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Abstract
The cationic surfactants of the group of quaternary alkyl ammonium compounds (QAACs)
are used in numerous industrial and agricultural applications and are therefore released
into the environment in large amounts.
If these substances are present in the soil in non-toxic concentrations, soil
microorganisms could develop resistance mechanisms that likewise increase their
resistance to antibiotics (co-selection of antibiotic resistance). Against this background,
this work aims at improving the understanding of the behavior and the ecotoxicological
effects of QAACs in soil. Two hypotheses were tested: i) Continuous inputs of QAACs cause
a long-term accumulation of these compounds in soils, and ii) Sorption of QAACs to
expandable 3-layer clay minerals reduces their ecotoxicological effects.
The first step was to develop methods for extracting QAACs from soils and sewage sludge
and for quantifying their concentrations. Ultrasonic extraction (USE) followed by high
performance liquid chromatography with tandem mass spectrometry (HPLC-MS/MS)
turned out to be the best method for this purpose. Detection limits (LOD) for
alkyltrimethylammonium compounds (ATMACs), benzylalkyldimethylethylammonium
compounds (BACs) and dialkyldimethylammonium compounds (DADMACs) ranged from
0.1 μg kg-1 to 1.3 μg kg-1 and limits of quantification (LOQ) were between 0.2 μg kg-1 and
2.1 μg kg-1. The developed method allowed the investigation of the concentrations of
QAACs in agricultural soils of the Mezquital Valley, Mexico, which were irrigated for
different durations (0 to 88 years) with wastewater from Mexico City, to test hypothesis
i). The most abundant QAAC homologues in the soils were BACs >ATMACs > DADMACs.
Concentrations of QAACs increased linearly and slowly in the first years of irrigation
(∑ QAAC: 2 - 23 µg kg-1), but after 40 years of wastewater irrigation, an exponential
increase in QAAC concentrations (up to 155 µg kg-1) was observed. In contrast to
pharmaceuticals, no apparent steady-state of concentration was reached after decades of
wastewater irrigation. The long-term accumulation of QAACs in soil also suggested an
effective sorptive preservation of the compounds from biodegradation. The reduction of
toxicological effects on microorganisms due to sorption was tested by quantifying
minimum inhibitory concentrations (MICs) of QAACs on selected bacteria (Escherichia
coli, Acinetobacter, Enterococcus faecium, Enterococcus faecalis, Pseudomonas
fluorescence) in the presence and absence of the clay minerals smectite and kaolinite. In
the absence of smectite and kaolinite, the MICs ranged from 10 µg ml-1 to 30 µg ml-1 for
BAC-C12 and from 1.0 µg ml-1 to 3.5 µg ml-1 for DADMAC-C10 for all strains except the
more sensitive Acinetobacter strain. For all strains tested and both QAACs tested, the
presence of smectite apparently increased the MIC values, while kaolinite had no effect
on the MICs. Batch sorption experiments with the clay minerals proved that this shift in
apparent MICs was related to a reduction of dissolved concentrations of the QAACs due to
their sorption. The findings of this thesis thus prove the postulated long-term
accumulation of QAACs in soils caused by continuous inputs and the key role of sorption
for controlling their fate and ecotoxicological effects.
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Zusammenfassung
Die kationischen Tenside aus der Gruppe der quartären Alkylammoniumverbindungen
(QAAV) werden in zahlreichen industriellen und landwirtschaftlichen Anwendungen
eingesetzt und gelangen daher in großen Mengen in die Umwelt.
Sind diese Substanzen im Boden in nicht-toxischen Konzentrationen vorhanden, könnten
Bodenmikroorganismen Resistenzmechanismen entwickeln, die ebenfalls ihre Resistenz
gegenüber Antibiotika erhöhen (Ko-Selektion von Antibiotikaresistenzen). Vor diesem
Hintergrund zielt diese Arbeit auf ein besseres Verständnis des Verhaltens und der
ökotoxikologischen Effekte von QAAVs im Boden ab. Zwei Hypothesen wurden getestet:
i) Kontinuierliche Einträge von QAACs führen zu einer langfristigen Akkumulation dieser
Verbindungen in Böden, und ii) Sorption von QAACs an aufweitbaren 3-SchichtTonmineralen reduziert deren ökotoxikologische Effekte.
Im ersten Schritt wurden Methoden zur Extraktion von QAAVs aus Böden und
Klärschlämmen sowie zur Quantifizierung ihrer Konzentrationen entwickelt. Die
Ultraschallextraktion mit anschließender Hochleistungsflüssigchromatographie mit
Tandem-Massenspektrometrie erwies sich als beste Methode für diesen Zweck. Die
Nachweisgrenzen (NG) für Alkyltrimethylammonium-Verbindungen (ATMAV),
Benzylalkyldimethylethylammonium-Verbindungen
(BAV)
und
Dialkyldimethylammonium-Verbindungen (DADMAV) lagen im Bereich von 0,1 μg kg-1
bis 1,3 μg kg-1 und die Bestimmungsgrenzen (BG) lagen zwischen 0,2 μg kg-1 und 2,1
μg kg-1. Um Hypothese i) zu testen wurden anschließend die Konzentrationen von QAAVs
in landwirtschaftlichen Böden des Mezquital-Tals, Mexiko, untersucht, die für
unterschiedliche Zeiträume (0 bis 88 Jahre) mit Abwasser aus Mexiko-Stadt, bewässert
wurden. Die am häufigsten vorkommenden QAAV-Homologe in den Böden waren BAV >
ATMAV > DADMAV. Die Konzentrationen von QAAV stiegen in den ersten Jahren der
Bewässerung linear und langsam an (∑ QAAV: 2 - 23 µg kg-1), nach 40 Jahren der
Abwasserbewässerung wurde ein exponentieller Anstieg der QAAV-Konzentrationen (bis
zu 155 µg kg-1) beobachtet. Im Gegensatz zu Pharmazeutika wird nach jahrzehntelanger
Abwasserbewässerung kein Sorptionsplateau erreicht. Die langfristige Akkumulation von
QAAV in Böden wies bereits auf die Bedeutung ihrer Sorption für die Reduzierung ihres
biologischen Abbaus in Böden hin. Die Reduktion ökotoxikologischer Effekte auf
Bakterien infolge der Sorption wurde durch Quantifizierung von minimalen
Hemmkonzentrationen (MHK) von QAAV auf ausgewählte Bakterien (Escherichia coli,
Acinetobacter, Enterococcus faecium, Enterococcus faecalis, Pseudomonas fluorescens) in
Anwesenheit und Abwesenheit der Tonminerale Kaolinit und Smektit geprüft. Die MHK
lagen für alle Stämme außer dem empfindlicheren Acinetobacter-Stamm in Abwesenheit
von Smektit und Kaolinit im Bereich von 10 µg ml-1 bis 30 µg ml-1 für BAC-C12 und im
Bereich 1,0 µg ml-1 bis 3,5 µg ml-1 DADMAC-C10. Für beide getesteten QAAV erhöhte die
Anwesenheit von Smektit die effektiven MHK, während Kaolinit keinen Einfluss auf die
MHK hatte. Sorptionsexperimente mit den Tonmineralen bestätigten, dass diese
Verschiebung der effektiven MHK auf die Reduktion der gelösten QAAV-Konzentrationen
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infolge der Sorption zurückzuführen war. Die Ergebnisse dieser Arbeit belegen die
postulierte langfristige Akkumulation von QAAVs in Böden bei einem kontinuierlichen
Eintrag und die Schlüsselrolle der Sorption für das Verhalten und die ökotoxikologische
Wirkung dieser Verbindungen.
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Chapter 1.1

