopes set to 5 ppm, a minimum absolute intensity of 6-10?
a.u. and a minimum match score of 60%. Depending on the data, the charge varied
between 1 and 2. Features with charge 2 and m/z > 500 Da did not receive an
elemental formula. The custom-built formula prediction yielded output in form of
“FormX IsoY MassZ”, where X is neutral formula, Y is isotopic pattern score be-
tween 0 and 1, and Z is neutral monoisotopic mass of the predicted formula in Da.
The best formula candidate was picked in R using the output according to the
algorithm described below.

Export of csv with m/z, retention time, and all IDs of features. Heights, areas, and

charges of features were exported.

3.3.1.4.2 MZmine 2.26 parameters in NI mode
Mass Detection: “Exact mass” detector with an intensity noise level of
2.5:-10° a.u.
FTMS Shoulder peaks filter: Lorenzian extended peak model function with a mass
resolution of 1-10° FWHM.
Chromatogram builder: A minimum time span of 0.03 min (2 sec); a minimum
signal height of 2.5-10% a.u.; a mass tolerance of extraction 5 ppm.
Chromatogram smoothing: Filter width of 7 points.
Chromatogram deconvolution: Noise amplitude algorithm was applied with a sig-
nal duration of 0.05 — 8.00 min, a minimal signal height of 7.5-10° a.u. and an
amplitude of noise 2.5-10° a.u.
Custom database search for IS: mass tolerance < 5 ppm, retention time tolerance

< 0.3 min. A visual check of the IS signals confirmed their validity.
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A personal script in R corrected the m/z of signals in exported XML peak lists
using linear models based on IS. The linear models were calculated for two m/z
ranges > 400 Da and <400 Da. The script removed IS outliers > 4 * interquartile
range and omitted the correction where less than 3 IS signals defined the model.
Isotopic peaks grouper: 60 ppm mass tolerance, 0.03 min of time tolerance and a
maximum charge of 2, representative peak: lowest m/z and monotonic shape.
Filters: peaks in an isotope pattern > 2, peak per row > 1, points per peak 7-500.
Adduct search: retention time tolerance 0.03 min, adducts in NI LC-ESI-MS: [M-
H,O-H], [M-2(H20)-H], [M-2H+K], [M-2H+Na], [M+Cl], [M-H+HAc],
[M+Br], [M-H+FA], mass tolerance 5 ppm and maximum adduct signal height
of 50%. Subsequently, the adducts were removed from the feature list.

RANSAC aligner: Mass tolerance 5 ppm, retention time tolerance 2.00 min, re-
tention time tolerance after correction 1.00 min. Number of iterations was set by
the software, 80% of points in the model were considered for validation, fit thresh-
old of 1 min. A linear model was not assumed. Same charge was required.

m/z and RT gap filler: mass tolerance of 10 ppm.

List of aligned features was separated by charge to contain either charge 1 or 2.
Duplicate peak filter: 3 ppm mass tolerance, 0.03 min retention time tolerance.
Formula prediction: The ionization type was [M+H] and the mass tolerance of
prediction 5 ppm. Atomic ranges used for prediction: Ci-go, Hi-100, O0-20, No-15, So-
4, Clo-4, Bro.4. Heuristic rules and RDBE restrictions of 0—40 RDBE were applied.
A custom-built MZmine version allowed the atomic ratios H/C < 3.2, O/C < 1.2,
N/C < 1.3, S/C < 0.8. Isotopic pattern comparison enhanced the prediction with a
mass tolerance of isotopes set to 5 ppm, a minimum absolute intensity of 1-10°
a.u. and a minimum match score of 60%. Depending on the data, the charge varied
between 1 and 2. Features with charge 2 and m/z > 500 Da did not receive an
elemental formula. The custom-built formula prediction yielded output in form of
“FormX IsoY MassZ”, where X is neutral formula, Y is isotopic pattern score be-
tween 0 and 1, and Z is neutral monoisotopic mass of the predicted formula in Da.
The best formula candidate was picked in R using the output according to the

algorithm described in section 3.3.1.4.3.
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Export of csv with m/z, retention time, and all IDs of features. Heights, areas, and
charges of features were exported. Picking of the best candidate for the molecular
formula of the molecular feature, cleaning up of data and calculation of elemental

properties were performed in R.

3.3.1.4.3 Data cleaning up in R
IS were removed from datasets.
Picking the best candidate for the molecular formula: The candidate with the high-
est isotopic pattern score was selected unless the candidate with the next highest
isotopic score had a deviation in isotopic score < 10% and absolute ppm error < 1
ppm compared to the first candidate. In that case, the algorithm picked the second
candidate formula.
Avoiding “square” peak extraction artifacts in MZmine: Features with an area-to-
height ratio > 30 were removed. This value was chosen for this dataset through
observation.
Filtering by CV: Features with a CV > 30% were removed.
Baseline correction: Features with a sample-to-blank area ratio < 3 were removed.
Features with a sample-to-blank area ratio > 3 were corrected by the area of the
blank samples if the CV of the blank samples was < 30%.
Molecular features in datasets of PI and NI modes were combined and the neutral
mass was calculated for features from m/z, considering the charge of features, the
ionization mode, and loss/gain of hydrogen.
Duplicate removal: PI and NI features were united and the duplicates removed for
the mass deviation < 5 ppm and retention time deviation < 0.5 min under the as-
sumption that the retention time is similar in both PI and NI modes, because both
were recorded under the same chromatographic method.
The elemental properties as the number of atoms in a molecule, atomic ratios of
type X/C (where X is H, N, O, S), double bond equivalents (DBE), and DBE-O
were calculated using the neutral molecular formula of a molecular feature, if a
molecular formula was assigned.
DBE was calculated using the equation DBE = C + 1 + (N - X - H)/2 where X is
the sum of halogen atoms in a molecule and DBE-O was calculated by subtracting

the number of O atoms in a molecule from DBE.
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3.3.1.5 Non-targeted data extraction evaluation

The mass tolerance for the processing of LC-MS spectra was set to 5 ppm in MZmine.
m/z mass error < 5 ppm for data extraction was experimentally confirmed with IS (Ap-
pendix 1: Table 7.1). The mass error is < 2 ppm for DOM proxies in these data. But, the
precision falls increasingly with the loss of intensity, so the established threshold of 5
ppm is more realistic considering the literature suggestions about the negative impact of

too stringent tolerance margins '87:188.224,

Signals with signal-to-baseline ratio < 3 were ignored in MZmine to exclude instrumental
noise. Orbitrap—MS is a Fourier transform based technique and signals show satellites
that arise during the conversion of current to spectral data. These satellite signals were
ignored under the assumption of 1-10° mass resolution in the measurement to ensure ex-
clusion of noise and faster computation. Margins of retention time < 0.5 min and m/z <5
ppm were used to exclude duplicate molecular features detected in both modes, thanks to

the same chromatographic method in PI and NI modes.

The duration boundaries of the extracted ion chromatograms were 0.05 — 8.00 min. The
peak duration was focused on extracting all signals in the spectra while controlling for
the column bleed in the applied chromatographic method. The retention time in the MS
signal extraction helped to distinguish molecular features with a similar m/z. This is
shown on the example of compounds from secondary influent, which without retention

time would require a mass resolution > 5-107 Da to be distinguished (Figure 3.2).

A baseline correction can improve the extraction of ion chromatograms with elevated
baselines. A mathematical baseline correction was not applied, to avoid an uncontrolled
loss of information. The correction was applied only to relevant chromatographic regions

by subtracting signal intensity of solvent blank from the matching signal in a sample.

Only monoisotopic signals with at least one consecutive isotopologue were analyzed.
Grouping of isotopes into a molecular feature represented by one monoisotopic mass re-
duces the data stream and adds isotopic information. Ungrouped signals were removed to
makes sure that only molecular features with an isotopic pattern are used for the formula

prediction.
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Figure 3.2 Extracted ion chromatograms of signals with m/z 373.2738 £ 0.0001 Da

in secondary influent as detected in MZmine and distinguished by retention time.

Only protonated or deprotonated ions with a charge +1 or +2 were analyzed. ESI is a soft
ionization method and wastewater DOM largely consists of small molecules, which can-
not accumulate many charges. Molecular features that corresponded to their adducts
[M+NH4]*, [M+Na]', [M+2Na]**, [IM+K]", [M+2K]**, [M+CH3;0H]" in PI mode and [M-
H,O-H], [M-2(H20)-H], [M-2H+K], [M-2H+Na], [M+CIl],, [M-H+HAc], [M+Br],
[M-H+FA] in NI mode were removed. Potential LC-MS adduct targets were derived
from Keller et al. 22°. The intensity of these adduct features was not added to the intensity
of [M-H]/[M+H] 'molecular features because this does not offer a significant improve-
ment of the data 2*. The IS showed prevalent ionization [M+H] * in PI and [M-H] in NI

modes.

Matrix induced ion suppression becomes more problematic in complex LC-MS samples,
which leads to non-linear intensity deviations among samples. The suppression was cal-
culated by comparing intensities of IS in samples to the respective intensity in the solvent

blank (Figure 3.3, Figure 3.4 and Figure 3.5).
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Figure 3.3 Ratio secondary influent-to-blank for area intensities of IS with a corre-

sponding error of standard deviation assuming no covariance. For clarity, Ciprof-

loxacin-ds (44.8 + 9.4) and Ofloxacin-d; (24.7 + 4.6) were omitted.
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Figure 3.4 Ratio secondary effluent-to-blank for area intensities of IS with a corre-
sponding error of standard deviation assuming no covariance. For clarity, Ciprof-

loxacin-ds (56. 5 = 11.0) and Ofloxacin-d3 (29.4 + 5.0) were omitted.
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Figure 3.5 Ratio tertiary effluent-to-blank for area intensities of IS with a corre-
sponding error of standard deviation assuming no covariance. For clarity, Ciprof-

loxacin-ds (54.1 £ 12.0) and Ofloxacin-d; (25.3 = 5.3) were omitted.
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The influence of the matrix effect can be reduced by standardizing signal intensity 226, A
correction of the matrix effect using an intensity normalization of spectra was not at-
tempted. A normalization leads to worse results in replicates compared to the unaltered
spectra. The automatic standardization requires a set of IS throughout the entire spectrum.
The amount of IS in the study did not cover the range and not enough signals had the
required high intensity for normalization. CV of features among the replicates of a sample

has to decrease after a successful standardization while here the CV increased.

Molecular formulae were predicted for molecular features and, where discovered, as-
signed. The formulae were predicted using the atomic ranges: Ci-go, Hi-100, O0-20, No-15,

So-4, Clo-4, Bro.s, isotopic pattern score > 60%, and mass error < 5 ppm.

The prediction was only allowed for features with neutral mass < 1000 Da to prevent a
high rate of false assignments for heavy molecules. The atomic ratios of generated for-
mulae were H/C < 3.2, O/C < 1.2, N/C <1.3, and S/C < 0.8 which corresponds to 99.7%
of registered small molecules ??’. The presented workflow prioritized the isotopic pattern
score to select the best candidate for the molecular formula. In R a molecular formula
candidate was selected with the smallest absolute mass deviation from 10% of highest

isotopic pattern scores to represent the elemental composition of a molecular feature.

The ranges for the DOM elements CHONPS, which are common for organic matter, and
halogens FCIBrI that can occur in synthetic organics, were derived from a database of
14631 micro-contaminants 2%, These helped to establish suitable parameters for predic-
tion of molecular formula of DOM and in particular for organic micro-contaminants of

anthropogenic origin (Figure 3.6).

Common elements C, H, O, and N have narrow distributions and were included in the
prediction ranges at values approaching their maxima. S, P, CI, Br, F and I have a median
close to zero and many outliers. S, Br, and CI are important in the wastewater treatment

and they were included in the formula prediction at sensibly low values.

A balanced atomic range reduced appearance of wrong formulae, but contained enough
atoms to predict most formulae, when F and P were excluded. The lack of characteristic
isotopic information of F and P in MS are responsible for the challenging prediction. This

leads to a false assignment of F and P to substances that contain none.
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Figure 3.6 Modified boxplot distributions of the most common small molecule atoms

extracted from a database of 14631 contaminants 228,

79 pharmaceuticals, which covered major composition-relevant atomic properties of mi-
cro-contaminants, were measured in PI and NI modes using the same spectrometric con-
ditions as the samples in this study to check the applicability of the formula prediction
(Appendix 1: Table 7.2). The pharmaceuticals’ samples went through the same signal

detection, m/z correction, isotope grouping, and formula prediction.

A subsequent targeted screening for [M+H] © in PI and [M-H] in NI modes with
m/z error < 5 ppm was used to identify the molecular features of the pharmaceuticals
within the non-targeted data. 69 out of 79 (87%) molecular formulae were predicted cor-
rectly (Appendix1: Figure 7.1). The observation shows that a correct prediction is chal-
lenging for molecules with high masses and a low signal intensity. Pharmaceuticals that

contained F could not receive a correct formula under the applied settings.

The sensibility of the predicted molecular formulae in the wastewater data was checked
with a linear model of predicted percentage of hydrogen (%H) vs. RMD derived from
raw data, for 1000 > RMD > -100 (Figure 3.7).
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“Outliers” with RMD <-100 shown in orange and violet have medianp/c = 2.1, medianmass
= 849.6 Da. The remaining molecular features corresponded well to the fit (R? > 90%)
and the absence of random outliers implied a good prediction of the hydrogen content for

molecular features.

Most of the features in the “outlier” group with RMD < -100 were saturated, large com-
pounds (mediany,c = 2.1, medianmass = 849.6 Da). The deviation of heavy unsaturated
molecular features from the linearity stems from a mathematical problem of using the
integer or rounded nominal mass to calculate the RMD. The same set of outliers fits the
linearity well depending on the calculation used.
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Figure 3.7 Percentage of hydrogen in feature’ molecular formula plotted against
feature’s RMD for influent molecular features. The same 317 outliers are shown in
violet where integer nominal mass was used to calculate RMD and in orange where

rounded nominal mass was used. Features shown in red were used to build the linear

model. IS are marked in blue.

A gap-filling algorithm within MZmine looked for signals in the feature list of combined
samples which were potentially missed during peak extraction. The algorithm recon-
structed omitted chromatographic peaks for a molecular feature in “empty” samples by
scanning the m/z and retention time region of LC-MS spectra corresponding to the de-

tected peaks in other samples. The methodology later avoids noise recognized as peaks
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to enter the final list of molecular features by removing samples with CV > 30 % intensity

deviation.

