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Abstract

The cationic surfactants of the group ofjuaternary alkyl ammonium compounds (QAAGs
are used innumerous industrial and agricultural applicationsand are therefore released
into the environment in large amounts.

If these substanes are present in the soil in noftoxic 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 atimproving the understanding d the behavior and the ecotoxicological
effectsof QAACSs in soilTwo hypotheses were tested: i) Continuous inputs of QAACs cause
a longterm accumulation of these compounds in soils, and ii) Sorption of QAACs to
expandable 3layer clay minerals reduces heir ecotoxicological effects.

Thefirst step was to develop methods foextracting QAACdrom soils and sewage sludge
and for quantifying their concentrations. Ultrasonic extraction (USE) followed by high
performance liquid chromatography with tandem mass spectrometry (HPLEMS/MS)
turned out to be the best methodfor this purpose. Detection limits (LOD) for
alkyltrimethylammonium compounds (ATMACS, benzylalkyldimethylethylammonium
compounds(BAC9 and dialkyldimethylammonium compounds (DADMAC$ ranged from
0.1t C 1E0Q.31g kg! and limits of quantification (LOQ) were between 0.2 g kgl and
2.1 19 kgl. The developed method allowed the investigation of theoncentrations of
QAACsIn agricultural soils of the Mezquital Valley, Mexicowhich were irrigated for
different durations (0 to 88 years) with wastewater from Mexico City{o test hypothesis

i). The most abundant QA& homologues in the soils were BACs >SATMACIS3ADMACs.
Concentrations of QAAE increased linearly and slowly in the ifst years of irrigation
 BQAAC 2 - 23 ug kg?l), but after 40 years of wastewater irrigation, an exponential
increase in QAAC concentrations (up to 15%g kg!) was observed. In contrast to
pharmaceuticals, no apparent steadtate of concentration wasreached after decades of
wastewater irrigation. The longterm accumulation of QAACs in soil also suggested an
effective sorptive preservation of the compounds from biodgradation. The reduction of
toxicological effects on microorganisms due to sorption was tested by quantifying
minimum inhibitory concentrations (MICs) of QAACs on selected bacteri&§cherichia
coli, Acinetobacter, Enterococcus faecium, Enterococcus faecalis, Pseudomonas
fluorescencgin the presence and absence of the clay minerals smectite and kaolinite. In
the absence of smectite and kaolinite, the MICs ranged from 10 pug-htb 30 pug mt! for
BAGC12 and from 1.0 pg mi to 3.5 pg mit for DADMAGCC10 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 88s due to
their sorption. The findings of this thesis thus prove the postulated longerm
accumulation of QAACSs 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 qugiren Alkylammoniumverbindungen
(QAAV) werden in zahlreichen industriellen und landwirtschaftlichen Anwendungen
eingesetzt und gelangemaher in grol3en Mengerin die Umwelt.

Sind diese Substanzen im Boden inctt-toxischen Konzentrationen vorhanden, konnten
Bodenmikroorganismen Resistenzmechanismen entwickeln, die ebenfalls ihre Resistenz
gegenuber Antibiotika erhéhen(Ko-Selektion von Antibiotikaresistenzen) Vor diesem
Hintergrund zielt diese Arbeit auf ein esseres Verstandnis des Verhaltens und der
Okotoxikologischen Effektevon QAAVs im Boderab.Zwei Hypothesen wurden getestet:

i) Kontinuierliche Eintrage von QAACs fihren zu einer langfristigen Akkumulation dieser
Verbindungen in Béden, und ii) Sorption va QAACs anaufweitbaren 3-Schicht
Tonmineralen reduziert deren 6kotoxikologische Effekte.

Im ersten Schritt wurden Methoden zur Extraktion von QAAVs aus Boden und
Klarschlammen sowie zur Quantifizierung ihrer Konzentrationen entwickelt. Die
Ultraschallextraktion mit anschlieBender Hochleistungflissigchromatographie mit
Tandem-Massenspektrometrie erwies sich als besteMethode fir diesen Zweck Die
Nachweisgrenzen (NG) fur AlkyltrimethylammoniumVerbindungen (ATMAV),
Benzylalkyldimethylethylammonium-Verbindungen (BAV) und
Dialkyldimethylammonium-Verbindungen (DADMAYV) lagen im Bereich von 0fl1 Qg
AEO phiOitACc AEERR " AOOEI I O1 COCOAT UAT -jund'2a 1 ACAI
t @gl.Um Hypothese i) zu testen wurden anschlieRend di€onzentrationen vonQAAVs

in landwirtschaftlichen Boden des MezquitalTals, Mexiko, untersucht, die flr
unterschiedliche Zeitrdume (0 bis 88 Jahre) mit Abwasser aus Mexistadt, bewéassert
wurden. Die am haufigsten vorkommenden QAAY omologe in den Béden waren BAV >
ATMAYV > ADMAV. Die Konzentrationen von QAAV stiegen in den ersten Jahren der
"AxBOOAOOT ¢ 1 ETAAO OI A- 23Ad kg9 Anbch 401 JahjerBderl ! ! 6 g,
Abwasserbewasserung wurde ein exponentieller Anstieg der QAAKbnzentrationen (bis