1 Extended summary
1.1 General Introduction
Quaternary alkylammonium compounds (QAACs) are a group of amphiphilic organic
compounds that are used worldwide as surfactants, disinfectants and detergents, for
example in household or agricultural chemicals, the food and beverage industry and the
medical sector. Their use rises as a consequence of the increasing pressure to reduce
usage of antibiotics and improving hygiene. Additionally, the recent COVID-19 pandemic
heavily increased the use of disinfectants like alkyltrimethylammonium compounds
(ATMACs),
benzylalkyldimethylammonium
compounds
(BACs)
and
dialkyldimethylammonium compounds (DADMACs) for the inactivation of the SARS-CoV2 Virus (Hora et al 2020).
Whether they are used in hospitals, in factories, in agriculture or in private households,
the QAACs end up in wastewater treatment plants where they are only incompletely
degraded and thus may prevail at subinhibitory concentrations (Tezel and Pavlostathis
2015). Finally, they are applied with sewage sludge or manure as fertilizer to the soils,
where they may promote (antibiotic) resistance in soil bacteria (Mulder et al 2018).
Weber and Rutala (2006) and Maertens et al (2020) described that microorganisms are
more tolerant against antibiotics like ciprofloxacin, when they were in contact with
QAACs before. The latter in combination with the COVID-19 pandemic and the rising
antibiotic resistance of microorganisms all around the world (Levy and Marshall 2004)
and not least a small amount of data for QAACs in soil (Mulder et al 2018), motivate this
work.
The aim of this thesis is to fill the data gap regarding the fate (chap. 3) and ecotoxicological
effects (chap. 4) of QAACs fate in soil. The basis for these investigations is the development
of an analytical method for the extraction of QAACs from soil and quantification of their
concentrations in soil (chap. 2).

1.2 Properties of QAACs
1.2.1 Chemical properties
The group of QACs consist of three main groups (a) linear alkylammonium compounds
(b) imidazole-derived compounds and (c) pyridin-derived compounds (Figure 1.1).
QAACs consist of a positive charged nitrogen which is accountable for the good water
solubility of QAACs molecules and at least one hydrophobic alkyl chain, which provides
their hydrophobicity. These two properties make them widely used surfactants. QAACs
form a specific sub-group of quaternary ammonium compounds (QACs) and are
characterized by their linear alkyl chains. The permanently positively charged nitrogen
surrounded by either (a) three methyl substituents and one alkyl group (ATAMCs), or (b)
two methyl groups and two alkyl groups (DADMACs), or (c) two methyl groups, a benzyl
1
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group and an alkyl chain of different length (BACs). Since the groups of QACs and QAACs
are very heterogeneous and the inconsistency of their nomenclature in the literature, it is
challenging to get an exact overview of their chemical properties, the production volumes
and their occurrence and applications from recent publications. Moreover, there are up
to 82 synonyms for individual QAACs homologues (Mulder et al 2018). This dissertation
is focused on linear alkylammonium compounds.

linear alkylammonium
compounds

imidazole-derived
compounds

pyridin-derived
compounds

alkyltrimethylammonium
compounds

benzylalkyldimethylammonium compounds

dialkyldimethylammonium compounds

Figure 1.1 Overview of the three main groups of quaternary ammonium compounds (QACs) - Linear alkylammonium
compounds, imidazole-derived compounds, pyridin-derived compounds and the three main groups of quaternary
alkylammonium
compounds
(QAACs)
alkyltrimethylammonium
compounds
(ATMACs),
benzylalkyldimethylammonium compounds (BACs), dialkyldimethylammonium compounds (DADMACs).