Some features showed duplicates appearing during peak recognition and alignment of
samples. To avoid the removal of false duplicates from the dataset the m/z and retention
time tolerances were set smaller than in previous MZmine modules to 3 ppm and 0.03

min respectively.

The baseline was corrected by subtracting the intensity of a signal in the solvent blank
from the matching signal in the sample, but only for signals with an intensity
Ratiosample:Blank > 3, while signals with a lower ratio were ignored. This approach accounts

for intensity deviations caused by the matrix suppression %,

The coefficient of variation (CV) of feature intensity among triplicates of a sample fil-
tered out random noise with a conservative value of 30%. The CV of IS in the blank,
influent and effluent of the secondary treatment were mostly below the 30% threshold
independent of the sample matrix (Figure 3.8). The 2 outliers out of 32 IS were ronida-
zole-ds and simvastatin-ds. The presented results are for the combined data of PI and NI
modes unless stated otherwise.
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Figure 3.8 Coefficient of variation (CV) of IS signal intensity in PI samples of sec-

ondary treatment. The black line marks the CV-cutoff of 30% applied in the study.
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3.3.1.6 Analytical tools in non-targeted analysis

The estimation of the statistically significant differences between the properties of mo-
lecular features of any two samples was performed under the assumption of independent

data unless stated otherwise.

The statistical significance was tested with a two-sided Welch two-sample t-test for var-
iables with a distribution resembling a normal one or skewed distributions with sample
sizes > 50 for a confidence interval of 95% and a of 0.05. Skewed distributions were log-
transformed where necessary using log» to obtain a normal distribution. Differences in
location shifts of non-normally distributed variables were tested with a Wilcoxon rank-

sum test with continuity correction.

Herein presented KMD series recognition was programmed in R and tested with the data
of surfactants (-CH>- and -C>H,O- moieties) and halogenated substances (-CF>- and -
H/+CI moieties). Both positive and negative cases determined the precision of the own
KMD homolog detection tool. 400 [M+H] -ions in 46 series of surfactants and polyfluor-
inated substances from the NORMAN database 2*>*** and a polychlorobiphenyl (PCB)
substitution series 2*! tested the positive case using a KMD error of 5 ppm, retention time

filter of 2 min, and a rounding of the KMD to 3 digits.

26 fake homologs arranged in 6 series and 100 random signals in the m/z range of (100;
1001) Da tested the negative case. Fake homologs were artificial signals with the same
KMD as in real homolog series. Yet the mass difference between the homologs of the
true series and the fake series did not correspond to n times the mass of a KMD moiety

forn>1.

The test assigned all homologs in all homologous series for a KMD precision of £0.0005
Da and at least three homologs in a series (Figure 3.9). Fake homologs built separate
series and did not infiltrate the true homologous series. The random noise did not infiltrate
the true series or built random series. The recognition worked not only for addition/elim-

ination structural moieties, as -CH-, but also for substitution reactions.

Yaroslav Verkh - January 2019 41



Characterization of dissolved organic matter in wastewater using liquid chromatography-high resolution

mass spectrometry

0.507 A . .

C.AEOQ.1

C.AEQ.10
C.AEO.11
C.AEQ.12

0.257 K C.AE0.13

. oo ) ® C.AEO.14

® C.AEO.15
o & 00000000 ° °

- -oo-o-o-o’ °® ® C.AEO.16

0.00+ . . . . ® CAEO.17

® C.AEO.18

e . . . e C.AE0.19

. e . . . e C.AEO.2

-0.251 . .y o . . o CAE0.20

Yo% . . e C.AEO.3

ep * . s ® CAEO4

. S e ° e C.AEO5

-0.50 . *e ® oo ° ® CAEO6

300 600 900 1200 ° CAFO7
Nominal Kendrick Mass [Da]

Kendrick Mass Defect [Da]

0.501 B o ] *. Series
. I ey . [XJ AS
.« ® C.AEO.1
. M . . ® C.AEO.10
0.251 . d; . = o’ C.AEO.11
. e o« o o . C.AEO.12
® CAEO.13
o C.AEO.14
0.00 S o e o }' . ) : e € ® CAEO.15
o CAEO.16

sigaliatssinsisnitatisinais, llc.e0.17
- . ® C.AEO.18
. . oo ° . . e C.AEO.19
-0.257 T ° * o CAEO2
. . ® C.AE0.20
. . . . 1 e C.AEO3
. F . ® e ® CAEO.4
-0.50+
300 600 900 1200
Nominal Kendrick Mass [Da]

Kendrick Mass Defect [Da]

C.AEO.8
C.AEOQ.9
C.SAS
C12.AES
C13.AES
C14.AES
C15.AES
C16.AES
DATS
DEA

LAS

LAS False
PEG

SPA

SPC

STA
STAD
STA.D False

C.AEQ.5
C.AEQ.6
C.AEOQ.7
C.AEO.8
C.AEOQ.9
C.SAS
C12.AES
C13.AES
C14.AES
C15.AES
C16.AES
NPEO
NPEO.SO
PEG

PEG False

Figure 3.9 Evaluation of KMD series recognition with real surfactant homologs 2%,

fake artificial homologs and random noise for structural units (A) -CH>- and (B) -

C>H,0-

PCB substances showing a substitution of H for Cl were identified (Figure 3.10). Very

strong defects that appear in molecules with heavy atoms built series correctly. Yet, they

might have a deviating absolute KMD value from the theorized KMD as was shown here

with the fake PFAA homologs deviating strongly from the real PFAA homologs (Figure

3.11).
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Figure 3.10 Evaluation of KMD series recognition with real polychlorinated and

polyfluorinated substances 3!, fake artificial homologs and random noise for substi-

tution structural unit -H/A+Cl.
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Figure 3.11 Evaluation of KMD series recognition with real polychlorinated and

polyfluorinated substances 23, fake artificial homologs and random noise for the

structural unit -CF>-.

In presented wastewater data, -CH>- and -C2H,O- series were constricted to at least seven
homologs per series in the influent and at least three homologs per series in the effluent

of the secondary treatment.
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Additionally, the effluent only contained series with KMD detected in the influent, to

prioritize the comparison of the KMD homologs among the samples.

An own script in R helped to extract gains or losses of simple structural addition/elimi-
nation and de/conjugation moieties between parent compounds and bio-TPs. The moieties
were estimated using metabolic logic !7*232, The algorithm looked for the mass difference
corresponding to the exact monoisotopic mass of the structural moiety between the fea-
tures in the influent sample and the subset of features appearing in secondary and tertiary
effluents. The search was constrained to a chromatographic window of 2 min between the

parent and TP, and a mass error of 0.005 Da.

3.3.2 Comparison of non-targeted analysis on LC-MS setups
3.3.2.1 Sampling and pre-treatment of DOM for the setup comparison

Influent, primary treatment effluent and secondary biological treatment effluent were
taken from a municipal WWTP in Celra, Spain on 5™ of October 2016. After sampling,
wastewater was immediately filtered through 0.7 um glass fiber filters and stored in acid-

washed polyethylene bottles at 4 °C in the dark.

Subsequently, the samples were pre-concentrated following a modified procedure from
Dittmar et al. '8, SPE was carried out for wastewater samples in triplicate with cartridges
connected manually in series containing 200 mg Oasis HLB, 200 mg MAX, and 200 mg
MCX sorbents. Milli-Q water was extracted to prepare a blank sample.

The cartridges were conditioned with 5 mL MeOH and 5 mL water. Then 100 mL sample
was loaded onto the cartridges, washed with 5 mL water and dried under nitrogen stream.
The samples were eluted with 6 mL ethyl acetate: MeOH (1:1) with ammonia and 3 mL
ethyl acetate:MeOH (1:1) with formic acid. The fractions were combined, pH was set to
7, and the solvent was evaporated under a nitrogen stream. The residue was dissolved in

1 mL water:MeOH (9:1) and IS added with 100 ppb final concentration.
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3.3.2.2 Measurement with both LC-MS setups

The chromatographic separation was the same for both LC-MS setups, including the same
set of samples, column, the same solvent quality and proportions, and the same elution

profile, unless deliberately stated otherwise in the description below.

The chromatographic separation was achieved on Acquity UPLC® HSS T3 (2.1 mm x 50
mm, 1.8 pm particle size, Waters UK) in PI mode. The chromatographic resolution with
LC-Orbitrap-MS was derived from Gros et al. '** to preferentially separate anthropogenic
compounds, and performed in the following way in PI mode: solvent (A) methanol and
solvent (B) 10 mM aqueous solution of formic acid/ammonium formate (pH = 3.2) at a
flow rate of 0.2 mL-min"'. The NI mode spectra were measured, however not used in

further evaluation to concentrate on the rather anthropogenic DOM fraction.

The gradient elution was performed in the following way: initial conditions 5 % A; 0.0 —
10.0 min, 5 —-95 % A; 10.0 —10.2 min, 100 % A; 10.2 — 13.0 min, 100 % A; 13.0 — 13.2
min, 5 % A; 13.2 — 15.4 min, 5 % A (equilibration of the column). HPLC conditions in
NI mode: solvent (A) acetonitrile and solvent (B) 5 mM aqueous solution of ammonium
acetate/ ammonia (pH = 8.0) at a flow rate of 0.2 mL min™!. A gradient elution was per-
formed in the following way: initial conditions 1 % A; 0.0 — 6.7 min, 60 % A; 6.8 — 10.4
min, 100 % A; 10.4 — 13.7 min, 100 % A; 13.7 - 15.0 min, 1 % A; 15.0 — 17.0 min, 1 %
A (equilibration of the column). In LC-QTOF-MS 1 min was added at the beginning of
the chromatographic run to account for the 1 min long calibration prior to each acquisi-

tion.
Settings of LTQ-Orbitrap Velos™ HRMS are described in Section 3.3.1.3.

Given the same samples, chromatographic columns, and method as in the measurement
with LC- LTQ-Orbitrap Velos™ HRMS described in this section, QTOF-UHPLC mass
spectra were recorded using a MaXis HD quadrupole electrospray time-of-flight (ESI-
QTOF) mass spectrometer (Bruker Daltonik GmbH, Bremen, Germany) coupled to an
Ultimate 3000 UHPLC (Thermo Fisher Scientific, California, USA) with an injection
volume of 20 pL. Bruker MaXis QTOF spectrometer was calibrated using a range of
sodium formate clusters introduced by 10 pL loop-injection prior to the chromatographic

run. The mass calibrant solution consisted of 3 parts 1 M NaOH to 97 parts of 50:50
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water:isopropanol with 0.2% formic acid. The observed mass and isotopic pattern
matched the corresponding theoretical values. Calibration was performed using Data
Analysis 4.3 (Bruker Daltonik GmbH, Bremen, Germany). The Bruker Maxis QTOF did
not have a specific desired resolution option in the setup but was operated in high resolu-
tion mode. The Bruker Maxis QTOF scan range was set to 100-1000 m/z, and ramp range
to 200.0-700.0 V. The capillary voltage was set to 4500 V, end plate offset to 500 V,
nebulizing gas at 4 bar, drying gas at 12 L-min"! at 220 °C and sample time 1.00 s. Trans-
fer Funnel 1 radio frequency was 150.0 Vpp, quadrupole ion energy 8.0 eV, and low mass
100.00 m/z. collision cell energy was 4.0 eV, radio frequency 300 Vpp, transfer time 75.0
us, and pre-pulse storage 5.0 ps. Native Bruker file format was converted to mzXML

format for further data processing in MZmine.
3.3.2.3 Non-targeted data extraction for MS setup comparison

Data extraction of Orbitrap PI mode spectra in MZmine followed the protocol in Section
3.3.1.4.1. The extraction of MaXis QTOF PI mode data follows the same protocol, while

the deviations from it are noted further below.

Mass Detection: “Exact mass” detector with an intensity noise level of 5-10% a.u.
FTMS Shoulder peaks filter: omitted.

Chromatogram builder: A minimum time span of 0.05 min (2 sec); a minimum
signal height of 5-10% a.u.; a mass tolerance of extraction 10 ppm.
Chromatogram deconvolution: Noise amplitude algorithm was applied with a sig-
nal duration of 0.05 — 8.00 min, a minimal signal height of 1.5-10% a.u. and ampli-

tude of noise 5-10% a.u.

The FTMS peak shoulder filter was omitted since QTOF is not a Fourier transform ana-
lyzer. The ppm error in chromatogram building and deconvolution was raised to 10 ppm

to improve the peak recognition and shape and to avoid “cleaved” peaks.
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3.4 Suspect screening

The suspect screening follows a series of steps shown in Figure 3.12.

Wastewater sample collection

Sample preparation: Separation in 3
replicates, filtration, SPE, addition of IS

LC-Orbitrap-MS Fullscan 100 000 FWHM Databases

Post-acquisition screening in Exact Finder Literature parents + TPs

Selection OftEl]tatlYE targets for Parents + TPs of interest
confirmation

LC-Orbitrap-MS/MS scan at 30 000
FWHM

Confirmation by fragments in Mass Confirmed Parents + TPs
Frontier

Post-acquisition screening in Exact
Finder

Data export and cleaning in R

Figure 3.12 Flow scheme of applied suspect screening.

3.4.1 Suspect libraries

A library of biodegradation products was acquired from Bozo Zonja, CSIC, Barcelona,
Spain 2**. A home-made library of DBPs was compiled using literature sources on the
degradation of various micro-contaminants in tertiary treatments of tertiary wastewater
treatment >. The library of biodegradation products included 213 compounds: 42 contam-
inants and their 171 transformation products and metabolites. The library of DBP series
included 189 compounds: 26 contaminants and their 163 transformation products and

metabolites.
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3.4.2 Suspect screening in multistage WWTP described in section 3.3.1
3.4.2.1 Multistage WWTP sample preparation

The same set of samples was used as described in Section 3.3.1.1. The samples were
separated into three replicates each and subsequently filtered through 2.7 and 1.0 um glass
fiber filters.

3 mL of a 0.1 mol-L! Na;EDTA solution per 100 ml of sample was added to obtain a
final concentration of 0.1 wt%. Surrogate standard consisting of Sulfadimethoxine-ds and
Sulfadoxine-d; was added prior to SPE with a final concentration of 200 ng-L™! for influ-
ent and 100 ng-L™! for effluent wastewaters. SPE cartridges were conditioned with 6 mL

MeOH followed by 6 mL of water at a flow rate of 1 mL-min™.

100 mL of influent and 200 mL of effluent wastewater were loaded onto cartridge at a
flow rate of 1 mL-min’!. After, the cartridges were rinsed with 6 mL HPLC grade water,
at a flow rate of 2 mL-min’!, and were air-dried for 30 min. The content of cartridges was
eluted with 6 mL MeOH at a flow rate 1 mL-min™!. Extracts were evaporated to dryness
under a nitrogen stream and reconstituted with 1 mL of 1:9 MeOH:water solution. Finally,
10 uL of a 1 ppm IS mixture was added to achieve a final concentration of 10 ppb (Ap-
pendix 2: Table 7.3).

3.4.2.2 Suspects’ data acquisition and processing

A full-scan LC-HRM spectrum with a set resolution of 100 000 FWHM within an m/z
range 100-800 m/z was acquired in PI ESI mode using spectrometric and chromatographic
conditions described in chapter 3.3.1.3. The obtained spectra were screened in Exact
Finder for 42 and 26 parents with their respective 171 biodegradation and 163 disinfection
TPs. A full-scan LC-HRM spectrum was acquired in NI ESI, however the data was not
processed further due to the lack of data bases of NI mode transformation pathways and

suspect fragments in Thermo Mass Frontier™.

The Exact Finder screening settings were: no RT limits, mass tolerance < 5 ppm, 5
smoothing points, chromatogram view widths 0.75 min, threshold override > 300 a.u.,

S/N ratio threshold > 3, RT used for confirmation with an override window of 30 s but is
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ignored where not present. The isotopic pattern score was calculated for isotopic pattern
> 70 % with allowed mass deviation < 5 ppm and allowed intensity deviation < 30 % of

base peak height.

The tentative suspects were filtered in R after the screening in Exact Finder, to only in-
clude “Confirmed” substances with peak score > 60%. The signal with the highest count
of detected isotopologues was being selected as the representative in case of multiple

suspects for a substance. Potential 58 parents with 202 TPs were discovered.

After, 21 parents Acetaminophen, Atenolol, Azithromycin, Bezafibrate, Carbamazepine,
Diazepam, Ketoprofen, Ofloxacin, Sulfamethoxazole, Verapamil, Venlafaxine, Valsar-
tan, Acebutolol. Atenolol, Endoxifen, Erlotinib, Estradiol, lopamidol, Methadone, Prom-
etryne, Propyphenazone, Terbutryne and their 84 TPs were selected for MS? confirmation

screening.

Data-dependent LC-HRM spectra were acquired with a set resolution of 30 000 FWHM
in PI ESI mode with the suspects mentioned above as targets for MS? fragmentation and
using spectrometric and chromatographic conditions described in chapter 3.3.1.3. In the
data-dependent acquisition, the ions were isolated in the ion trap with a width of 2.0 m/z,
default charge state 1, a collision-induced dissociation activation type (Q = 0.250 and an

activation time of 30 ms), and normalized collision energy of 35 eV.

The acquired MS? spectra were screened for suspect fragments in Mass Frontier™. The
fragments were searched in wastewater samples in which the substance was previously
detected in the Exact Finder screening described above. A suspect was considered con-
firmed when apart from the exact mass in MS! spectrum at least one characteristic frag-
ment was detected in time-corresponding MS? spectra (Appendix Table 7.4). The frag-
ments were predicted in silico using the Mass Frontier™ built-in prediction from the
structure (FiSh filter) under the option “general fragmentation and rearrangement rules”
which include the typical fragmentation reactions in organic chemistry. /n silico fragmen-
tation of [M+H]", [M+NH4]" or [M+Na]" was chosen depending on the species detected
in MS!. The quality of the MS? spectra, fragment prediction, and their assignment in the
spectra were controlled by fragmentation of IS corresponding to the parent compounds

of interest. The IS were detected as, for example, Bezafibrate-d4 (Fragments 280.10,
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320.13, 348.13 Da) corresponding to Bezafibrate (Fragments at 276.08, 316.11, and
344.10 Da).

The confirmed compounds were then rescreened in Exact Finder using 100 000 FWHM
LC-HRMS data with following settings: no RT limits, mass tolerance <5 ppm, 5 smooth-
ing points, chromatogram view widths 0.75 min, threshold override > 300 a.u., S/N ratio
threshold > 3, RT used for confirmation with an override window of 50 s. The isotopic
pattern used for identification > 30 % with allowed mass deviation < 10 ppm and allowed
intensity deviation < 50 % of base peak height. Where Exact Finder was omitting true

signals because of stringent rules, those were extracted manually.

A search for tentative TPs was carried out for metabolic reactions noted in Table 3.1for
the confirmed parent compounds. Hereby the reactive moiety was subtracted/added

from/to the parent formula to construct suspected TPs creating in total 101 TP suspects.

Table 3.1 Biotransformation reactions used to construct TP suspects.

Transformation moiety name Added or subtracted molecular Moiety mass [Da]

moiety
hydroxylation +0 +15.9949
demethylation -CH: -14.0157
deethylation -C2H4 -28.0313
dehydrogenation +Hz -2.0157
hydrogenation -Hz +2.0157
dehydration -Hz20 -18.0106
chlorine_reduction -Cl/+H -33.9611
acetylation +C2H20 +42.0106
deacetylation -C2H20 -42.0106
glucuronidation +C6HsgOs +176.0320
deglucuronidation -CsHgO0s¢ -176.0320
sulfonation +S03 +79.9568
desulfonation -S0Os3 -79.9568

50
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Subsequently, the 100 000 FWHM full scan was explored for suspects in Exact Finder.
Constrictive options were used to exclude false hits. The suspects were searched in PI
mode as adducts [M+H]", [M+NH4]" and [M+Na]". Retention time was constricted to =
3 min from the corresponding parent. The intensity threshold was set to 10° after observ-

ing the median confirmed TP intensity in secondary effluent being 10°.

Isotopic pattern score was > 60 % with > 3 isotopes. Suspects observed in the blank were
removed from further processing. The results were checked manually in Exact Finder to
include not recognized signals and make sure that the signals were integrated well. 9 ten-
tative TPs were found and received special naming is differentiate them from confirmed

literature TPs.

For compounds with 3 replicates in a sample with a CV of intensity > 30 % the replicate
with the highest deviation among the samples was being omitted in the calculation of
average intensity in R. Subsequently, the matrix suppression of chemicals was normalized
using correction factors derived from IS of the parent. IS with the closest RT to the parent
was used for correction when the parent lacked own IS. Signal intensity of IS was checked
manually to avoid misrepresentation in correction matrix. The IS signal intensities in sam-
ples were compared to signal intensity in secondary effluent. These ratios served as matrix
correction factors by multiplying the detected intensity of substances by the respective
correction factor. The matrix correction factors also accounted for the lower sample vol-

ume of influent samples prior to extraction.

3.4.3 Suspect screening in BAC-UF treatment
3.4.3.1 BAC-UF reactor setup and sampling

Two reactors comprised the industrial-scale BAC-UF pilot plant (Figure 3.13). Secondary
effluent from a municipal WWTP in Aartselaar (Belgium) designed for biological re-
moval of nutrients was the influent of the pilot. Details of the reactor setup can be found

in Appendix 3.
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Carbon filter
*

Figure 3.13 Scheme of the pilot BAC-UF treatment. A corresponds to the sampling point
of influent, B to BAC effluent and C to UF effluent. Centrate of UF was recirculated into

BAC after sampling point A.

24 h composite samples were collected considering the empty bed contact time and the
hydraulic retention time. The samples correspond to the influent of BAC before the recir-
culation of centrate (A), effluent of BAC tank (B), and effluent of UF tank denoted as

permeate (C).

The samples were collected in amber glass bottles, pre-filtered with 0.45 pum filters
(Whatman, U.K.), and stored at -25 °C. The samples were collected on days 02.05.16,
03.05.16, 16.12.16, and 25.01.17 and named here for convenience “day 07, “day 17, “day
2297, and “day 269”, respectively.

3.4.3.2 BAC-UF sample preparation

Samples were filtered through 1 pm glass fiber and 0.45 pm membrane filters. 0.1 M
Na;EDTA was added until a final concentration of 0.1wt%. The surrogate standard was
added until a final concentration of 100 ng-L"!. Oasis HLB cartridges (60 mg, 3 mL) were
conditioned with 5 mL MeOH and 5 mL water at a flow rate of 2 mL-min™'. 100 mL
sample was loaded onto the cartridges at a flow rate of 2 mL-min™". The loaded cartridges
were washed with 6 mL water and air dried for 30 min. The content of cartridges was
eluted with 6 mL MeOH at a flow rate of 1 mL-min™!, evaporated to dryness using N2,
and reconstituted in 1 mL MeOH: water (10:90). 10 ppb IS were added (Appendix 3:
Table 7.3).
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3.4.3.3 Suspects’ data acquisition and processing

LC-HRMS acquisition was performed with equipment and software described in Section
3.4.2.2. MS! and MS? settings were the same as in Section 3.4.2.2, however, the chroma-
tographic separation was achieved on Acquity UPLC® HSS T3 (2.1 mm x 50 mm, 1.8 um
particle size, Waters UK) in PI mode. 20 uL of sample was injected into LC-MS using

the solvents and gradients as described by Gros et al. '3,

The obtained spectra were screened for 42 parents and their 171 biodegradation TPs. 11
parents and their 50 TPs were selected for MS? confirmation screening: Amoxicillin,
Atenolol, Azithromycin, Bezafibrate, Carbamazepine, Codeine, lopromide, Penciclovir,

Ranitidine, Sulfamethazine, and Valsartan.

A data-dependent LC-HRM spectrum was acquired with a set resolution of 30 000
FWHM in PI ESI mode. A full-scan LC-HRM spectrum was acquired in NI ESI, however
the data was not processed further due to the lack of data bases of NI mode transformation
pathways and suspect fragments in Thermo Mass Frontier™. The acquired MS? spectra
were screened for fragments of suspects using Mass Frontier™ 7.0.3 (High Chem™)
(Appendix Table 7.6). The confirmed compounds were then rescreened in Exact Finder
using 100 000 FWHM LC-HRMS data. The exact MS? conditions and applied Exact

Finder method can be found in section 3.4.2.2.

In R the replicates were summarized to yield an average intensity for a sample. For com-
pounds with 3 replicates in a sample with CV > 30 % the replicate with the highest devi-
ation among the samples was being omitted in the calculation of summary. Subsequently,
the matrix suppression of chemicals was normalized using correction factors derived from

an IS corresponding to the parent.

Where isotopically labeled IS corresponding to the parent was absent, an IS with closest
retention time was picked for normalization of compound family. The correction factors
used to correct the corresponding parent and TPs were derived from the factor of IS

intensity in samples to the signal intensity of IS in permeate sample of “269 days” series.
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4 RESULTS AND DISCUS-
SION

4.1 Non-targeted methodology development and analysis

4.1.1 Distribution of substances

Table 4.1 The number of the total detected molecular features, the percentage of all
features in a fraction compared to a number of influent features, and only the fea-
tures with an assigned molecular formula in fractions of the samples. The fractions

of both secondary and tertiary effluent are relating to the influent.

Fraction Total features % of influent Features with assigned formula

Influentrota 2409 100 1495
Influentpisappeared 1617 67 1069

Secondary effluentroai 1047 44 515
Secondary effluentappeared 255 11 89
Secondary effluentrecalcictrant 792 33 426
Tertiary effluentrotal 1106 46 541
Tertiary effluentappeared 379 16 161
Tertiary effluentrecaicictrant 727 30 380

In the secondary treatment, 1617 of 2409 (67%) detected molecular features were re-
moved and 255 of 1047 (24%) new features appeared in the secondary treatment (Table
4.1). Biological treatment involves both metabolic and co-metabolic reactions that form

TPs.
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This process explains a large number of removed and appeared molecular features. The
tertiary treatment removed a minute portion of detected molecular features but added new

379 of 1106 features (34% of tertiary effluent).

Compared to the conventional COD, BOD or TOC measurements, which give an average
estimate of the DOM content, the presented method tracks changes at the level of subsets
of DOM constituents. This approach can benefit specialized treatments for which the ap-
pearance or removal of DOM fractions is more important than the bulk removal. For
example, the tracking of fractions of soluble microbial products might improve the un-

derstanding of membrane fouling in reverse osmosis and nanofiltration 234

4.1.2 Mass changes
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Figure 4.1 Density distribution of feature masses in secondary influent, secondary,

and tertiary effluents. The dashed lines show means of distributions.

Mass changes within the subsets were explored after recognizing interesting subsets of
features, since mass is the most intrinsic property of molecular features in HRMS. The
secondary effluent showed a mean mass drop of 129 Da (p < 0.001) compared to the

influent (Figure 4.1). There is no significant mass drop between the secondary and tertiary

treatments (p = 0.27).
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Figure 4.2 Density distribution of molecular feature masses in the subsets of features
in secondary influent and effluent, and tertiary effluent compared to the full com-

plement of the influent. The dashed lines show means of distributions.

However, the mean mass of appeared features dropped by 163 Da compared to the disap-
peared ones (p < 0.001) (Figure 4.2). The drop was considerably larger for this trans-
formed DOM compared to the bulk DOM in secondary treatment, showing that major
changes can be masked by bulk properties. Meanwhile, features detected both in influent
and effluent of tertiary treatment do not show a mean mass change which hints at their
recalcitrant nature. Often, SEC combined with a carbon detector is used to estimate the
weight distributions of DOM and the bulk rejection estimation with experimental ease
234 However, the SEC spectra lack the high resolution of LC-HRMS, the possibility to
extract subsets of signals of interest and the possibility to correlate masses of individual
substances in these fractions to atomic properties such as unsaturation or atomic ratios of

DOM.
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4.1.3 Intensity changes

The possibility to connect feature subsets to the spectrometric intensity of individual mo-
lecular features is also a powerful incentive for non-targeted analysis. The mean absolute
intensity decreased by 3.38 times in the secondary effluent (p < 0.001). Biological treat-
ment is known to achieve high TOC removal efficiencies for the entire DOM *2, yet many
medium polar substances of environmental concern are either recalcitrant or are trans-

formed without mineralization ',

A high number of molecular features can be detected in HRMS of effluent wastewater
even while controlling DOC and BOD 7!, Therefore, it is interesting that the mean of the
absolute intensity differences of 792 features, detected before and after secondary treat-
ment, dropped by 2.5 times (p < 0.001 for paired data) in effluent compared to the influ-
ent. This value is lower than for the overall intensity decrease hinting at the recalcitrant

nature of these constituents.