DADMACs have two alkyl chains (Figure 1.1) and are therefore more hydrophobic than
BACs and ATMACs. While ATMACs only have a linear alkyl group, BACs have not only a
linear alkyl group but also an additional benzyl group (PubChem 2021). As a result, BACs
are more hydrophobic than ATMACs resulting in the following relationship for
compounds of equal alkyl chain length regarding hydrophobicity:
ATMACs < BACs < DADMACs.
At lower concentration, QAACs exist as monomers in aqueous solutions. Above a specific
concentration, QAACs begin to form micelles. This critical concentration is termed critical
micelle concentration (CMC). This parameter is characteristic for surface active agents
and marks the range where important properties such as e.g. solubilisation and surface
2
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tension change abruptly (Tadros 2005). In aqueous media, the cationic parts of QAACs are
arranged outwards and the hydrophobic part is enclosed in the inner part of the
(spherical) micelle. Thus, above the CMC, QAACs are technically not dissolved in the
aqueous solution but rather form a second phase similar to an emulsion.
Parameters like the n-Octanol/Water Partition Coefficient (KOW) and water solubility are
often used to describe the ecological effect of substances (Bliefert 2002). KOW is the key
parameter to describe sorption (and bioaccumulation) of chemicals in the environment
and the water solubility is a key parameter of hydrophobic substances regarding their
retention or leaching potential from soil due to soil water flow (Schwarzenbach and
Westall 1981, Razzaque and Grathwohl 2008). The sorption of QAACs to biosolids is
driven by ionic and hydrophobic interaction. Therefore, Ismail et al (2010) and Mulder et
al (2020) propose that the CMC is a suitable parameter for the description of the effects
and the fate of QAACs in the environment and that KOW is of limited applicability/not
applicable for characterizing the behavior of QAACs in the environment.
Due to their remarkable surfactant and disinfectant properties, QAACs have seemingly
ubiquitous fields of applications: ATMACs with chain length C-16 (also called
cetrimonium chloride), C-18 (also called steartrimonium chloride) and C-22 (also called
behentrimonium chloride) are commonly used in hair care products to make the hair
softer, easy to comb and antistatic (SCCS 2007, Lara-Martín et al 2010). DADMACs were
used in fabric softeners (Gerike et al 1994) but were replaced by esterquats due to
ecological risk concerns mostly (Mishra and Tyagi 2007). DADMACs are often used with
various DADMACs as mixtures containing up to > 90 % DADMAC C-10. In the EU it is
mostly used for the protection of ornamental plants (EURL 2016) but we also found
containers of detergents used for cleaning the stables containing DADMACs at local hog
farms where we took soil and manure samples. BACs are used as disinfectants since 1935
(Domagk 1935, Frankl 1941). Today they are, often referred to as benzalkonium chloride,
used as antiseptic agent in a wide range of pharmaceuticals for example eye drops and
nasal spray (Aronson 2015). The antiseptic effect arises from its potential to denaturize
proteins and the lysis of cytoplasmic membranes (Ittoop et al 2015). BACs do also
enhance the drug delivery into human bodies (Burstein and Klyce 1977), which is another
reason for the pharmaceutical use.
1.2.2 Interaction of QAACs soil and soil minerals
Due to their permanent positive charge, QAACs tend to interact with negatively charged
surfaces in soils (Boethling and Lynch 1992). They accumulate at solids rather than in the
aqueous phase (Suter et al 1997, Martínez-Carballo et al 2007).
The sequestration of sarafloxacin and difloxacin (antibiotics) to soil leads to nonbioaccessable fraction of these substances due to strong and rapid sorption. Thus, neither
nitrification nor denitrification was affected by difloxacin in experiments with realistic
soil concentrations (Rosendahl et al 2012). Similar was described by Förster et al (2009),
3
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they concluded that Sulfadiazine may persist in soil for years because it is not totally
bioaccessible due to sequestration in soils.
Clay minerals are known to retain QAACs, which is used for the application of QAACs in
organoclays for barrier applications (Zanini et al 2013, Zhao et al 2017). Further
important soil substances and possible sorption sites and sinks are the organic matter,
ferric oxides and the interior of soil microaggregates. It is known, as described in chapter
1.1, that there are several pathways for QAACs to enter agricultural soils. Nevertheless,
soil concentration data is rare and consequently the knowledge about the long-term fate
of QAACs in soil is currently lacking as well (Mulder et al 2018). We only found an old soil
study from Gerike et al (1994) who found 15 mg kg-1 as maximum concentration of
DADMACs in soil to which sewage sludge had been applied.
The data scarcity on QAACs in soils is further evidenced by own findings in a recent
literature survey using Web of Science. A search for “QAC” resulted in 671 references,
“QAAC” resulted in 9 and “QAAC OR QAC“ refined by “soil” showed 28 results, but the small
amount of studies is also affected by the numbers of synonyms in use as described before.
In contrast, there are many published data on the fate of QAACs in aquatic ecosystems,
wastewater and in particular bound to sediments (Zhang et al 2015).
To explore the effect of different clay minerals towards the toxicity of QAACs it is
important to have an idea of the sorption process of QAACs to different clay minerals.
There are many different clay minerals, which predominate the < 2 µm fraction in soils.
These group of phyllosilicates can be divided in three major categories, which are (i) 1:1
layer minerals, (ii) 2:1 layer minerals and (iii) 2:1:1 layer minerals (Barton 2002). In this
dissertation the focus was on the first two categories: 1:1 layer minerals consisting of a
tetrahedral and an octahedral layer (TO) and, 2:1 layer minerals consisting of two
tetrahedral and one octahedral layer between them (TOT).
Due to isomorphic substitution for Si4+ by Al3+ in the layers, the net charge of tetrahedral
layers is negative while the net charge of octahedral layers is positive. Net layer charge is
expressed as atom per unit (p. f. u.) (Guggenheim et al 2006). Since smectites consist of
two tetrahedral layers, each with negative net charge and one octahedral layer (positive
net charge) the net negative charge of smectite clay minerals (TOT) is x = 0.2 – 0.6 p. f. u.
(per formula unit) Kaolinite (TO) consists of one tetrahedral layer and one octahedral
layer resulting in x = 0 p. f. u. (Theng 2012). Kaolinite which is a typical representative of
the TO minerals is not expandable because the layers are connected via hydrogen
bonding. In contrast, smectites layers are attracted to each other by electrostatic forces
arising from exchangeable cations in the interlayers. When the cations are exchanged by
water, the interlayers of the minerals expand.
The resulting negative surface charge of smectites can attract the cationic QAACs more
than kaolinites and additionally QAACs can be trapped in mineral interlayer spaces.
Different working groups have shown, that the adsorption of QAACs in the interlayer
space occurs in different arrangements. Zanini et al. (2013) described that QAACs adsorb
4
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to clay surfaces in monolayers and bilayers in flat arrangement when the QAACs
concentration is around the cation exchange capacity (CEC). At concentrations above CEC,
the molecules are arranged orthogonally at the surfaces with the hydrophobic chain
pointing away from the clay surface. Presumably due to hydrophobic interaction of the
alkyl chain, a second layer of QAACs can interact and adsorb to the QAACs. Bergaya 2006,
Paiva et al 2008 and Zhao et al 2017 described the adsorption of QAACs into the interlayer
space. Depending on the QAACs concentration this occurs either in monolayers (Figure
1.2 a), or bilayers (Figure 1.2 b). At even higher concentration the QAACs are arranged in
paraffin like structures (Figure 1.2 c). This effect only occurs in TOT clay minerals.

Figure 1.2 Adsorption of ATMAC to 2:1 clay minerals like smectite and the size comparison with bacteria (d; not drawn
to scale). Sorption can occur in monolayers (a) bilayers (b) or paraffin-like structure (c). (modified from (Bergaya 2006,
Paiva et al 2008, Zhao et al 2017). True-to-scale representation for size comparison of bacteria (d) and the interlayer
space.

Soil bacteria and clay minerals are almost the same size and both larger by a factor of
1000 compared to ATMACs and the magnitude of basal spacing in clay minerals (Figure
1.3). Besides binding energies and other bonding properties, the mere size of bacteria may
hinder them to reach the molecules bound in interlayer spaces (cf. Figure 1.2 d).

5
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Figure 1.3 Scale comparison of an ATMAC molecule or the basal spacing of clay minerals (approx. 1 nm) and bacteria or
clay minerals (approx. 1 µm). Giraffe picture from vectorportal.com with CC license.

1.2.3 Ecotoxicological effects of QAACs
On the one hand, microorganisms can degrade QAACs (Games et al 1982, Clara et al 2007)
and on the other hand QAACs have a toxic effect towards bacteria, which is known since
1935 (Domagk 1935).
The biocidal effect of QAACs towards microorganisms is mainly based on the positively
charged nitrogen, which is interacting with the negatively charged parts of acidic
phospholipids in the cell membranes (Buffet-Bataillon et al 2012). The modeled
integration of QAACs in cell membranes is shown in Figure 1.4. Alkhalifa et al (2020)
showed, that a QAACs molecule is integrated in the cell wall with one alkyl chain after
another and ultimately it disturbs the integrity of the structure.
Bragg et al (2014) described the toxic effect of QAACs smilarly. The toxicity arises from
the ability to cause leaking and eventually destruction of cell membranes of bacteria,
which leads to a release of the inner cellstructures from the cytoplasma and death of the
cell.
Gravel et al (2017) described a worrying effect of BACs towards gram-negative bacteria.
They hypothesized that the cell membrane integrity of bacteria is disrupted by BACs in
two steps – outer membrane permeabilization and inner membrane permeabilization.
The first step occurs below their designated MIC value of 45 µg L-1. Consequently, a
sublethal concentration leads to stress adaption in bacteria cells and should be avoided.

6
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Figure 1.4 Modeled BAC (A) approach, (B) integration into the lipid bilayer of E.coli and (C) destruction of the cell
structure (Alkhalifa et al 2020).