Together with a high removal of molecular features in the secondary treatment, the data
agree with previous work (Park et al., 2009). A fraction of recalcitrant features showed
an intensity increase, which can be connected to a lower matrix effect in the effluent.
There is no significant difference in feature intensity between the secondary and tertiary

effluents of the measured samples (p = 0.66), again hinting at their recalcitrant nature.
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4.1.4 Chemical profile
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Figure 4.3 Density distribution of DBE-O of molecular features with assigned mo-
lecular formulae in influent and effluent of secondary treatment, and effluent of ter-

tiary treatment. The dashed lines show means of distributions.

The feature subset analysis was supplemented with DBE-O exploration. The DBE-O in-
creased by 1.5 (p < 0.001) in secondary effluent (Figure 4.3). Moreover, the appearing
molecular features show a significant increase of DBE-O of 4 compared to the disappear-
ing (p < 0.001). These fractions are interesting for the estimation of metabolic activity
and the observations are supported by the documented accumulation of aromaticity in
biological treatment 2*°. The established estimation of aromaticity in wastewater DOM

using SUV A»s4 allows recognizing the presence of aromatic compounds.

The presented method, however, estimates the unsaturation of DOM and expands the

analysis to not UV-active molecules in subsets of molecular features.
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Figure 4.4 Van Krevelen plot of molecular features in secondary influent and efflu-
ent. Elemental composition shown as color, where “other” signifies the not explicitly
mentioned combinations of elements C, H, O, N, S. The rectangles, reproduced from
Maizel et al. 25, depict NOM regions of 1 - lipids, 2 - proteins, 3 - amino sugars, 4 -

carbohydrates, S - condensed hydrocarbons, 6 - lignin, and 7 - tannin.
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Additionally to the explored unsaturation by DBE-O, the chemical properties of DOM
were investigated using the van Krevelen plot. It assessed types of wastewater DOM in
secondary treatment depending on the characteristic regions in the diagram (Figure 4.4).
No significant difference was observed between secondary and tertiary effluents (Figure

4.5).

0.00 0.25 0.50 075 1.00 1.2t 0.00 025 050 0.75 1.00 1.25

o.Cc 0.C

Figure 4.5 Van Krevelen plots of the secondary (left) and tertiary (right) treatment

for the features with assigned elemental composition.

The diagram deviates from a distribution in a previous study of a biological treatment 2>,
where the majority of molecular features fell within the seven regions. Here, the van
Krevelen plot showed many features with H/C > 2, while the literature’s features did not
exceed H/C < 2, which is caused by different HRMS acquisition and approach to the
prediction of elemental composition. Different to the literature, the plot here showed fea-
tures with H/C < 0.5 and O/C up to 1.2, which would correspond to highly oxygenated,

unsaturated matter.

Here, the different MS acquisition and data treatment might have led to highlighting dif-
ferent subsets of DOM. In the presented analysis, DOM is largely aliphatic and the oxy-
gen content dropped with increasing unsaturation. The overall feature density decreased
in the secondary treatment. However, none of the seven regions displayed a dispropor-

tional change of feature density in course of treatment compared to other regions.
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This indicates that DOM composition stayed largely constant throughout the treatment.
N/C in the van Krevelen plot correlates with H/C, providing a link between the unsatura-
tion and the content of nitrogen (Figure 4.6). The N/C of DOM did not display regional
changes in the secondary treatment, showing that the detected molecular features were

not subject to a transformation detectable in the patterns of the plot.
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Figure 4.6 Van Krevelen plot of molecular features of the secondary influent and
effluent with N/C ranges as color. The rectangles reproduced from Maizel et al 25,
depict NOM regions of 1 - lipids, 2 - proteins, 3 - amino sugars, 4 - carbohydrates, 5

- condensed hydrocarbons, 6 - lignin, and 7 - tannin.
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In Figure 4.4 the CHONS group exhibited a spread to either higher aliphatic or lower
aromatic H/C values compared to CHO and CHON which suggests that there is a level of
clustering by the elemental composition which has to be explored in the future. The ap-
plied LC-MS acquisition, as well as data treatment, prioritized compounds of anthropo-

genic origin.

Many molecular features in the analysis did not belong to the regions of DOM applied by
Maizel et al., and they did not follow the literature’s observations for NOM and effluent
DOM. The author suggests that due to the shifted focus of the analysis a complement of
features was revealed that might be of anthropogenic origin and therefore did not look
like NOM in the van Krevelen diagram. This focus on the anthropogenic fraction in the
presented van Krevelen analysis adds to the extensively researched field of NOM and

effluent DOM.

Additionally to the van Krevelen plot, the gains or losses of simple structural moieties
were used to improve the knowledge of transformations in the treatment. Reaction pairs
between parent compounds and biotransformation products were explored in the subsets
of influent features and features appearing in secondary and tertiary effluents since these

are the most relevant fractions to monitor TPs (Table 4.2).

This estimation recorded chemical reactivity with 212 and 290 potential transformation
pairs for the monitored moieties between the influent and the appeared features in the
secondary and tertiary effluent, respectively. Losses of -CH>-, -C>Hy- and -C2H4O- are

connected with the degradation of oligomeric surfactants, as shown previously for -CH>-
179
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Table 4.2 Number of pairs between parents in influent and biotransformation prod-
ucts in the subset of appeared molecular features in secondary and tertiary effluents,

respectively, corresponding to gains/losses of molecular moieties in transformation

reactions.
Reaction Moiety Secondary effluent Tertiary effluent
Demethylation - CH, 22 46
Deethylation - CoHy 17 22
Deethoxylation - C;H40 26 37
Hydroxylation +0 19 23
Alcohol Oxidation +0/-2H 39 39
Hydrogenation + H, 6 11
Dehydrogenation -H, 26 33
Dehydration - H.O 23 22
Acetylation + CH,O 20 29
Deacetylation - C.H.0 5 10
Glucuronidation + CeHsOs 1 1
Deglucuronidation - CsHgOs 0 3
Chlorine substitution +Cl/-H 2 4
Sulfonylation + S0; 4 9
Desulfonylation - SO3 2 1

The author compared the percentages of the total features ratios for 6 structural moieties
discovered both here and by Schollée et al. in a secondary treatment under the consider-
ation of the retention time filter. Our analysis yielded a lower overall amount of detected
potential transformations which can be attributed to different data processing procedures.
The differences A between the subsets of transformation pairs of gain/loss moieties with
a retention time filter in my data and by Schollée et al. in literature !’ were compared

(Table 4.3) using the equation
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(]) A(reaction) _ (pairs(reaction)) . (pairs(reaction))

pairs(sum) pairs(sum)

here Schollée et al

The comparison yielded differences of < 7% (A(+ H2)=-6.2; A(- H2)=5.3; A(- H20)=
7.1; A(- CH2)=0.4; A(- CoHa)=-4.4; A(+ O)=-2.3).

Table 4.3 The comparison of presented algorithm of extraction of transformation
pairs to the previously published results by Schollée et al. The table shows the type
of proposed transformation reaction, the added/eliminated structural moiety, the
amount of discovered transformation pairs in both approaches and their percentage
in respect to the total number of discovered pairs, and the difference of these per-

centages between both approaches.

Reaction Moiety # of Pairshere # of Pairsschonéectal.  Pairsnere%  Pairsschoéeetat.% A%

Hydrogenation + Ho 6 465 0.05 0.12 -6.19
Dehydrogenation -Ho 26 715 0.23 0.18 5.32
Dehydration - H.O 23 535 0.20 0.13  7.12
Demethylation - CH2 22 770 0.19 0.19 0.42
Deethylation - C2Ha 17 785 0.15 0.19 -4.37
Hydroxylation +0 19 773 0.17 0.19 -2.30
Sum of all pairs 113 4043

The deviation < 7%, suggests that despite a different total amount of discovered pairs the
results in both analyses can be compared. The presented analysis explored structural moi-
eties not described by Schollée et al. as + O/- 2H and + Cl/- H. Transformation pairs for
the alcohol oxidation were found as expected due to the metabolic nature of secondary
treatment. Chlorination traces were not found using Cl substitution, despite a chlorination
step. The complicated sample matrix caused by a direct injection of the samples into LC-
MS can lead to the expectedly weak signals going undetected. Another possibility is that
the mechanisms of chlorination are more complicated than the substitution of a single
hydrogen. Such building of reaction pairs is a first step to estimate the chemical activity
of a treatment system. For example, the elimination/addition on a double bond can assess

the mechanisms in the shifts of unsaturation.
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4.1.5 Kendrick mass defect
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Figure 4.7 31 -CH>- and 38 -C:H+0- homolog series in secondary influent (left) with
more than six molecular features in a series and their development in secondary

effluent (right) for PI mode data.
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The exploration of transformation pairs above aided in selecting interesting moieties for
the KMD analysis. The KMD analysis uncovered 31 homologous -CH>- series in the sec-
ondary treatment (Figure 4.7), which in a municipal wastewater treatment often corre-
spond to surfactants. The plot showed a removal of heavy constituents. This removal of
heavy homologs, however, was not observed for 38 series of -C>H,O- homologs. Most
-C>H40- mass series were completely removed, while a few were almost completely re-

calcitrant in the secondary effluent.

There are more -CH>- and -C2H4O- homologous series in raw data than shown in the
plots, but the algorithm prioritized pronounced series by involving a strict set of rules.
The exclusion of fake homologs was ranked over losing true homologs. Additionally, the
minimum length of a homolog series for -CH>- and -C2H,O- was < 7 in secondary influent
being a high number of homologs in one series. In case of abundant surfactant series, this
prioritization improves the interpretation using the graphic nature of the Kendrick plot.
This becomes evident in the graphically heavy plot of 111 -O- homolog series with min-

imum 3 homologs in secondary influent (Figure 4.8).

The author takes into account that the mechanism of TP formation for DOM is more
complicated than a sequential cleavage of -CH>- 2*¢%37. Also, the detection of homolog
series is not straightforward and depends both on the quality of acquired data and the
restrictions of the picking algorithm '®*. In this study, Kendrick plots helped to uncover
prominent homologous series of prescreened structural moieties of interest which will be

used for further prioritized research.
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Figure 4.8 111 -O- KMD homolog series in the secondary influent with more than
two molecular features in a series and their development in the secondary effluent

for PI mode data.
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4.1.6 Benefits and challenges

The focus of the study was not DOM enrichment but data analysis. While being aware of
the possible shortcomings of the applied pre-treatment and LC-HRMS approach, the anal-
ysis detects significant changes of various DOM attributes during WWT. The fractions
of high interest, such as anthropogenic organics, are retained by the procedure, as signi-
fied by the occurrence of IS throughout the chromatographic range. The focus of data
treatment is to extract many features while reducing inclusion of noise. Although noise
signals cannot be avoided in big datasets , properly selected settings lower their amount.

The application of retention time to distinguish molecular features facilitates the task.

Similarly, the prediction of elemental composition for DOM is challenging, especially for
high-molecular-weight compounds. Predictions were improved by using heuristic rules
and isotopic information. The prediction of P- and F-containing formulas remains diffi-

cult even having a low mass error 238,
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4.2 Comparison of Orbitrap and QTOF LC-MS setups using
non-targeted DOM analysis

4.2.1 The scope of the study

The presented research compared the quality of non-targeted analysis with respect to the
spectrometer setup. The used grab wastewater samples of primary influent and effluent
as well as secondary effluent were pre-concentrated with multiphase SPE and high-reso-
lution data was acquired using Orbitrap-MS and QTOF-MS as described in Section
3.3.2.2. To simplify the comparison of the setups, the Thermo LTQ-Orbitrap Velos™ HR
mass spectrometer setup will be colloquially named “Orbitrap” and the Bruker Maxis

QTOF HR mass spectrometer setup will be named “QTOF” in this thesis chapter.

The decision to do multiphase SPE was motivated by widening the exploration of DOM.
Hereby the non-targeted analysis of directly injected samples was compared to pre-con-

centrated samples.

Grab sampling applied here does not ensure a representative analysis of wastewater DOM
for the system. However, the scope of the study was to evaluate the mass spectrometer
performance concerning the non-targeted analysis of wastewater. In this respect, the ap-
plication of grab samples fits the purpose. The comparison of Orbitrap- and QTOF-MS
is explored by analyzing PI mode data which has the larger impact on the methodology
compared to NI mode data. Although NOM is more detectable in NI mode, this study

aims to focus on anthropogenic compounds preferentially detected in PI mode.

4.2.2 Detected complement

The complement of detected features is consistently lower for the QTOF setup under
given experimental conditions (Table 4.4). This confirms the expectation, given the
higher resolving power of Orbitrap-MS that leads to a higher number of separate signals.
The fraction of identified formulae-to-all detected features was higher in Orbitrap sam-

ples due to the higher resolution of the instrument.

Orbitrap showed a higher precision of isotopologue signals needed to produce a valid

molecular formula candidate by generating a valid isotopic pattern score in MZmine.
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More importantly, the set accuracy of formula candidates < 5 ppm lowered the rate of

molecular formula assignment for an instrument with a lower resolution.

Table 4.4 Number of all detected molecular features, features with assigned molec-
ular formula and the fraction of assigned formulae in all detected signals for entire

samples and their subsets.

Samples and Subsets Detected Assigned Percentage of as-

signals formulae signed formulae

Influent (Orbitrap) 7798 3724 48

Influent (QTOF) 6736 2287 34

Primary effluent (Orbitrap) 6731 3273 49
Primary effluent (QTOF) 4658 1718 37
Secondary effluent (Orbitrap) 3626 1881 52
Secondary effluent (QTOF) 3046 1141 37
Influent (Orbitrap)disappeared 5518 2383 43

Influent (QTOF)disappeared 4591 1379 30

Secondary effluent (Orbitrap)appeared 1346 540 40
Secondary effluent (QTOF )appeared 901 233 26
Secondary effluent (Orbitrap)recalcitrant 2280 1341 59
Secondary effluent (QTOF ) ecalcitrant 2145 908 42
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4.2.3 Distribution of masses

The mass ranges had right-skewed distributions in both Orbitrap- and QTOF MS data.
However, Orbitrap consistently detected less high molecular weight features compared to
QTOF. This property of Orbitrap analyzer was previously noted in a comparison of non-
targeted analysis with Orbitrap and FTICR-MS 2% Both instrumental setups identified

mass shifts for detected DOM in course of wastewater treatment.

There is no significant difference between the average masses of detected molecular fea-
tures in influent and primary effluent in Orbitrap (p = 0.84) while in QTOF the average
masses show a drop of 55.99 Da (p <0.001). The feature density distributions of influent

and primary treatment samples are similar for Orbitrap data (Figure 4.9).

However, equivalent QTOF samples show that the percentage of molecular features with
mass > 500 Da dropped after primary treatment. Primary treatment removes suspended
solids and large particles. It removes to a lesser extent DOM and micro-contaminants
within by adsorption to suspended solids 2****°. A higher sensitivity of QTOF for the
subset of large molecules detected a change in the fraction of molecules which was more

susceptible to adsorption in primary treatment.
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Figure 4.9 Density distribution of molecular feature masses of Orbitrap-MS and

QTOF-MS data. The dashed lines indicate the average mass of distributions.
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The significant decrease of average mass between influent and secondary effluent was
145.19 Da (p < 0.001) for Orbitrap and 118.07 Da (p < 0.001) for QTOF. Orbitrap data
of secondary effluent shows an increase of feature density in the region of small masses
and a pronounced loss of density in the region of 700 -1200 Da. QTOF also shows an
increase of small molecules < 500 Da, however here molecular feature density decreases

in the entire region of larger masses after treatment.
4.2.3.1 Mass Fractions

The average masses of molecular feature subsets as removed from the influent and as
appeared after secondary treatment show a drop of 172.22 Da (p < 0.001) for Orbitrap
and 141.04 Da (p < 0.001) for QTOF samples, implying a decomposition of DOM
according to metabolic and co-metabolic reactions in secondary treatment. Both QTOF
and Orbitrap show a prevalent disappearance of molecules with mass =~ 600 Da and
appearing signals in the range 200 - 400 Da. Additionally, Orbitrap shows a fraction of
appearing features at 1200 — 1400 Da observed in the non-targeted analysis described in
Section 4.1 (Figure 4.2) which indicate a fraction of appearing large treatment by-
products.
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Figure 4.10 Density distribution of molecular feature masses in subsets of features
removed from influent, appeared in secondary effluent or encountered in both sam-
ples of Orbitrap-MS and QTOF-MS data. The dashed lines indicate the average

mass of distributions.
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4.2.4 Intensity changes

The recalcitrant fraction after secondary treatment has a similar amount of molecular fea-
tures and their mass distribution in both QTOF and Orbitrap data, accounting for the dif-
ferences that were already described above. The ratio of secondary effluent-to-influent
absolute intensity displays a median rise of 0.3 and 0.4 times for Orbitrap and QTOF
recalcitrant molecular features, respectively. Upon log,-transformation, the ratio becomes

a bimodal distribution with local maxima at 2 and 0.03 times.

This demonstrates a strong removal for a subset of molecular features, however with an
intensity increase for the remaining ones. The intensity rise can be caused by a reduced
matrix in the secondary effluent sample. Such intensity rise would increase the influent-
to-effluent ratio, since the intensity was not corrected in respect to matrix-assisted ion
suppression. The possibility of accumulation of compounds already present in the influ-
ent, e.g. products of metabolism in humans or sewers, is viable as well, however difficult

to test in the presented setup.

4.2.5 Chemical profile

The unsaturation of detected DOM was explored by means of DBE-O. DBE-O distribu-
tions in influent and primary effluent did not reveal a significant difference in both Or-
bitrap (p = 0.925) and QTOF data (p = 0.054) (Figure 4.11). However, there was a sig-
nificant DBE-O increase of 1.7 (p < 0.001) in Orbitrap and 0.9 (p < 0.05) in QTOF data
when comparing influent and secondary effluent. QTOF-MS was showing higher DBE-
O throughout the entire mass range with exception of features with mass 100-200 Da

where DBE-O was lower in all QTOF samples.

DBE-O distributions of QTOF-MS molecular features had a higher average DBE-O com-
pared to the distributions of Orbitrap-MS data. The reason for such difference in behavior
will be explored in the future. Interestingly, DBE-O increased in secondary treatment as
was also observed in the non-targeted analysis above (Section 4.1.4), showing that this
might be an intrinsic property of secondary biological treatment which can be used for

future non-targeted fingerprinting of WWTP.
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Figure 4.11 Density distribution of DBE-O of Orbitrap-MS and QTOF-MS molecu-

lar features. The dashed lines show means of distributions.

The difference of chemical profiles of Orbitrap and QTOF data was observed in the van
Krevelen plot. Orbitrap data displayed more saturated molecular features at H/C > 2.0
than the QTOF data with the majority these molecular features having mass > 400 Da
(Figure 4.12), and being identified as CHON and CHONS matter (Figure 4.13).
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Figure 4.12 Van Krevelen plot of Orbitrap-MS and QTOF-MS molecular features.

Color indicates mass ranges of features.
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The van Krevelen plot revealed more halogenated compounds in Orbitrap data. The per-
centage of detected halogenated substances was not independent of LC-MS setup accord-
ing to a Chi-squared independence test (for example, comparing influent X’= 202.93, de-
grees of freedom = 4, p < 0.001) indicating that the fraction was indeed more detectable

by the QTOF setup.

QTOF data have shown a lower resolution but a higher intensity of m/z signals compared
to Orbitrap in the given experimental setup. The detection of chlorinated substances de-
pends on the detection of the M+1 isotopologue which in small molecules has a lower
intensity than the monoisotopic M signal. Such signals in Orbitrap were disappearing
more often under the limit of detection compared to QTOF where the stronger signal lead

to a better molecular feature recognition, under the applied experimental conditions.
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Figure 4.14 Type of matter for detected features with identified elemental composi-
tion in Orbitrap-MS and QTOF-MS data. Absolute number of features is indicated

within the bars.
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4.3 Suspect screening

4.3.1 Transformation of micro-contaminants supporting non-targeted
analysis

The confirmation with MS? yielded 40 compounds in 11 elimination series of parents and
TPs (Figure 4.15 and the remaining profiles in Appendix 2 Figure 7.2 - Figure 7.4). The
series contain 8 tentative TPs without a confirmed structure but included into the analysis
due to a set of restrictive selection rules described in . For the remainder of substances,
the structures were compared by either available IS or MS? fragments (Appendix 2 Figure

7.5, Figure 7.6).
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Figure 4.15 Removal profiles of corrected intensity for Carbamazepine, Diazepam,
Ketoprofen, and their confirmed and tentative TPs in a multi-stage wastewater

treatment system. Each series depicts two profiles divided due to the sampling mode.
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Secondary treatment reduced the intensity of 6 parents, while 2 parent compound in-
creased in intensity. Some parents, e.g. 17B-estradiol, have shown a lower intensity in the
secondary influent samples compared to secondary effluent. The higher intensity in ef-
fluent due to a matrix suppression is not the responsible factor regarding this trend after
an intensity correction using IS and considering that the intensity increase was not ob-
served for most parent compounds. The lower influent intensity can indicate a release of
substances during secondary treatment, for example from colloids or suspended particles.
A release of parent compounds in the effluent from conjugates could also be responsible
for the intensity increase in secondary effluent, as was previously shown for Carbamaze-
pine ?*!. At the same time, the matrix effect cannot be neglected for samples with low
concentration approaching the limit of detection, since these will be simply not detected
and are not subject to a posterior intensity correction. Here, 2 parents were not detected

in the secondary influent, but appeared in the secondary effluent.

At the same time, the secondary treatment reduced the intensity of 10 confirmed TPs
which were found already in the influent. Additionally, 8 TPs appeared in the secondary
effluent. In case of the 8§ tentative TP suspects, 7 were present already in the influent and
4 of them were abated in course of secondary treatment. Ketoprofen-O appeared in sec-

ondary treatment. It was not observed in the grab sample study.

7 parent compounds were abated in the tertiary treatment, while 3 showed an intensity
increase. 17 TPs have shown an intensity decrease in the tertiary treatment, while the
intensity of 6 TPs increased after the treatment. Tertiary treatment decreased the intensity
of 5 tentative TPs while 2 TPs have shown an intensity increase. Overall, the tertiary
treatment rather removes micro-contaminants with 73 % of observed compounds show-
ing an intensity reduction. As described previously, a removal for micro-contaminants
was not necessarily expected for tertiary treatment, since the task is rather to remove
pathogens and various biological agents. Despite that, many compounds have shown sig-
nificant intensity changes in course of the tertiary treatment. A pattern is observed for the
majority of compounds within the steps secondary effluent — sand filtration — UV irradi-
ation. Here, an intensity drop is observed in sand filtration effluent which recovers in UV
effluent. This behavior can be caused by treatment processes for TPs, yet it is peculiar to

observe it for parent compounds.
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Possible reasons were explored of the intensity drop in sand filtration. A manual check of
surrogate standard intensities for sample triplicates confirmed a successful SPE. A bad
integration or omission of signals during data extraction in Exact Finder was avoided by
a manual check of all peaks. Also, the intensity correction with IS did not introduce the

trend observed in elimination series.

An addition of too much or too little IS is possible, but the comparison of IS intensities
in sample replicates and exclusion of replicates which introduce a high CV reduce the
possibility. The matrix effect for effluent samples is comparable and mediated by IS in-

tensity correction so the intensity drop in sand filtration is not caused by ion suppression.

The intensity drop might be explained by variations introduced by grab sampling. Yet,
another grab sampling series 24 h after the analyzed one shows comparable intensity pro-

files, thus reducing the possibility of strong intensity deviations.

The average intensities of DOM features were compared among the samples to see if the
intensity shifts of micro-contaminants described above are systematic on DOM level. A
non-targeted signal extraction was performed for the DOM observed in the analysis using
the same LC-HRMS data. Due to the non-targeted analysis of the intensity profile of
DOM, there is a systematic intensity shift for DOM features.

The protocol followed the extraction described in section 3.3.1.4.1 with exception of al-
lowing signals without an isotopic pattern, since the main purpose was to extract molec-
ular feature intensity and not chemical information. The non-targeted DOM transfor-
mation profile shows a pattern similar to the suspect screening with an intensity drop in
sand filtration effluent, a strong increase of intensity in UV irradiation effluent and then

an intensity reduction in the chlorination step (Figure 4.16).

To confirm the significance of these results for observed DOM, a one-way ANOVA test
was performed checking differences between the average logarithmic sample intensities
(anovaiogio(ntensity): F(3, 111436) =27.13, p <0.001). The test confirmed significant inten-
sity differences except for the sample pair of secondary effluent and sand filtration efflu-

ent (Figure 4.17).
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Figure 4.16 Comparison of average logio-transformed intensities of DOM molecular
features from the same LC-MS measurement as micro-contaminant suspect screen-
ing. The intensities were normalized to the secondary effluent intensity for better

comparison.

However, there is a significant increase in DOM intensity in UV and chlorination efflu-
ents compared to the sand filtration effluent which is comparable with the trend in suspect
screening. No correction of signal intensity was performed for the molecular features in
the non-targeted analysis. Therefore, some aberrations due to the matrix-assisted ion sup-
pression were expected. Caution has to be exercised when using non-corrected data, as

shown in section 4.1.6, yet they still provide conclusive results on a statistical level.
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Figure 4.17 Tukey honest significant differences of average logarithmic intensity
with a confidence interval of 95 % for the pairs of samples’ used in the ANOVA
testing. The x-axis describes the by how many times the mean intensity of the first
sample is larger than the mean intensity of the second sample. The color shows the

significance level of difference.
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Reasons for the systematic behavior of elimination profiles were explored on the level of
WWTP operation and sampling. There are some uncertainties in the sampling before and
after the sand filter due to the backwashing applied at this stage of WWTP. The back-
washing is executed with sand filter effluent water which reduces the risk of wrong in-
tensity measurement. Regardless, backwashing does not decrease contaminants’
concentrations but keeps them at a similar level. However, backwashing might affect the
hydraulic retention time in the system. The sampling was according to the theoretical

residence time yet a tracer test was not run.

Another possible reason for intensity decrease after sand filtration can be the excessive
age of the sand filter. Long-time operation sand filters develop a biofilm able to influence
the transformation of DOM (compare to the chapter 4.3.2 on micro-contaminant removal
in a BAC filter). With a bioactive sand filter, there is a possibility of conjugate composi-
tion with decomposition following a change in pH, temperature, redox conditions in sub-
sequent steps. In addition, an adsorption on colloids in the suspended solids of a saturated

sand filter and a release in subsequent steps is possible.

Low uncertainty was foreseen for the grab sampling before and after the UV unit, due to
the short hydraulic retention time with an average wastewater flow of 312 m*>-h! at a
distance of 3 m between the sampling points. The UV-lamps in the UV irradiation treat-
ment step exceeded their lifetime leading to a reduced performance, yet not to an intensity
increase. Additionally, the observed concentration increase for micro-contaminants at this

treatment stage might be explained by the addition of 5 mL 3 % HNO:s.

It is dosed every 15 minutes for 70 s with a flow rate of 0.74 m*-h™! and using two pumps
after the sand filtration sampling point and before the UV sampling point. A change of
pH can change and affect the concentrations of micro-contaminants, for example releas-
ing substances attached to the lamp. This possibility cannot be neglected while keeping

in mind that the flow of acid is small compared to the wastewater flow.

Some uncertainties exist for the sampling of chlorination effluent. Yet, the variability at
the end of such WWT system is low compared, for example to the WWTP influent, so

uncertainties are low as well 242,
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4.3.2 Test of application in a novel BAC-UF treatment reactor

Elimination of pharmaceuticals and their TPs was explored in a novel BAC-UF pilot
wastewater treatment to examine the value of the presented suspect screening for emerg-
ing treatment technologies. The current setup had two challenges for micro-contaminant
analytics. The influent of BAC had already been treated by secondary biological treat-
ment making the elucidation of TPs appearing through metabolisms in BAC challenging.
Also, the recirculation of UF-centrate into the BAC influent complicated the balancing of

micro-contaminants in the system.

25 Individual compounds in 11 series showed varying elimination profiles and no strong
correlation of removal in BAC-UF on molecular properties was found (Figure 4.18 and
Figure 4.19). Additional removal profiles and the structural formulae of confirmed com-

pounds can be found in Appendix 3.

The positive charge of Atenolol at wastewater pH and strong adsorption to carbon gran-
ules is responsible for the strong rejection on the negatively charged UF membrane at
Day 0 and Day 229 by means of adsorption to the membrane *%. At Day 269 an increase
of intensity after UF treatment indicates a breakthrough of micro-contaminants and its

TP.

Carbamazepine shows a behavior comparable to Atenolol throughout the samples due to
the similar adsorption capacity and the positive charge *®. The low intensity of Carbam-

azepine-1 hints at its removal already in the preceding secondary biological treatment.