Toxicity data for water organisms are described by many authors (Sandbacka et al 2000,
Garcı́a et al 2001, Kreuzinger et al 2007, Zhu et al 2010). Effect concentrations for aquatic
biota are summarized by Zhang et al (2015) and are between 0.021 mg L-1 for
P. subcapitata (BAC-C12) and 40.53 mg L-1 for rainbow trouts Oncorhynchus mykiss. In
contrast, the ecotoxicological effects of the compounds in soils are hardly described.
Sarkar et al (2010) described that ATMAC-C16 is more toxic to nitrification activities in
soil than ATMAC-C18. Bioaccumulation in earthworms has been described but there is no
data about its effects regarding the toxicity to the worms (Sarkar et al 2013).
Due to the positively charged nitrogen atom in their structure, it is indicated that QAACs
get into the interlayers of 2:1 clay minerals in natural soils (Zanini et al 2013). Slow
desorption from the interlayers could lead to sub-inhibitory QAACs concentrations in the
soil solution, potentially leading to co-selection antibiotic resistance genes of
microorganisms (Mulder et al 2018). Weber and Rutala (2006) and Kim et al (2018)
described that microorganisms show in laboratory experiments a lower susceptibility to
antibiotics when they were in contact with disinfectants before. However, they mentioned
restrictively that the resistance was not clinically relevant because they studied either not
human pathogens or the used antibiotics were not used to treat the pathogens in clinical
practice.
As described above, QAACs are toxic for microorganisms but they can also develop a
tolerance towards QAACs. There are various resistance mechanisms discussed in the
literature, for example enhanced biofilm development to hinder the disinfectant to come
in contact with most of the bacteria individuals (Bridier et al 2011, Andersson and Hughes
2014) and a modification of the cell membrane to make it less vulnerable towards
membrane disruption (Tezel and Pavlostathis 2015). The main resistance mechanism is
driven by plasmid-borne genes. Bjorland et al 2003 found the gene qacJ in three
Staphylococcus species involved in an efflux-mediated resistance. Additionally, qacA and
qacB coding for putative transport and efflux-proteins also seem to be involved in such
resistance mechanisms (Paulsen et al 1996). Further, qacG and qacH are responsible for
QAACs resistance development (Wassenaar et al 2015, Worthing et al 2018). For qacC
Fuentes et al 2005 described that the expressed proteins lead to beta-lactam antibiotic
resistance in gram-positive and -negative bacteria. This cross-resistance could lead
potentially to antibiotic resistance of soil bacteria, even if those bacteria did never face
7
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antibiotics but QAACs, which alone gives rise to concern. Wassenaar et al 2015 suggested
that qacA genes have even been spread across bacterial taxa. Furthermore, qac Genes are
located on class 1 integrons (Gillings et al 2009, Stalder et al 2012) that express gene
cassettes with resistance genes for almost any antibiotic family (Stalder et al 2012, Mulder
et al 2018). An integron is a genetic mechanism in bacteria that has a site to catch and
release small pieces of DNA which are called gene cassettes (Bennett 1999). These gene
cassettes are small mobile genetic units that can move passively as free molecules (Collis
and Hall 1995, White et al 2001). They are horizontally transmissible (Rao et al 2020) and
only transcribed when caught by integrons.

1.3 Objectives
The overarching hypotheses of this dissertation are:
i)
ii)

Continuous inputs lead to a long-term accumulation of QAACs in soils.
The sorption of QAACs in the interlayer spaces of clay minerals leads to a
reduction of their bio-accessibility for microorganisms and reduces their
ecotoxicological effect towards microorganisms.

To address these hypotheses the work of this thesis was split in three work packages:
(a) Establishing a method for the extraction and quantification of QAACs in
environmental samples.
(b) Soil concentrations of QAACs and their fate in agricultural soils.
(c) Exploring the effect of different types of clay minerals towards the toxicity of
QAACs for microorganisms.

1.4 Approaches and Methods
1.4.1 Extraction and quantification of QAACs
In order to address the analytical challenges and to establish a stable QAAC analyzing and
extraction method (work package (a)), the following steps in method development were
necessary:




Adaptation of a suitable extraction method from the literature and performance of
recovery rate tests.
Identification of a suitable analytical method and the transfer of this method to
QAACs and our HPLC MS/MS system
Determine and possibly reduce background concentrations from laboratory
equipment such as vials and the HPLC-MS/MS as well as solvents.

Extraction
The existing extraction methods for surfactants from environmental samples range from
supercritical fluid extraction (Fernández et al 1996) over solid/liquid extraction followed
by liquid/liquid extraction (Levsen et al 1993, Gerike et al 1994) and accelerated solvent
8
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extraction (Ferrer and Furlong 2002) to USE (Xiang et al 2015, Kang and Shin 2016). We
also tested (USE) methods, which were developed for the extraction of different
pollutants for example pharmaceuticals (Dalkmann et al 2012).
Chromatography and Mass spectrometry
The analysis of QAACs consists of two parts, their chromatographic separation via HPLC
and their detection in the MS/MS system. In general, there are various analytical column
types available for the separation of substances. The common ones use one of three main
substance characteristics, which are polarity (1), electrical charge (2) and molecular size
(3). With regards to the separation of various QAACs homologues we tested three
different columns with different mechanisms. All were reverse phase columns, which
means that the stationary phase is non-polar while the mobile phase is polar. A Zorbax RX
C8 column that was described in a QAAC analyzis study by Ruan et al (2014) and a
Nucleodur π² whose separation mechanism is based on hydrophobic interaction (and ππ interaction) were tested. Furthermore, we tested an XSelect CSH Phenyl Hexyl column
which has a positive charged surface that could lead to faster retention times, since QAACs
have a permanent positive charge at the nitrogen atom, leading to repulsion effects.
Only a few gradient programs for chromatographic separation were found in the
literature (Li and Brownawell 2009, Chen et al 2013, Ruan et al 2014). Chen et al. (2013)
used an isocratic method with acidified methanol (A) and water (B). The method was
developed based on Ruan et al (2014) and Li and Bownawell (2009). Both working groups
used either acidified acetonitrile or acidified methanol (A) and water (B) as well as 2propanol (C). The goal was to reduce the number of solvents in order to reduce
preparation times and the error-proneness, both on the users and the instruments side.
MS tunes for parameters like cone voltage, collision energy and system temperatures for
QAACs were performed with a direct injection system. Thus, the parameters were
optimized for each of the QAACs (ATMAC C-8, ATMAC C-10, ATMAC C-12, ATMAC C-14,
ATMAC C-16, BAC C-8, BAC C-10, BAC C-12, BAC C-14, BAC C-16, BAC C-18, DADMAC C-8,
DADMAC C-10, DADMAC C-12, DADMAC C-14, DADMAC C-16). Ion transitions were taken
from Ruan et al. (2014). The results for the MS/MS optimization are shown in chapter 2.
Background concentrations
As described before, QAACs are widely used for cleaning almost everything and
laboratory equipment is no exception. We also assumed that some QAACs may be used as
lubricants or as some kind of separating agent during the manufacturing process of HPLC
equipment. To minimize the background signals in blank measurements, we tested
various glassware pretreatments like rinsing the whole equipment with acetonitrile
before use as well as rinsing it with Decon 90 as recommended by Bassarab et al (2011).
Decon 90 is originally a cationic cleaning agent, which was in our case intended to occupy
the sorption sites in glassware to prevent analytical substance loss during the
measurement. Vials of different manufactures (amber glass and clear glass) and their cap
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material (Polytetrafluoroethylene or rubber) were also tested with regard to QAACs loss
or release during analysis.
1.4.2 Soil concentrations and fate of QAACs in agricultural soils
For work package b (c. f. 1.3) we took samples from three sets of samples: A first sample
set consisted of samples from soils that were fertilized with sewage sludge from the exact
same wastewater treatment plant (I) and a second set of samples that was collected from
soils that have only been fertilized with liquid manure (II). The manure and sewage sludge
were sampled as well. A third sample set was taken in the Mezquital Valley, Mexico City
(III). Sample set (I) was taken from basaltic loamy sand acres for corn cultivation fertilized
with sewage sludge and one without sewage sludge as control field. Mixed samples from
both acres were taken before sewage sludge fertilization and in time intervals of 3 d, 8 d
and15 d afterwards. The second sample set (II) was taken on two acres (loess loam) for
corn and wheat cultivations. Both were fertilized with liquid manure and one of them
additionally with sewage sludge. Here again, a time sequence was taken - from before
spreading the sewage sludge and afterwards (2 d, 9 d, 17 d).
Samples from a manure fertilized millet field with a clayey soil (Figure 1.5) as well as from
an unfertilized field were taken again before the first yearly fertilization and four times
after that (4 d, 8 d, 14 d, 28 d). The manure stemmed from pig husbandry and was
collected and thus mixed with grey water in tanks next to the stables. We could confirm
with the farmer and the detergents in use that DADMAC C-12 was employed for cleaning
of the pigpens. Sample sets I and II were all from Hesse and taken in winter and spring
2017.