Iopromide and Iopromide-1 displayed an intensity decrease after BAC-UF treatment. In
case of Topromide-1, it was difficult to make estimations due to the low intensity of the

compound probably metabolized already in secondary treatment.
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Figure 4.18 Elimination profiles of corrected intensity for parents and TPs of
Atenolol, Azithromycin, Bezafibrate, and Iopromide at 4 sampling dates and 3 sam-

pling sites of the BAC-UF pilot treatment system.
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of the BAC-UF pilot treatment system.

Sulfamethoxazole showed a low removal in BAC-UF reactor, expectedly due to its neg-
ative charge and low log P which decrease its adsorptive capacity and an intensity drop
in BAC effluent. However, Sulfamethazine-1 with one hydroxy group added compared

to the parent displayed an inverse removal profile on Day 229 which demonstrates the

complexity of micro-contaminant analysis even for structurally similar compounds.
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Valsartan-1 intensity increased after BAC treatment at Day 1, Day 229, and Day 269.
Such consistent increase is an indication of removal of Valsartan in BAC filter by meta-
bolic activity. However, given that the effect was not observed for other TPs this behavior

has to be explored in the future.

The analysis uncovered a more efficient removal of parents and TPs in BAC-UF at Day
0 and Dayl compared to Day 229 and Day 269 when the BAC filter bed was saturated.
A clogging of saturated filtering systems leads to breakthrough of micro-contaminants or
leaching of micro-contaminants from a saturated filter bed. BAC-UF decreased the inten-
sity of most compounds at Day 229 and Day 269 when BAC influent and UF effluent are
compared. However, compounds in groups of Atenolol, Bezafibrate, Penciclovir, and
Iopromide show an intensity increase after BAC treatment at Day 229 and a drop at Day

269 which reverses back to the initial intensity after UF treatment.

The pore size of UF membrane allows micro-contaminants to pass through unhindered.
However, it was previously speculated that membranes can grow a biofilm that influences
the rejection of organic matter by steric and electrostatic interactions ***. A negative UF
membrane covered by a biofilm might explain the found intensity recovery after UF treat-
ment in this study. The increase of intensity in MS due to a decrease of the matrix effect

in UF effluent samples cannot be neglected either, despite an intensity correction by IS.

Despite this possibility, such intensity changes have to be caused by the treatment itself,
considering that the diametric transformation profiles occur in sample sets with the
comparable matrix at Day 229 and Day 269. No recorded special procedure, as back-
washing, etc., was applied to the reactor between the two sampling dates. In lack of spe-
cial events, the difference in behavior is explained by two factors: 40 days between sam-
pling dates led to additional accumulation of OM in BAC filter and raised suspended
solids in BAC effluent. The suspended solids could then act as carriers for adsorbed chem-
icals to be released downstream. A conjugation of compounds due to metabolic activity
of BAC biofilm and latter release downstream might have accounted for the difference

between profiles at two dates as well.
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4.4 Value of pre-concentration in non-targeted analysis

The influence of pre-concentration was explored by comparing the results of non-targeted
analysis of directly injected samples from Section 4.1 and the multiphase pre-concen-
trated samples in Section 4.2. Hereby the influent and effluent of secondary treatment

were compared.

The number of detected features was higher in the analysis of pre-concentrated samples.
However, here the rate of successful formula assignment was lower. Without pre-concen-
tration, the data extraction is able to recognize signals with higher intensity while omitting
weak signals disappearing into the instrumental noise. Another indication of this effect is
the distribution of absolute intensity ratio when comparing intensities of secondary efflu-

ent to WWTP influent.

Recalcitrant features of secondary treatment of pre-concentrated samples show effluent-
to-influent intensity ratio distribution with more density at low values compared to di-
rectly injected DOM. Having a higher number of lower values corresponds to having

more features displaying a stronger before-after difference in intensity of a chemical.

This implies that the LC-MS acquisition and data extraction of pre-concentrated samples
unveiled low-intensity molecular features in the influent which then were well removed

in secondary treatment.
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Figure 4.20 Distribution of the logarithmic ratio secondary effluent-to-influent of
absolute intensity for recalcitrant DOM features with directly injected and multi-

phase pre-concentrated samples.
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This underestimation of low-intensity features in directly injected samples can be both an
advantage and a drawback. The detected features are high-impact chemicals with a strong
signature in case of direct injection, hence a lower chance of error when it comes to for-
mula assignment and intensity calculation. On the other hand, omitting weak signals ne-
glects micro-contaminants and TPs with low concentration which were the focus of the

methodology.

The author is inclined toward direct injection due to the simpler and cheaper preparative
procedure. Sample pre-concentration has shown previously to reduce the matrix-directed
ion suppression. A matrix correction algorithm was not applied in this study due to the
difficulty to predict the physiochemical properties of individual DOM constituents in the

non-targeted analysis.

This leads to the assumption that the observed intensity increase of recalcitrant features
after secondary treatment was at least partially accounted for by the matrix effect. Since
the effect was observed in both directly injected and pre-concentrated data, a better ma-
trix-suppression reduction could not be assumed. For this reason, the author is in favor of

direct injection until a more robust matrix effect correction is developed.

The trends in changes of mass fractions as well as the increase of unsaturation by observ-
ing DBE-O was detected within both sets of samples. The van Krevelen plot has shown
a similar distribution of features in both cases with a large part of CHONS matter residing

at H/C > 2 and CHON matter at 2.2 > H/C > 1.0.

Caution has to be exercised when comparing the two analyses due to the different loca-
tion, grab sampling, a different chromatographic method, and acquisition in PI mode only
in the case of pre-concentrated samples. Despite these differences, it is remarkable that
many outputs coincided with each other, giving promise to development of a generic fin-

gerprinting mechanism for WWT and transformation of DOM.
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5 GENERAL CONCLUSIONS

5.1 Summary

5.1.1 Non-targeted analysis of multi-stage WWTP

The first chapter of this thesis (Chapter 4.1) dealt with the building, testing, and applica-
tion of non-targeted LC-MS data extraction and analysis of directly injected samples to

fingerprint a multi-stage wastewater treatment system.

Various quality control tests were run to assure meaningful data in the non-targeted anal-
ysis. The precision and chromatographic range of DOM signals were evaluated using a
set of standards with varying physio-chemical properties and m/z of all detected signals
were corrected using a linear model based on m/z of standards. Ion chromatogram extrac-
tion and molecular formula prediction within the non-targeted data extraction protocol
are complex steps. They were therefore evaluated prior to analyzing the data. Artifact and
noise signals were removed in a series of filtering steps in MZmine and R, such as con-
stricting the CV among replicates to values lower than 30 %. The applied molecular for-
mula prediction settings were evaluated with a set of pharmaceuticals and resulted in a
yield of 86 % correct formulae. The formula prediction in HRMS relies heavily on iso-
topic pattern prediction. Therefore, only molecular features with a found isotopic pattern
were evaluated in this workflow. This step removes a large complement of molecular

features, but safeguards against a wrong formula assignment and noise peaks.

Significant changes of DOM were identified. Secondary treatment removed 1617 of 2409
(67%) detected molecular features while 255 of 1047 (24%) features appeared after sec-
ondary treatment. Subsets of molecular features within the treatment stages exhibited sig-
nificant changes. The unsaturation increased in secondary treatment by 1.5 DBE-O in the
bulk DOM and by 4.0 DBE-O comparing the subsets of disappeared and appeared mo-

lecular features.
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The van Krevelen plots indicated highly oxygenated, unsaturated matter and highly ali-
phatic, nitrogen-rich matter. The distribution of features did not follow the established
regions for the NOM and was attributed to anthropogenic compounds found in
wastewater. Biotransformation reaction pairs were explored for simple structural moieties
allowing investigation of the properties of individual molecular features. The comparison
with literature for analogous moieties has shown that the fractions of discovered reaction
pairs are correlating with the previous findings, despite the total number of pairs being

lower in our analysis.

KMD plots uncovered 31 prioritized, abundant homologous series for the -CH>- moiety.
The fraction of -CH>- series exhibited a preferential removal of homologs at high masses.
On the other hand, 38 -C>H>O- series were largely removed, suggesting complex behavior
of heterogeneous wastewater DOM. Altogether, the presented not-targeted analysis com-
bined various existing techniques to analyze wastewater. It explored the bulk properties

of wastewater LC-HRMS data and the subsets of features within the samples.

The approach described a chemical fingerprint of DOM transformation in wastewater.
However, the analysis is still limited by the scope of LC-MS detection, signal suppression

in the samples and the precision of data extraction.

5.1.2 LC-MS setup influence in non-targeted analysis

The second chapter (Section 4.2) explored the resilience of the developed non-targeted
analysis of wastewater DOM with respect to the choice of the HRMS-setup used to ac-
quire data. Hereby, LC-QTOF and LC-Orbitrap, which are both widely used setups in
environmental analytics, were compared. Both LC-MS setups delivered robust results
with respect to the developed non-targeted methodology. Orbitrap has shown higher ac-
curacy and resolving power. For example, the non-targeted analysis with the Orbitrap
data showed a higher amount of detected molecular formulae and a higher rate of molec-
ular formula assignment. QTOF was prolific in including a subset of higher molecular
weight features > 400 Da due it to the stronger stability of resolving power of QTOF at
high m/z of a signal. In addition, QTOF encompassed a larger mass range for the detected

complement of molecular features.
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Both Orbitrap and QTOF data were able to identify a reduction of average mass after
secondary treatment as well as the preferential disappearance of heavy DOM constituents

and appearance of DOM with mass 100-400 Da.

The increase of unsaturation expressed by DBE-O was detected in both sets of data. How-
ever, Orbitrap data demonstrated a lower DBE-O in all samples compared to QTOF im-
plying the detection of a slightly different complement of DOM. This peculiarity was also

observed in the van Krevelen plot.

In the van Krevelen plot, Orbitrap samples showed more molecular features in the region
of saturated DOM at H/C > 2 attributed to features with CHON and CHONS composition
and molecular weight > 600 Da. QTOF outperformed Orbitrap in the detection of chlo-
rinated compounds due to the better prediction of isotopic pattern with a higher intensity

of M+1 isotope in QTOF samples in the given experimental setup.

5.1.3 Comparison of non-targeted and suspect analyses

The suspect screening for pharmaceuticals of interest and their TPs in a multi-phase
WWTP revealed a strong removal of micro-contaminants in the secondary treatment and
a less pronounced one in tertiary treatment. The stages of tertiary treatment did not follow
a monotonous removal pattern which was also confirmed for the DOM of the pre-con-

centrated samples using a non-targeted DOM signal extraction.

Suspect screening remains the procedure to look at micro-contaminants of interest despite
the ability of non-targeted analysis to recognize DOM transformations in WWT. Pharma-
ceuticals and their TPs discovered here in a suspect screening were compared to analo-
gous signals in not pre-concentrated non-targeted data. The main discovered challenge
was the low intensity of compounds in non-targeted data. For example, the intensity of
Valsartan in secondary effluent was > 100 times lower in the non-targeted analysis that

did not apply a pre-concentration step.

The suspect screening was performed with HLB SPE pre-concentrated samples which
narrows down the extracted complement of DOM leading to the reduction of the matrix

effect. The reduction of the matrix improved the response in MS increasing the micro-
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contaminant intensity and allowing better peak recognition compared to signals in the

non-targeted analysis.

In addition, the correction of the matrix effect in suspect screening data in comparison to
injected IS improved the assessment of intensity shifts among samples. At the same time,
intensity correction is much more straightforward in a suspect screening than in non-tar-

geted screening.

It is easy to pick a proxy for a structurally related compound as IS in suspect screening,
but it is difficult to find a set of proxies to cover the properties of all DOM constituents
in non-targeted screening. While not described here, the author explored intensity correc-
tion in the non-targeted analysis by using native MZmine normalization algorithms and
own scripts to correct spectral ranges corresponding to logarithmic partition coefficient
(log P) or retention time range based on multiple IS. A satisfactory model of intensity

correction was not found.

An additional test of the suspect screening methodology was performed for a novel BAC-
UF pilot WWTP. The suspect screening for pharmaceuticals of interest and their TPs
revealed micro-contaminant elimination differences between the phases of not-saturated
and saturated BAC filter. BAC-UF showed a higher removal of micro-contaminants with
the unsaturated filter. In the latter runtime phase, BAC-UF showed a lower removal and
in some cases a release of micro-contaminants explained by desorption of micro-contam-
inants from the biomass in the reactor and the release of substances from conjugates down

the treatment line.

The suspect screening was able to follow the removal patterns throughout time and treat-
ment stages and the results correlated with various expected effects in the system, e.g.

clogging of the filter after a long operational period.
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5.2 Outlook

Non-targeted analysis drives the exploration of DOM transformation in wastewater grad-
ually displacing the interest in targeted methods in the researcher community. This shift
is explained by the development of user-friendly yet powerful computational data pro-
cessing tools for LC-MS analysis of wastewater DOM. Yet, many researchers still shy
away from the non-targeted analysis of wastewater DOM, owing to the fact that it remains

a complex procedure with various challenges.

For example, the acquisition of LC-MS data in non-targeted screening continues to limit
the scope of the analysis. The scope of detectable compounds is limited by the sample
preparation, chromatographic column, ionization chamber (in case of LC), and resolu-
tion/MS specification of the detector. Multiphase SPE was explored in this thesis and
provided satisfactory data for non-targeted analysis. However, a multiphase SPE has to
be carefully considered due to the preparative complexity. Novel ways of pre-concentrat-
ing and isolating relevant DOM fractions have to be researched. Chromatographic sepa-
ration has to be explored in the future by adding a separation step with a HILIC column.
This will widen the number of detected chemicals and help to uncover polar substances,

such as hydrolyzed metabolites and TPs.

In addition, the influence of the MS-setup on the output of non-targeted analysis was
detected in this thesis. Exploring these differences by comparing additional spectrometer

setups will further limit the error of untargeted analysis.

Another challenge of non-target screening as presented here is the extraction of LC-MS
data. In particular, peak recognition and assignment of elemental composition to molec-
ular features pose difficulties. Partially, the challenge of extracting molecular features is
limited by the physio-chemical properties of LC-MS analysis itself. For example, the
matrix-induced ion suppression leads to the intensity reduction of signals or a challenging

chromatography can cause tailing and cleaved peaks.

However, the improvement of algorithms in LC-MS data treatment will improve the yield

of molecular features. Therefore, novel LC-MS data toolboxes from both commercial (as
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Compound Discoverer® from Thermo) and open license (as Mass Spectrometry Devel-
opment Kit) sources have to be continuously explored and compared for their capabilities,

additionally to the MZmine-based methodology developed in this thesis.