Figure 1.5 Sampling the frozen soil and the manure tank in January 2017.

The sample set III consists of samples from two sampling events. The first samples were
taken in 2011 by the working group for the Dalkmann et al (2012) study and the second
samples were taken in 2018 by Jan Siemens and Christina Siebe. Both samplings represent
a chronosequence of wastewater irrigation (0, 1, 3, 6, 8, 13.5, 35, 85 years).
The Mezquital Valley in Mexico in the north of Mexico City is one of the largest wastewater
irrigated area is worldwide (900 ha) and it is still expanding (Siebe and Cifuentes 1995,
Broszat et al 2014, Contreras et al 2017) as a consequence of the expansion of the city.
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Due to the wide field of application of QAACs and as a result of their presence in the
domestic, municipal as well as industrial wastewater, we hypothesized that QAACs are
applied with wastewater used for irrigation to the soils of the agricultural land. The main
soil types in the region are Leptosols, Phaeozems and Vertisols according to the World
Reference Base for Soil Resources, which are rich in clay minerals (Siebe 1998).
On the one hand, irrigation with wastewater provides not only water, but also nutrients
like nitrogen and phosphorus to crops increasing their yield. On the other hand, the
wastewater is also a source of contamination for pollutants such as heavy metals,
pharmaceuticals and probably disinfectants that accumulate in those soils (GutiérrezRuiz et al 1995, Dalkmann et al 2012). Concerning are the findings of Jechalke et al (2015)
that the abundance of all antibiotic resistance genes tested increased significantly during
wastewater irrigation in the Mezquital Valley area.
We performed QAACs analysis with HPLC-MS/MS and additionally determined organic
carbon content, CaCO3 content, pH-value, soil texture and trace metal content. With these
values, a correlation analysis was performed in order to investigate the influence of soil
parameters on the QAACs content. Furthermore, these data provided comparative insight
on the fate of QAACs and metals in soil. Eventually, the fate of QAACs and pharmaceuticals
can be compared, since Dalkmann et al (2012) performed pharmaceutical analytics of the
exact same soils (sample set from 2012).
1.4.3 Exploring the effect of different types of clay minerals towards the toxicity of
QAACs for microorganisms.
We assume that the apparent MIC of QAACs is higher in an environment with smectites
compared to kaolinites. The MIC describes lowest concentration of an antimicrobial
substance that inhibits the visible growth of microorganisms after a night of incubation
(Andrews 2001). The knowledge about the different MICs of soil bacteria plays a central
role in order to understand QAACs tolerance of bacteria, and furthermore, the spread of
antibiotic genes in soils.
Taken together, the toxicity of QAACs, the ability of smectites to sequestrate QAACs and
slowly releasing them and the adaptability of bacteria towards QAACs, which eventually
can lead to antibiotic resistance, demonstrate the importance of this work package.
We investigated the difference of the growth dynamics and MIC values for eight different
bacteria taxa in presence of TOT and TO clay minerals. BAC C-12 and DADMAC-C10 were
selected as representative of the most used QAACs.
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1.5 Summary of results
1.5.1 A method for the extraction and quantification of QAACs in environmental
samples.
The Zorbax RX C8 column showed the lowest signals. The Nucleodur π² and the XSelect
CSH Phenyl Hexyl column showed similar signals but the later formed narrower peaks
and has a wider pH stability (1 – 11). The extracts that were cleaned up with a solid phase
extraction (SPE) had pH values < 0.3 since they were eluted with methanol/HCl. Thus, we
decided to use the XSelect column which is more stable at the lower pH values.
For the measurement of only one or two homologues e.g. sorption experiments I
developed a fast HPLC method. This method is an isocratic method with two eluents (A)
15 % MQ-water and 50 mM formic acid and 10 mM ammonium formate and (B) 85%
acetonitrile. This method is faster than a gradient program because there is no
equilibration time needed after each run and also the retention times were shorter mainly
because the portion of acetonitrile is higher compared to a gradient program that starts
usually with the aqueous phase. For the gradient program that was developed for the
analyzes of soil samples we tried to reduce the eluents from three as used by Ruan et al
(2014) for sewage sludge to two because it is less prone to errors in terms of solvent
preparation or pumping issues. Methanol was exchanged with acetonitrile because we
observed faster elution and less tailing with acetonitrile. Additionally, the pressure
experienced by the column is lower when acetonitrile was used, which solved the problem
with high pressures in the system for us.
Pressurized solvent extraction, microwave extraction and supercritical fluid extraction
resulted in poor recoveries which were mostly below the limits of detection (LOD).
Ultrasonic extraction turned out as the best method. Recovery rates for the nondeuterated analytes were between 47 % and 57 % with at the same time good precision
(≤ 3 % SD). Another advantage of USE is its simplicity (compared to the other tested ones),
which makes the method usable also in small laboratories without special equipment.
Extraction with acetonitrile with HCl worked best for (spiked) soils. We observed almost
no matrix effect when comparing analyte recovery in pure solvent compared to spiked
soil extraction. But nevertheless we decided to add deuterated internal standards to
compensate possible matrix effects and instrumental drift. Soil extracts were transparent
without floating particles. In contrast, sewage sludge extracts were not transparent and
they also consisted of two phases: one aqueous and a second phase that appeared dark
and oily (Figure 1.6). Therefore, a cleanup step with SPE was needed. After SPE the pHvalues were < 0.5. We raised the pH in the extracts afterwards with NaOH (1 mol), but it
was tedious and in certain samples the amount of NaOH was exceedingly high and led to
a visible precipitation in the samples. The crystalline precipitation was NaCl, which would
not disturb the measurement but in the course of this reaction, QAAC could also be
precipitated. Hence, the pH-value was no longer raised. In combination with the little
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injection volume of 20 µL and the buffer ability of the solvents, this pH values did not harm
the instruments.

Figure 1.6 Extracts of sewage sludge with visible two phases (left) and extracts in SPE cartridges (right).

We measured calibrations for all analytes in each run and also determined LOD and limits
of quantification (LOQ). Nevertheless, we calculated LOD and LOQ over three years of
routine analyzes and chose the median of those measurements as robust LOQ and LOD.
LOQ for the different ATMACs homologues were between 0.3 µg kg-1 (ATMAC C-8) and
1.1 µg kg-1 (ATMAC C-16), for BACs between 0.3 µg kg-1 (BAC C-8) and 0.9 µg kg-1 (BACC16) and for DADMACs between 0.5 µg kg-1 and 2.1 µg kg-1. The LOQ and LOD were all
lower and some even much lower than those of previous studies (Merino et al 2003,
Martínez-Carballo et al 2007, Ruan et al 2014, Bergé et al 2016). In general, the recovery
rates of DADAMCs were relatively low and the LOQ were relatively high. Both could be
due to the two alkyl chains which they comprise of. On the one hand, this leads to more
hydrophobic interaction between DADMACs and hydrophobic soil particles like soil
organic matter and thus lower extraction efficiency. On the other hand the high LOD of
DADMACs could be due to incomplete elution from the analytical column, since the used
column separates based on hydrophobic interaction. Higher background contamination
due to the extraction equipment could be another reason.
In order to tackle the problem of background concentrations, the extraction equipment
was washed with acetonitrile in advance of each experiment. With regards to the vials
used for the measurement we found no difference between clear glass vials and amber
glass vials, neither in blank values nor with analyte solution. The same applies to the vial
treatment with DECON 90. However, the material of the caps seemed to have an influence
towards BAC-C12 recovery. Predictably, Polytetrafluoroethylene caps did not influence
the recovery of BAC-C12, quite the opposite of the rubber caps that absorbed > 40 % of a
100 µg L-1 BAC-C12 solution.
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1.5.2 Soil concentrations of QAACs and their fate in agricultural soils after
longtime wastewater irrigation compared to pharmaceuticals, metals and
soil properties.
The pH-value of the soils decreased slightly with the duration of irrigation of the Mexican
soils in both sample sets (2012, 2018). These results have also been shown in other
studies on wastewater irrigation (Siebe Grabach 1994, Xu et al 2010, Broszat et al 2014).
The decrease could be due to proton production by nitrification which is stronger due to
the input of organic nitrogen (Hernández-Martínez et al 2018). Additionally the oxidation
of organic matter (Corg), which is imported with the wastewater, leads to higher CO2
concentrations and eventually to higher H2CO3 concentrations in soil resulting in lower
pH values (Amelung et al 2018).
The carbonate content remained stable at low values in all samples (approx. 1 %). As
expected, the organic carbon content was highest after long-term irrigation (34 a and
85 a). The clay content remained stable between 39 % and 54 % and was apparently
independent from irrigation time, because the amount of fine material transported by
wastewater was too small to increase the clay content of the soils.
The chromium values were remarkably high (50 mg kg-1) even in the rain fed soils. This
may be due to the volcanic origin of the parent material of the soils in the valley. The
concentration of cadmium, chromium, copper, nickel, phosphor, sulfur and zinc were
higher the longer the wastewater irrigation. While this was to be expected and has
previously been demonstrated by Siebe and Cifuentes (1995) it supports the selection of
the soils as a suitable choice because it shows the accumulation of deposited substance in
soils due to wastewater irrigation.
All samples contained at least one QAACs homologue. The group of BACs were detected
most frequently with up to 131.2 µg kg-1 followed by ATMACs with 12.7 µg kg-1 and
DADMACs with 11.3 µg kg-1. BACs are the most common used QAACs in households and
thus also in the wastewater from a city. The most QAACs in total were detected in soils
with 88 years of irrigation. As described before, we had samples from 2011 and 2018.
The concentration of the sum of QAACs correlated strongly with irrigation time (r = 0.88).
The same was observed for sum of ATMACs and BACs (r = 0.89). DADMAC had a weaker
correlation with the time of irrigation (r = 0.60), which I suggest is due to lower input
from wastewater compared with other inputs (c. f. 1.2). DADMACs are often used directly
at the agricultural land or farm for cleaning purposes or plant protection, while BACs and
ATMACs are more often used in households or the medical sector. In general the recovery
rates of DADMACs are lower compared to other QAACs especially DADMACs with alkyl
chains longer than 12 C atoms (c. f. 1.4.1.). Multiple regression showed, that the time of
irrigation explained the observed increase of QAACs concentrations in soil (p = 0.044 in
2018; p = 0.013 in 2001) better than pH and clay content.
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For ATMACs and BACs we found a biphasic accumulation with increasing time of
irrigation. This was also observed for DADMACs concentrations in samples from 2011.
More precisely, the accumulation in the first 40 years of irrigation was linear. The
accumulation in the following years (> 40 a) rose exponentially. This biphasic fate is
neither comparable to the fate of heavy metals in soil as described by Siebe and Cifuentes
(1995), nor similar to the fate of pharmaceuticals as described by Dalkmann et al (2012).
It is obvious that the fate is different (Figure 1.7). In contrast to QAACs concentrations,
concentrations of pharmaceuticals reach a plateau with longer irrigation time, marking a
steady-state of input and dissipation of pharmaceuticals (Figure 1.7). There are three
possible reasons for the different behavior of QAACs compared to pharmaceuticals, (i)
QAACs were used in excessive amounts after their invention around the 1940s and their
use then declined to a lower level or (ii) QAACs are stronger bound to soil particles after
long-term irrigation which leads to reduced biodegradation, or (iii) the plateau is not yet
reached after 80 years of irrigation and the QAACs still open up new sorption places due
to hydrophobic interaction with each other. It is also conceivable that a mixture of all
three mechanisms is responsible for the exponential increase in QAACs concentrations in
soil over irrigation. But another limitation should be mentioned, the amount of samples
and consequently data points is much larger for the first 40 years (c. f. 1.3.).

soil concentration

Pharmaceuticals
QAACs

irrigation time
Figure 1.7 Schematic representation of the sorption of QAACs (red) and pharmaceuticals (black) towards soil particles
over time of wastewater irrigation.