The matrix-assisted ion suppression in MS remains one of the main challenges of the non-
targeted methodology compared to the targeted or suspect screening. Hitherto it was not
answered suitably in the literature despite many attempts, due to the author’s best
knowledge. The correction of the matrix effect requires the development of a range of IS
that mimics the physio-chemical properties of wastewater DOM in a representative fash-

ion.

The IS applied in this thesis were largely based on pharmaceutical compounds, however
in the future, the IS should also include IS related to NOM (for example tryptophan, etc.)
and highly polar compounds mimicking the TPs of DOM. Due to the cost of isotopically
labeled IS this task will be approached with great care in the future. Moreover, a correc-
tion of the intensity relies on intelligent algorithms which have to be adjusted to the ana-
lyzed data. Therefore, algorithms, for example with averaged IS intensity vs. chromato-
graphic time-weighted IS intensity, will need to be compared to estimate the best outcome

for wastewater DOM.

The non-targeted analysis will become a powerful tool in the analysis of the
transformation of wastewater DOM. However, the right application and fitting case stud-
ies have to determine the application of the analysis. In this thesis, the non-targeted anal-

ysis has shown notable transformations of DOM in secondary biological treatment.

The author’s hope is that this type of analysis, assisted by a suspect screening as applied
in this thesis as well, will be used to pinpoint changes in small molecules for novel tech-
nologies. In particular, technologies, which depend strongly on the transformation of
small molecules, will benefit from a non-targeted DOM analysis. For example, mem-
brane-filtering technologies as the reverse osmosis or nano-filtration need a way to dis-
cern small molecule fractions while looking at the bulk properties, since these can cast
light on the chemical-biofilm-membrane interactions in the system. In the future, such
systems shall be explored more intensively with respect to non-targeted analysis and the

accompanying suspect screening for transformations.
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1 DETECTED IS AND TESTS IN NON-TARGETED ANALYSIS OF
BIOLOGICAL TREATMENT

Detected IS

Table 7.1 Properties of measured IS as prevalent ionization mode, conventional

name, molecular formula, average retention time, intensity measured in the blank

and the CV of three replicates, the monoisotopic mass, the mass deviation from the

theoretical in mDa and in ppm after the m/z correction and also the mass deviation

in ppm before the m/z correction in R.

ESI Name Formula RT  Intensity CV Mass [Da]  Mass er- Mass Mass
mod ror, corr  error, error,
e [mDa] corr not
[ppm] corr
[ppm]
PI Acetaminophen-d, DsCsHsNO,  2.19  9.64E+05 7.86 155.0884 -0.1174 -0.75 -1.13
Antipyrine-d; DsCiiHoN,O  3.59  1.64E+07 8.44 191.1138 0.0427 0.22 -0.67
Atenolol-d; D,CisHisN,Os  2.24  5.79E+06 2.70 273.2070 -0.0796 -0.29 -0.64
azaperone-dy D4CioFH ;N3O 3.51  2.10E+06 14.16 331.1998 0.0106 0.03 -0.04
Bezafibrate-d, D4sCisCIH(eNO;  6.72  1.55E+06 15.53 365.1332 0.0687 0.19 -0.16
Carbamazepine-d ;o DyoCisH.N,O - 546 9.95E+06 12.70 246.1577 -0.0184 -0.07 -0.93
cimetidine-d;s DisCioHisNeS ~ 2.24  4.20E+06 2.41 255.1345 -0.0414 -0.16 -0.50
Citalopram-d, D4CFH;7:N2 O 526 1.02E+07 13.76 328.1889 0.0388 0.12 -0.40
Cprofloxacin-ds DsCi7FH(N3O;  3.36  1.88E+04 18.38 339.1834 -0.0052 -0.02 -1.19
Diclofenac-d, DsCiuCLH/NO,  7.87  4.35E+05 25.29 299.0418 -0.0582 -0.19 -0.19
Dexamethasone-d D4CrFHs0s  5.58  3.13E+05 22.02 396.225 -0.1089 -0.27 -0.27
diazepam-d;s DsCisCIHsN,O  6.67  1.69E+07 11.83 289.103 0.0630 0.22 -0.04
Diltiazem-d; D3CpHsN,O4S 534 9.38E+06 15.29 417.1802 0.0657 0.16 -0.87
Fluoxetine-ds DsCi;FsHisNO  6.13  3.46E+06 2222 314.1654 -0.0077 -0.02 -0.13
Glyburide-d; D3Cy:CIHsN30sS 777 6.04E+05 22.52 496.1627 0.0396 0.08 0.17
Indomethacin-d, D4sCioCIHNO;  7.85  4.29E+05 13.27 361.1019 -0.0308 -0.09 -0.02
Ketoprofen-d;s DiCisHiiOs  6.61  9.64E+05 11.95 257.1131 -0.0452 -0.17 -0.75
Lincomycin-d; D;CisH3iN;OsS 291 1.84E+06 8.39 409.2326 0.001 0 -0.29
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ESI Name Formula RT  Intensity CV Mass [Da]  Mass er- Mass Mass
mod ror, corr error, error,
e [mDa] corr not
[ppm] corr
[ppm]
meloxicam-d; DsCi4sH1oN3O4S, 672 5.52E+06 15.86 354.0536 0.0758 0.21 0.17
Ofloxacin-d; DsCisFH;7N;O4  3.31  1.58E+05 16.84 364.1626 0.0397 0.11 -0.25
Ronidazole-d;s DsCeHsNsOs  2.62 9.60E+04 29.13 203.0734 -0.0395 -0.19 -0.09
Sertraline-d; DsC:CLHu4N  6.21  1.04E+06 24.71 308.0926 0.0564 0.18 0.11
Simvastatin-ds De¢CysH30s  9.84  7.50E+04 57.74 424.3096 -0.3364 -0.79 1.15
sulfamethoxazole- D4CioH7N;05S 437 1.92E+06 11.56 257.0772 -0.0080 -0.03 -0.92
dy
Sulfapyridine-N- D4Ci3HoN;OsS  3.26  1.03E+05 17.18 295.0929 -0.3205 -1.08 -1.19
Acetyl-d,
Trimethoprim-d; DsCi4HisN4O; 322 1.75E+07 11.73 293.1567 0.0264 0.09 -0.19
Valsartan-dg DsCosHyiNsO;  7.01  1.37E+06 17.82 443.2773 -0.0406 -0.09 0.03
venlafaxine-d; D¢Ci7H2NO> 451 1.05E+07 15.86 283.2418 0.0474 0.17 -0.65
Verapamil-d D¢C7H3N,O4  5.85  2.14E+06 26.23 460.3208 0.0168 0.04 -0.13
Warfarin-ds DsCioH; ;05 7.14  8.49E+06 13.89 313.1362 -0.1319 -0.42 -0.18
Xylazine-d; DeCioHioN,S — 3.83  1.42E+07 16.12 226.1411 -0.0107 -0.05 -0.65
NI Bezafibrate-d, D4CioCIH;sNOs 570  4.88E+05 9.98 365.1332 0.0056 0.02 0.92
Chloramphenicol-ds CuDsH;,CIbN,Os — 3.76  8.18E+05 12.64 327.0432 0.6003 1.84 2.60
Citalopram-d, D4CyFH;7;N,O  8.88  1.99E+06 10.76 328.1889 -1.0516 -3.21 -3.86
Glyburide-d; D3CpCIH2sN;OsS - 6.69  9.81E+05 12.33 496.1627 0.7229 1.46 0.35
meloxicam-d; DsCi4H1oN3O4S,  5.60  5.33E+05 1.72 354.0536 0.3688 1.04 0.50
Valsartan-d DsCosHyiNsO; 599 1.19E+06 2.14 443.2773 0.7001 1.58 0.57
Warfarin-ds DsCioH; ;05 598  5.42E+06 6.67 313.1362 -0.0315 -0.1 0.19
118 Yaroslav Verkh - January 2019



Appendices: Outlook

Testing of formula prediction

Table 7.2 Test of formula prediction using pharmaceuticals measured at the same

spectrometric settings as wastewater samples showing the pharmaceuticals’ ioniza-

tion mode, trivial name, molecular formula of neutral compound, m/z of [M+H]* or

[M-H] ion depending on ionization, status whether the formula was recognized cor-

rectly and the corresponding isotopic pattern score, mass deviation from theoretical

mass, and normalized intensity of the monoisotopic peak in respective ionization

mode.

Po- Name Molecular for- [M+H]* m/z Prediction sta-  Isotopic pat- Mass Er- Signal in-
lar- mula [Da] tus  tern score% ror ppm tensity,
ity normalized
PI Propyphena- C14sHisN,O 231.1489 correct 0.98 1.3 327

zone
Verapamil C,7H35N,04 455.2902 correct 0.97 0.5 242
Irbesartan C,sHysNgO 429.2396 correct 0.96 04 2.37
Loratadine C,,CIH2;N,0, 383.1518 correct 0.93 0.7 2.37
Diazepam C16CIH;3N,O 285.0787 correct 0.94 0.9 2.30
Diltiazem CHy6N,04S 415.1684 correct 0.94 04 2.26
Norverapamil Cy6H36N-04 441.2746 correct 0.98 0.5 1.94
Xylazine C2H6NoS 221.1103 correct 0.96 1.7 1.85
Carbama_ze— CsH2N,O 237.1020 correct 0.98 1.1 1.81

pine
Clopidogrel C6CIHsNO,S 322.0660 correct 0.93 0.8 1.72
Alprazolam C7CIH 3Ny 309.0900 correct 0.95 0.6 1.50
Albendazole C12HsN;O,S 266.0955 correct 0.96 1.1 1.50
Trimethoprim C14HsN4O3 291.1447 correct 0.96 1.5 1.43
Propranolol CisH21NO, 260.1642 correct 0.98 1.1 1.41
10,11- CisH12NO, 253.0968 correct 0.97 1.3 1.35

epoxyCBZ
Thiabendazole C1oH7N3S 202.0430 correct 0.92 1.7 1.29
Levamisole C1H2N,S 205.0790 correct 0.92 1.8 1.27
Acridone C;3:HoNO 196.0754 correct 0.98 1.3 1.17
Tamsulosin C,H2sN,05S 409.1787 correct 0.94 1.2 1.08
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Po- Name  Molecular for- [M+H]* m/z Prediction sta-  Isotopic pat- Mass Er- Signal in-
lar- mula [Da] tus  tern score% ror ppm tensity,
ity normalized
Piroxicam CisHi3N;048 332.0696 correct 0.94 1.0 1.06
Carazolol CsH2N>O, 299.1750 correct 0.97 1.2 1.04
Desloratadine C9CIH 9N, 311.1308 correct 0.95 0.5 0.93
Meloxicam C14H3N304S, 352.0418 correct 0.80 0.6 0.71
Codeine CisHy1NO; 300.1590 correct 0.98 1.3 0.63
Oxycodone C3Hy1NO4 316.1537 correct 0.97 19 0.58
Nadolol C7H7NO, 310.2009 correct 0.97 1.2 0.39
Torasemide C16H20N403S 349.1324 correct 0.94 1.3 0.37
Cimetidine CoH6NgS 253.1225 correct 0.83 1.8 0.32
Warfarin C1oH160,4 309.1122 correct 0.96 0.2 0.28
Losartan C,,CIH;NgO 423.1693 correct 091 04 0.18
Sulfamethoxa- CioHi1N;058 254.0589 correct 0.95 1.7 -0.01

zole
Sotalol C1,Hy0N,03S 273.1263 correct 0.96 1.6 -0.08
Sertraline C,CLH;N 306.0812 correct 0.83 03 -0.20
Eryhromycin C37Hg7NO3 734.4688 wrong 0.93 0.9 -0.22
Ketoprofen Ci6H140; 255.1013 correct 0.98 1.0 -0.24
Salbutamol C3Hy1NO; 240.1589 correct 0.98 2.1 -0.28
Clarithromy— C33HeoNO13 748.4843 wrong 0.94 1.9 -0.29

cin
Glibenclamide  C,3CIH»N305S 494.1512 correct 0.89 0.1 -0.34
Lorazepam C15CLHoN,O, 321.0190 correct 0.84 0.8 -0.35
Famotidine CgH/5N,0,S; 338.0517 correct 0.92 1.4 -0.47
Bezafibrate C19CIHpNO4 362.1149 correct 0.83 1.3 -0.51
Valsartan Cy4H29N505 436.2339 correct 0.93 0.8 -0.59
Indomethacin C19CIH1sNO4 358.0839 correct 0.84 0.4 -0.60
Metronidazole CeHoN303 172.0713 correct 0.97 1.9 -0.61
Dimetridazole CsH/N;0, 142.0609 correct 0.98 1.7 -0.63
Tenoxicam Ci3HiiN304S, 338.0259 correct 0.91 1.3 -0.68
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Po- Name  Molecular for- [M+H]|* m/z Prediction sta-  Isotopic pat- Mass Er- Signal in-
lar- mula [Da] tus  tern score% ror ppm tensity,
ity normalized
Ronidazole CsHsN4O4 201.0614 correct 0.97 1.9 -0.71
Gemfibrozil C15H0; 251.1638 correct 0.93 1.5 -0.78
Venlafaxine C7H7NO, 2782113 correct 091 0.7 -0.81
Metronida- CeHoN30,4 188.0663 correct 0.95 1.3 -0.83

zole-OH
Cefalexin Ci6Hi7N304S 348.1007 wrong 091 1.0 -0.84
Azithromycin C33H7,N,04, 749.5159 wrong 0.90 2.0 -0.84
Metoprolol Ci5HysNO; 268.1903 wrong NA NA -0.85
NI Irbesartan C,sHosNgO 427.2254 correct 0.93 0.6 0.05
Acridone C;3HoNO 194.0613 correct 0.99 0.8 0.17
Warfarin Ci9H;604 307.0980 correct 0.96 1.2 -0.06
Losartan CCIH23N6O 421.1555 correct 0.89 1.3 -0.21
Valsartan C4H9N504 434.2201 correct 0.94 0.7 -0.34
Meloxicam C14H3N304S, 350.0279 correct 0.82 1.3 -0.57
Glibenclamide  C,3CIH»sN305S 492.1371 wrong 0.84 1.5 -0.59
Torasemide C16H20N4O3S 347.1188 wrong 0.94 1.9 -0.61
Tamsulosin C,0H2sN,05S 407.1649 wrong 0.90 2.1 -0.63
Bezafibrate C19CIH0NO4 360.1012 correct 0.80 1.2 -0.65
10,11- CisHi2N,0, 251.0828 correct 0.96 0.9 -0.67

epoxyCBZ
Pravastatin CpH3607 423.2393 correct 0.92 1.2 -0.68
Amlodipine C,0CIH5N,05 407.1384 correct 0.77 1.2 -0.69
Furosemide  C;»CIH;;N,OsS 329.0009 correct 0.82 1.4 -0.73
Lorazepam C;5CLLH0N,0, 319.0051 correct 0.82 1.4 -0.70
Piroxicam CisHi3N;048 330.0558 wrong 0.89 1.9 -0.73
Carazolol CsH2N,0, 297.1610 correct 0.94 0.6 -0.72
HCTZ C;CIHgN;04S, 295.9575 correct 0.74 0.9 -0.71
Thiabendazole CioH/N3S 200.0290 correct 0.92 0.8 -0.70
Gemfibrozil Ci5H,,0; 249.1500 correct 0.96 1.4 -0.68
Ranitidine C13H2N,058 313.1345 correct 0.90 1.5 -0.76
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Po- Name  Molecular for- [M+H]* m/z Prediction sta-  Isotopic pat- Mass Er- Signal in-
lar- mula [Da] tus  tern score% ror ppm tensity,
ity normalized
Salicylic acid C;H40; 137.0244 correct 0.98 0.5 -0.73
Clarithromy— C38H(,9N013 746.4698 correct 0.95 0.3 -0.78
cin
Salbutamol C3Hy1NO; 238.1450 correct 0.96 0.7 -0.80
Sulfamethoxa- C1oH11N;O3S 252.0450 correct 091 0.8 -0.81
zole
Azithromycin C33H7,N,04, 747.5013 wrong 0.77 0.7 -0.84
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Figure 7.1 The test of formula prediction for pharmaceuticals depending on m/z and

normalized intensity. The signals are shown in NI (left) or PI (right) modes.
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2 IS IN SUSPECT SCREENING OF BIOLOGICAL TREATMENT
AND DETECTED FRAGMENTS