Overall, we determined higher concentrations in samples from 2018 than from 2011,
which could be caused by aging effects of the QAAC in the soil and biodegradation by
bacteria. The concentration of trace metals were different.
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Although both sample sets were stored at -32 °C, the samples from 2018 were processed
almost immediately while the samples from 2011 were stored for seven years. But, even
though some working groups described an aging effect of QAACs due to the association to
stronger sorption sites (Fernández et al 1996, Li and Brownawell 2009), Doherty (2013)
found that ATMACs and DADMACs did not degrade in environmental samples under
anoxic conditions and QAACs were extracted in the same amount as from fresh samples
after one year. Since the samples were stored in a freezer (-32 °C) oxic degradation by
bacteria is unlikely. A possible reason is that the samples from 2011 were not taken in
order to perform QAACs analyzes but pharmaceuticals and thus they were not handled
QAACs specific. Additionally they might have been defrosted more often for other
experiments.
Additionally to the samples from Mexico, soil samples from the Wetterau (Hesse;
Germany) were measured. The original plan to examine five different sample sites could
not be carried out in the context of the present dissertation. For technical reasons, in the
form of a defective HPLC pump, only the samples from Mexico and a small number of
samples from Germany could be examined so far. This also kept me from measuring
QAACs in the samples in triplicates. Nevertheless, I found first evidence that the samples
from the Wetterau had no elevated QAACs concentrations directly after sewage sludge
application. However, in samples taken eight days after application QAACs have been
detected. I assume, that a lack of turbation and selective sampling of soil (without visibly
still differentiable applied dried sewage sludge on top of the soil on the first day after
application) may be the reason for this phenomenon.
1.5.3 The effect of different types of clay minerals towards the toxicity of QAACs
for microorganisms.
The MIC values in absence of clay mineral particles were in the range between 5 and
30 mg L-1 for BAC-C12 and 1.0 to 3-5 mg L-1 for DADMAC-C10 for most tested bacteria. We
have seen different growth kinetics for the bacterial taxa. Those kinetic data revealed, that
even with the same endpoint MIC, bacteria showed different response to QAACs.
Concentrations of QAACs smaller than the MIC did extend the lag phase (Figure 1.8) or
changed growth rates. This suggested that the risk assessment of QAACs should not only
focus on the MICs as endpoint of the assessment but take into account bacterial growth
kinetics. Some bacteria showed different growth behavior within the same species and
even more so among replicates (P. fluorescens), which is a good indication that bacteria
adapt spontaneously. Nishihara et al (2000) have shown a similar behavior for P.
fluorescens. It has been proposed that the expression of QAAC-efflux pump genes and
changes in the cell membrane´s fatty acids are possible spontaneous adaptions (GuérinMéchin et al 1999, Jennings et al 2015).
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E. coli ESBL 37 B_15_13_1E
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1

log OD 600 nm

0 µg mL-1
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Figure 1.8 Optical density (log OD), marking the growth of E. coli, over time with the addition of BAC-C12. At
concentrations of 15 and 20 µg mL-1 a shift towards delayed growth is apparent.

The addition of the 2:1 layer clay mineral smectite led to higher apparent MIC values for
all tested strains (Table 1.1). This confirmed parts of our overarching hypothesis that
smectite minerals buffer the toxicity of the selected QAACs. In contrast, the effect of
kaolinite minerals compared to the control without mineral added was negligible.
Possibly a significant fraction of the QAACs was sorbed in the expandable interlayer
spaces of the smectite clay minerals, which is not accessible for bacteria (see Figure 1.2).
Table 1.1 Shift in apparent MIC [µg mL-1] of four tested strains with BAC-C12 and DADMAC-C10 while adding smectite
or kaolinite compared to the control with no addition of clay.

Test strain

Clay mineral

E. coli
none
ESBL 37 B15_13_1E kaolinite
smectite
E. coli ConF4
none
kaolinite
smectite
P. fluorescens
none
T
DSM 50090
kaolinite
smectite
none
E. faecalis DSM
kaolinite
20478T
smectite
a two

MIC
BAC-C12
[µg mL-1]
12.5
< 6.25 / 12.5a
25
< 6.25
< 6.25
12.5 / 25 a
12.5
12.5
25
> 6.25
> 6.25
12.5 / 25 a

MIC
DADMAC-C10
[µg mL-1]
2.5
2.5
20
1.25
1.25
10
2.5
2.5
10 / 20a
1.25
1.25
10

values due to differences in duplicates
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Additionally, we observed that the MIC values shift after addition of smectites was more
strongly pronounced for DADMAC-C10 as compared to BAC-C12. Thus, a compound
specific interaction occurred and DADMAC-C10 appeared to be sequestered more
selectively than BAC-C12. Hydrophobic interaction of DADMACs takes place on via two
alkyl chains, while BAC-C12 can only interact with a single alkyl chain. Ismail et al (2010)
found that BACs sorption to sewage sludge was positively correlated with their
hydrophobicity, which confirms the findings.
The sorption isotherms showed that sorption occurred below and above the CEC in both,
kaolinite and smectite experiments (Figure 1.9). Thus, cation exchange alone is not the
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Figure 1.9 Dissolved concentration [Cfree] versus initial concentration [Cinitial] of DADMAC-C10 and smectite (left) and DADMACC10 and kaolinite (right) and MICs shown as blue long dash lines for E. coli ESBL37B15_13_1E and P. fuorescens DSM 50090T.
The according controls without clay minerals are shown as black triangles and circles.

only responsible mechanism. I propose that after all sorption places at the clay minerals
surface and interlayer spaces are occupied (marking the CEC), hydrophobic interaction of
the QAACs with other QAAC molecule hydrophobic moieties took place. Most likely this
occurred not only on the outer clay surface but also within the interlayer spaces. QAACs
are known to form bilayer and multilayer structures in the mineral interlayer spaces (Zhu
et al 2003), which leads to an increase in hydrophobic interaction capacity for smectites
compared to kaolinites. The expansion of the interlayer space in the smectite experiments
with QAACs was confirmed by TEM analyzes that made an expansion of the interlayer
spaces directly visible.
Next to the described effect of size exclusion of the bacteria cells, which is occurring in the
interlayer spaces, we observed another effect. When smectite clay minerals came in
contact with QAACs, they formed microaggregates. This effect was described before by
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Penner and Lagaly (2000). QAACs molecules that are trapped in these aggregates might
be inaccessible for bacteria, reducing their ecotoxicological effects even further.

1.6 Conclusion
An extraction method for soils and sewage was developed within this thesis for which
only basic laboratory equipment is required, namely an ultrasonic bath. Therefore, the
extraction can be performed worldwide with this method. The developed HPLC-MS/MS
method is robust and less error prone than previously published methods (e.g. Ruan et al
2014) and it is suitable for soil and sewage sludge samples. The method delivers lower
LOQ and LOD than other published methods at constant retention times. I am confident
that the method can help to expand the sparse data availability regarding to QAACs
concentration in soils.
The analyzes of the QAACs concentrations in Mexican soils highlighted that QAACs are
widely present in soils. QAACs were present in each sample, both irrigated and nonirrigated. The sum of the QAACs (ATMACs, BACs, DADMACs) concentrations in Mexican
soils reached concentrations of up to 155 µg kg-1. This concentration, along with the fact
that each of the analyzed QAACs homologue was found and current knowledge on the
potential co-selection of antibiotics resistant bacteria, raises concern. To date neither
regulated threshold values for QAACs in soil nor ecotoxicity data are available.
To highlight the risk of uncontrolled deposition to soils, we have shown that the acute
toxicity of QAACs towards bacteria is reduced by smectite minerals, whereas kaolinites
did not have this effect. However, this supposedly positive effect of detoxification can lead
to chronic sublethal concentrations to which bacteria can adapt. It also shows that it is not
sufficient to determine MIC values for QAACs in the laboratory in axenic cultures without
taking into account the effects of sorption and possible biodegradation.
We observed an extended lag phase of bacteria growth below MIC values. These sublethal
QAACs concentrations may also lead not only to an adaption of bacteria towards QAACs
but also towards antibiotics in real soils, since the resistance mechanism is similar and in
some cases located on the same genes.
Since clay mineralogy seems to have a great influence on the fate and the effect of QAACs
in soils, further real soils of different texture and clay mineral composition (e. g. with more
TOT clay minerals or TO clay minerals) should be analyzed to transfer the laboratory scale
MIC experiments and findings to the environmental scale. Soils containing the same clay
content but different types of clay and with similar organic content should be compared
to each other to illuminate the effect of clay mineralogy towards the fate of QAACs. For
example soils of high kaolinite content from the Hunsrück area could be compared to soils
from the Vienna Basin which are dominated by smectites. Further research may be
performed in order to address the effect of different loads of QAACs at a time.
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One limitation of the toxicity work packages was that we mainly performed endpoint
experiments (MIC values). To address the effect towards the whole microbial population
in soils, metagenomics studies and microbial genome sequencing of the bacterial
community in the present of QAACs should be performed. In order to move back from the
group to the individual bacteria, changes in the fatty acid composition and other adaption
mechanism of bacteria in contact with sublethal QAACs concentration can help to
understand the mechanism of adaption. Since a deep search in the Ecotox database (US
EPA 2021) did not yield any results further research is needed in the field of
ecotoxicological effects of QAACs towards soil life like Lumbricidae and crop plants.
This work has shown for the first time that QAACs accumulate in soils: irrigation of
agricultural soils with untreated wastewater led to a biphasic accumulation of QAACs in
Mexican soils – a linear rise followed by an exponential rise. This accumulation is different
to an apparent steady-state accumulation of pharmaceuticals in soils. This thesis also
confirmed the hypothesis that clay minerals play an important role for controlling the
bioavailability and toxicity of QAACs for microorganisms.
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2 A fast and robust method for the extraction and analysis of
quaternary alkyl ammonium compounds from soil and sewage
sludge
This chapter is published in PLoS ONE as:
Heyde BJ, Barthel A, Siemens J, Mulder I (2020). A fast and robust method for the
extraction and analysis of quaternary alkyl ammonium compounds from soil and sewage
sludge. PLoS ONE 15(8): e0237020. https://doi.org/10.1371/journal.pone.0237020