Table 7.3 IS used for intensity correction of biodegradation and disinfection TPs.
Log P values predicted with OpenBabel ?'>213, and median RT extracted from all

processed samples.

Compound Name Formula Monoisotopic mass [Da] Log P RT [min]
Acetaminophen-dy D4CsHsNO> 155.09 142 1.29
Amlodipine-ds maleic acid ~ D4CCIH21N,Os 412.17  3.01 5.04
Antipyrine-ds D3C11H9N>O 191.11 148 2.83

Atenolol-d; D7C14H15N203 27321 154 1.41

azaperone-ds D4Ci9FH13N30 331.20 3.01 2.92
Bezafibrate-ds D4C19CIH16NO4 365.13  3.95 5.72
Carbamazepine-dio D10CisH2N2O 246.16  4.15 4.56
cimetidine-d; (N-methyl-d3) D3C10H13N6S 255.13  1.38 1.37
Ciprofloxacin-ds DsCi7FH10N303 339.18 198 2.73
Diclofenac-ds D4C14CLH7NO, 299.04 4.44 6.72
diazepam-ds DsCi6CIHgN,O 289.10  2.65 5.64

Diltiazem-d; D3C22H23N204S 417.18 3.14 4.58

Fluoxetine-ds DsCy7F3H13NO 314.17 4.83 5.33
Ibuprofen-ds D3Ci3Hi50, 209.15  3.07 1.97
Indomethacin-dy D4C19CIH12NO4 361.10 3.93 6.74
meloxicam-ds  D3Ci4H10N304S; 354.05 3.04 5.62
Ofloxacin-d3 DsCisFH17N304 364.16  1.55 2.66
Ronidazole-d3 D3C6HsN4O4 203.07 1.15 1.66
Sertraline-d3 D;Cy7CLH 14N 308.09 5.57 5.40

Yaroslav Verkh - January 2019 123



Characterization of dissolved organic matter in wastewater using liquid chromatography-high resolution
mass spectrometry

Compound Name Formula Monoisotopic mass [Da] Log P RT [min]
Simvastatin-ds DsC25H3205 42431 4.59 8.42
sulfamethoxazole-d4 D4C10H7N3038 257.08 3.10 3.39
Sulfapyridine-N-Acetyl-ds D4C13HoN305S 295.09 3.07 2.54
Trimethoprim-d3 D3C14H15N4O3 293.16 242 2.53
Valsartan-dsg DgC24H21N503 44328 4.16 6.01
venlafaxine-ds DsC17H21NO> 283.24 3.04 3.78
Verapamil-dg D¢C27H32N204 460.32  5.09 5.07

Warfarin-ds DsCi9H1104 313.14 3.6l 5.99

Xylazine-ds D¢Ci2HioN2S 226.14 2.72 3.07

Table 7.4 Detected fragments of parents and TPs in multistage WWTP suspect

screening in PI mode. Parent compounds with corresponding IS were confirmed us-

ing retention time.

Compound Name Ion m/z Retention Fragments
[Da] Time [min]
17beta-estradiol 273.1848 8.4 255.174
17beta-estradiol-1 279.1591 53
17beta-estradiol-2 289.1795 7.1 243.1739  271.1688
17beta-estradiol-3 289.1795 7.1 271.1688
acebutolol 337.2118 32 319.2015  260.1279  116.1071
acebutolol-15 295.165 3.3  278.1386  277.1547 194.1175  152.0706
acebutolol-16 222.1122 33
acebutolol-17 277.1541 33 277.1545  152.0706
acebutolol-18 309.1806 23 298.1704  232.0967 116.1071
acebutolol-7 343.1877 52

124

Yaroslav Verkh - January 2019



Appendices: Outlook

Compound Name Ion m/z Retention Fragments
[Da] Time [min]
acebutolol-8 368.2176 2.8 219.1123 59.0492
acebutolol-9 368.2176 4.0 152.0703
Acetaminophen 152.0706 2.0 93.03 110.06 120.04 136.04
Acetaminophen-1 110.0603 0.67 92.05 93.03 110.06
atenolol 267.1704 1.48 116.107  162.0911 190.086  208.0966
Atenolol 267.1704 1.48 116.107  162.0911 190.086  208.0966
atenolol-1 268.1541 2.6 250.1434 226.107  208.0965 196.07
Atenolol-1 268.1541 2.34 98.1 116.11 121.06
Bezafibrate 362.1151 5.7 276.08 316.11 344.1
Carbamazepine 237.1019 4.7 194.1 220.08
Carbamazepine-2 271.1074 3.37 79.054
Carbamazepine-3 180.0805 2.5 91.05 122.06
Diazepam 285.0787 5.7 182.0365
Diazepam-1 287.0578 51  257.0475  273.0604
estradiol 273.1848 83 255.1745 175.1116
estradiol-1 277.143 57  259.1325  231.1376  121.1012
iopamidol 777.8623 1.4 759.8512  686.7989  631.9391
iopamidol-6 777.8623 1.4 759.8512  686.7989  631.9391
Ketoprofen-1 242.1017 33 209.1
Ofloxacin ~ 362.1508 2.7 316.11
propylphenazone-2 281.1495 2.1 263.1391 89.06
propylphenazone-3 233.1282 3.1 2151178
propylphenazone-7 251.1387 32 219.1126  115.0754
terbutryne 242.1431 5 186.0806
Valsartan ~ 436.2343 6 235.1 306.1 418.22
Valsartan-1 336.1816 4.9 235.1 252.12
venlafaxine 278.2113 3.8 260.2
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Compound Name Ion m/z Retention Fragments
[Da] Time [min]
venlafaxine-1 264.1956 29 246.19
venlafaxine-3 235.1325 2.7 95.08575  81.07005  107.0857  125.0962
venlafaxine-4 265.1433 2.4 193.049
venlafaxine-d6 284.2488 3.8 266.24
Verapamil 455.29 52  84.08087  109.1012
Verapamil-1 291.2064 4 260.16
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AND MOLECULAR STRUCTURES OF PARENTS AND TPS
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Figure 7.2 Removal profiles of corrected intensity for Verapamil, 17p-estradiol, Ace-

butolol, and their confirmed and tentative TPs in a multi-stage wastewater treat-

ment system. Each series depicts two profiles divided due to the sampling mode.
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sampling mode.
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Figure 7.4 Removal profiles of corrected intensity for Valsartan, Venlafaxine, and
their confirmed and tentative TPs in a multi-stage wastewater treatment system.

Each series depicts two profiles divided due to the sampling mode.
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4 BAC-UF REACTOR DESCRIPTION, DETECTED IS, AND AD-
DITIONAL RESULTS

BAC-UF reactor description

ORGANOSORB® 10-CO coconut shell-based GAC filled the BAC filter at 2 m? operat-
ing volume and 50 min empty bed contact time. The fixed bed BAC filter received sec-
ondary effluent in a down-flow configuration at a flow rate of 48 m3-day!, resulting in
wastewater treatment of 38.3 bed volumes (BV) per day. BAC outlet fed the ultrafiltration
(UF) tank with a total surface of 220 m?, a 5 min filtration mode at 3000 L-h™!, a 30 s
backwash at 6000 L-h’!, a relaxation of 10 s, and a flux of 13 L-m™-h"!. Concentrate of
UF was recirculated on top of BAC filter with a flow rate of 60 m?*-day. BAC reactor was
continuously oxygenated during the concentrate recycle 10/10 s UF membrane operation

mode with scoured coarse bubbles.

IS detected in BAC-UF system

Table 7.5 IS used for intensity correction of biodegradation TPs. Predicted Log P

values and median RT extracted from all detected samples.

Compound Name Formula Monoisotopic mass [Da] Log P RT [min]
Acetaminophen-dy D4CsHsNO; 155.09 1.42 2.47
Amlodipine-dy maleic acid D4C20CIH21N2Os 412.17 3.01 4.80
Antipyrine-ds (Phenazone-d3) D3C11H9N,O 191.11 1.48 3.40
Atenolol-d;  D7Ci4H5N20; 27321 1.54 2.35

azaperone-ds D4C9FHisN3O 331.20 3.01 3.76
Azithromycin-ds D3CsgHeoN2O12 751.53 1.84 4.02
Bezafibrate-d;, D4Ci9CIH1sNO4 365.13 3.95 5.14
Carbamazepine-d;o  D10CisHaN>O 246.16 4.15 4.61
Cimetidine-d; (N-methyl-ds)  D3CioHi3NeS 255.13 1.38 243
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Compound Name Formula Monoisotopic mass [Da] Log P RT [min]
Citalopram-ds Hydrobromide D4Cy0FH;7N,O 328.19 3.81 4.23
Cprofloxacin-ds DsCi7FH0N303 339.18 1.98 3.28
Diclofenac-ds D4C14C1H/NO; 299.04 4.44 5.54
Dexamethasone-ds  D4C»FH2505 396.23 1.89 4.96
Diazepam-ds DsCisCIHsN2O 289.10 2.65 522
Diltiazem-d; D3C2H23N>04S 417.18 3.14 4.47
Fluoxetine-ds DsCi7F3H13NO 314.17 4.83 4.81
Indomethacin-d; D4C9CIH2NO4 361.10 3.93 5.57
Ketoprofen-d; D3Ci6H1103 257.11 3.11 5.00
meloxicam-ds; D3Ci4H0N304S2 354.05 3.04 4.88
Ofloxacin-ds D3CigFH17N304 364.16 1.55 3.14
Ronidazole-d; D3CsHsN4O4 203.07 1.15 2.47
Sertraline-d3 Hydrochloride  D3Cy7;Cl,H 4N 308.09 5.57 4.97
Simvastatin-ds D6C25H3,05 42431 4.59 6.08
sulfamethoxazole-d; D4CioH7N30;S 257.08 3.10 3.29
Sulfapyridine-N-Acetyl-d; D4Ci13HoN3O3S 295.09 3.07 3.05
Trimethoprim-d;  D3Ci4H5N4O3 293.16 242 2.96
Valsartan-ds  DgCz4H21N503 44328 4.16 5.14
venlafaxine-ds  DsCi7H21NO; 283.24 3.04 4.14
Verapamil-ds  DeCr7H32N204 460.32 5.09 4.44

Warfarin-ds DsCi9H 1104 313.14 3.6l 5.22

Xylazine-ds ~ D¢Ci2HioN2S 226.14 2.72 3.40
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Additional detected parents and TPs and their structures

Some TPs in Amoxicillin and Codeine series had the same mass as parents despite a dif-
ferent structure. They could not be distinguished by characteristic fragments and all can-

didates for the corresponding mass were reported here.
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Figure 7.7 Removal profiles of corrected intensity for parents and TPs of Amoxicil-
lin, Azithromycin, Bezafibrate, Codeine, and Ranitidine at 4 sampling dates and 3

sampling sites of the BAC-UF pilot treatment.
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Table 7.6 Detected fragments of parents and TPs in BAC-UF samples in PI mode. Parent

compounds with corresponding IS were confirmed using retention time.

Compound Name  Ion m/z Reten- Fragments
[Da] tion
Time
[min]
Amoxicillin - 366.1118 2.8 160.043  207.076
Amoxicillin-1  366.1118 2.8 160.043  207.076
Amoxicillin-3  340.1326 3.6 165.066 102.055 116.071
Atenolol 267.1703 2.1 150.09 116.11
Atenolol-1  268.1543 2.5 250.14 226.11 208.10 191.07 116.11
Azithromycin-1  829.4821 3.8 212.128 189.112 131.07
Bezafibrate-3 224.1281 2.6 208.1 191.07
Carbamazepine-2 271.1077 3.1 255.113
Codeine 300.1594 23 282.149  243.102  225.091 187.076  253.123
Codeine-2  300.1594 23 282149  243.102  225.091 187.076  253.123
Codeine-3  300.1594 23 282.149  243.102  225.091 187.076  253.123
Codeine-8 318.17 39 300.16  290.175  282.149  274.144  272.165
Iopromide 808.9036 2.2 114.055
Iopromide-3  665.9804 2.2 114.055
Penciclovir 254.1248 1.8 237.098 212.103
Penciclovir-7  268.104 1.7 136.062
Ranitidine 315.1485 3.7 138.091 126.091
Ranitidine-4  350.1857 2.7 160.043
Sulfamethazine  279.091 2.8 156.012 107.061 95.05
Sulfamethazine-1 295.0859 1.8 278.059
Valsartan 436.2343 4.8 101.06 57.07
Valsartan-1  336.1819 43 283.151
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