Figure 2.1 Extraction equipment as used for the ultrasonic extraction.
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Supporting Information

S1 Fig. SPE Recovery of four different Cartridges, Chromabond HLB, Oasis HLB,
Chromabond C18 EC and Chromabond CN.
The challenging homologues of DADMAC (C14, C16) had the lowest recovery,
Chlormequat is fully eliminated.
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S2 Fig. Chromatogram of 20 analytes in concentrations of 200 μg L-1 in AcN.
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S3 Fig. TIC-chromatogram of 20 analytes in concentrations of 200 μg L-1 in AcN.
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S4 Fig. Extracts during the SPE cleanup step.
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Fig 3 Data
S1 File: This (XLSX) file is published as:
https://doi.org/10.1371/journal.pone.0237020.s005
It consists of four table sheets which are shown below.
Fig 3 Data
Run 1
ATMAC-C8
0.3980
ATMAC-C10
0.0861
ATMAC-C12
0.1281
ATMAC-C14
0.2249
ATMAC-C16
1.0368
BAC-C8
0.1271
BAC-C10
0.1419
BAC-C12
0.3840
BAC-C14
0.5018
BAC-C16
0.3223
BAC-C18
0.3261
DADMAC-C8
0.3620
DADMAC-C10 6.2769
DADMAC-C12 1.5588
DADMAC-C14 2.3082
DADMAC-C16 1.2605
Chlormequat
0.1234
Benzethonium 0.2655

Run 2
0.5995
0.3887
0.3203
0.3647
0.7531
0.5147
0.3616
0.5711
0.7828
0.5311
0.4882
0.4148
3.0826
1.0090
1.1038
0.8813
0.0819
2.0000

Run 3
0.2568
0.2558
0.8907
0.2027
0.4330
0.3615
0.2738
0.5814
0.1322
0.4860
0.4480
0.2738
1.3461
1.0858
0.4974
11.2597
0.1782
0.9517

Run 4
0.2568
0.2558
0.8907
0.2027
0.4330
0.3615
0.2738
0.5814
0.1322
0.4860
0.4480
0.2738
1.3461
1.0858
0.4974
11.2597
0.1782
0.9517

Run 5
0.3398
0.1271
0.7139
0.2463
1.1576
0.4402
0.6689
0.9620
0.3500
1.6760
0.1551
1.1359
1.7992
1.6512
1.8003
2.2949
0.0738
0.2286

Run 6
0.2865
0.3357
0.6339
0.3146
1.3141
0.2833
0.7768
1.7932
0.3297
1.1736
0.7804
0.5933
1.2823
1.1817
1.3209
0.4859
0.1445
0.6516

Fig 4 Data
MeOH
6868
5548
6091
8536
6402
6868

Water
2780
5957
6785
6146
5481
5791

AcN
6153
6787
6184
7368
6260
7534

5587

5579

5204

4873

5497

4349

AcN + HCl + SE
6867
6789
7445
8084
9980
8688

MeOH + HCl + SE
7358
5564
5583
6709
6132
6016
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Table 3 Data
ATMAC12
ATMAC16
DADMAC12
DADMAC10_D6
BAC12_D7
BAC16

WFR 1
45%
49%
51%
34%
42%
54%

WFR 2
50%
52%
58%
35%
45%
60%

WFR 3
45%
50%
55%
31%
41%
57%

SD
2.5%
1.3%
3.0%
1.7%
1.8%
2.4%

Fig SI 1 Data
ATMAC-C8
ATMAC-C10
ATMAC-C12
ATMAC-C14
ATMAC-C16
BAC-C8
BAC-C10
BAC-C16
BAC-C18
DADMAC-C8
DADMAC-C10
DADMAC-C12
DADMAC-C14
DADMAC-C16
Chlormequat
Benzethonium

Chromabond_HLB
16%
11%
11%
16%
14%
8%
13%
17%
5%
11%
20%
10%
10%
11%
-1%
21%

Oasis_HLB
11%
5%
7%
11%
11%
6%
6%
13%
5%
9%
19%
17%
16%
14%
0%
12%

Chromabond_C18_EC
38%
48%
29%
3%
0%
48%
50%
0%
1%
43%
0%
1%
1%
0%
11%
9%

Chromabond_CN
43%
59%
43%
43%
36%
52%
69%
53%
49%
43%
46%
43%
23%
18%
1%
55%
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3 Quaternary alkylammonium disinfectant concentrations in soils
rise exponentially after long-term wastewater irrigation
This chapter is published in Environmental Research Letters as:
Heyde, B.J, Anders, A, Siebe, C, Siemens, J, Mulder, I (2021). Quaternary alkylammonium
disinfectant concentrations in soils rise exponentially after long-term wastewater
irrigation. Environ. Res. Lett. 16, 064002 (2021). https://doi.org/10.1088/17489326/abf0cf

Figure 3.1 Sample points of 2011 (red) and 2018 (green) in Mezquital Valley in the north of Mexico City. Numbers
indicate how many years the soils have been irrigated with wastewater
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4 Smectite clay minerals reduce the acute toxicity of quaternary
alkylammonium compounds towards potentially pathogenic
bacterial taxa present in manure and soil
This chapter is published in Scientific Reports as:
Heyde, B.J, Glaeser, S.P, Bisping, L, Siemens, J, Mulder. I (2020). Smectite clay minerals
reduce the acute toxicity of quaternary alkylammonium compounds towards potentially
pathogenic bacterial taxa present in manure and soil. Sci Rep 10, 15397 (2020).
https://doi.org/10.1038/s41598-020-71720-5

Figure 4.1 Photography of E. Coli cultures grown on agar.
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