zu 155 g kgl) beobachtet. Im Gegensatz zu Pharmazeutika wird nach jahrzehntelanger
Abwasserbewasserung keinSorptionsplateauerreicht. Die langfristige Akkumulation von
QAAV in Boden wies bereits auf die Bedeutung ihrer Sorption fur die Reduzierung ihres
biologischen Abbaus in Bdden hin.Die Reduktion Okotoxikologischer Effekte auf
Bakterien infolge der Sorption wurde durch Quantifizierung von minimalen
Hemmkonzentrationen (MHK) von QAAV auf ausgewahlte BakterierE¢cherichia coli,
Acinetobacter, Enterococcus faecium, Enterococcus faecalis, Pseudomonas fluojeiscens
Anwesenheit und Abwesenkit der Tonminerale Kaolinit und Smektit gepruft. Die MHK
lagen fur alle Stamme aulRer dem empfindlichereAcinetobacterStamm in Abwesenheit
von Smektit und Kaolinit im Bereich von 10 pg ml bis 30 pg mit fir BAGC12 und im
Bereich 1,0 ug mt bis 3,5 pg mt DADMACGC10. Fur beide getesteten QAAV erhdhte die
Anwesenheit von Smektit die effektiven MHK, wéhrend Kaolinit keinen Einfluss auf die
MHK hatte. Sorptionsexperimente mit den Tonmineralen bestétigten, dass diese
Verschiebung der effektiven MHK auf die Redktion der geldsten QAAWKonzentrationen

VI
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infolge der Sorption zurtckzufihren war. Die Ergebnisse dieser Arbeit belegen die
postulierte langfristige Akkumulation von QAAVs in Béden bei einem kontinuierlichen

Eintrag und die Schlusselrolle der Sorption fir ds Verhalten und die 6kotoxikologische
Wirkung dieser Verbindungen.
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1 Extended summary

1.1 General Introduction

Quaternary alkylammonium compounds (QAARs) are a group of amphiphilic organic
compounds that ae used worldwide as surfactantsdisinfectants and detergents, for
example inhousehold or agricultural chemicals, the food and beverage industry and the
medical sector Their use rises as a consequence of thecreasing pressure to reduce
usage of antibiotics and improving hygieneAdditionally, the recent ®VID-19 pandemic
heavily increased the use of disinfectants likealkyltrimethylammonium compounds
(ATMAG), benzylalkyldimethylammonium compounds (BAG) and
dialkyldimethylammonium compounds (DADMAG) for the inactivation of the SARSCoV

2 Virus (Hora et al 2020).

Whether they are used in hospitad, in factories, in agriculture or in private households,
the QAAG end up in wastewater treatment plants where they are only incompletely
degradedand thus may preval at subinhibitory concentrations (Tezel and Pavlostathis
2015). Finally, they are applied with sewage sludge or manure as fertilizé¢p the soils,
where they may promote (antibiotic) resistance in soibacteria (Mulder et al 2018).

Weber and Rutala(2006) and Maertenset al (2020) described that microorganismsare
more tolerant against antibiotics like ciprofloxacin, when they were in contact with
QAACs beforeThe latter in combination with the COVID19 pandemic ard the rising
antibiotic resistance of microorganisns all around the world (Levy and Marshall 2004)
and not leasta small amount ofdata for QAACs in soifMulder et al 2018), motivate this
work.

The aim of thisthesisis to fill the data gapregarding the fate(chap.3) and ecotoxicological
effects(chap.4) of QAACs fate in sailThe basis forthese investigationsis the development
of an analytical method forthe extraction of QAACs from soil andwantification of their
concertrations 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 (¢ pyridin -derived compounds Figure 1.1).
QAAG consistof a positive charged nitrogen which is accountable for the good water
solubility of QAAG molecules and at least one hydrophobic alkyl chain, which provides
their hydrophobicity . These two properties makehem widely used surfactants. QAACs
form a specific subgroup 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 (ATAMS), or (b)
two methyl groups and two alkyl groups (DADMAS), or (c) two methyl groups, a benzyl
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group and an alkyl chain of different length (BAS§). Since the groups of QACGand QAAG

are very heterogeneousand the inconsistency of th& nomenclature in the literature, it is

challenging to get arexactoverview of their chemical properties, the production volumes
and their occurrence andapplications from recent publications. Moreover, there are up
to 82 synonymsfor individual QAAG homologues(Mulder et al 2018). This dissertation

is focused on linear alkylammoium compounds.

linear alkylammonium imidazole-derived pyridin -derived
compounds compounds compounds
R4 Ry

R / Rl-..___________‘N \ \N/

alkyltrimethylammonium benzylalkyldimethyl- dialkyldimethy! -

compounds ammonium compounds  ammonium compounds
CH,

-
N\

Figure 1.1 Overview of the three main groups ofjuaternary ammonium compounds (QAS) - Linear alkylammonium
compounds imidazole-derived compounds, pyridin -derived compounds and the three main groups of quaternary
alkylammonium compounds (QAAB) - alkyltrimethylammonium compounds (ATMAG),
benzylalkyldimethylammonium compounds(BAGs), dialkyldimethylammonium compounds(DADMAG).
DADMACshave two alkyl chains (Figure 1.1) and are therefore more hydrophobic than
BACs and ATMACs. While ATMACs only have a linear atidup, BACs have not only a
linear alkyl group but also an additionalbenzyl group (PubChem 2021) As a result, BACs
are more hydrophobic than ATMACSs resulting in the following relationship for

compounds of eqal alkyl chain length regardinghydrophobicity:
ATMAG < BACs < DADMACs

At lower concentration, QAACs exist as monomers in aqueous solutions. Above a specific
concentration, QAACs begin to form micelleshis critical concentration is termed critical
micelle concentration (CM(Q. This parameter is characteristic for surface active agents
and marks therange where important properties such aseg. solubilisation and surface

2
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tension change abruptly(Tadros 2005). In agueous media, the catinic partsof QAAG are

arranged outwards and the hydroplobic part is enclosed in the inner part of the
(spherical) micelle. Thus, above the CM@AAG are technically not dissolved in the
agueous solutionbut rather form a second phaseimilar to an emulsion.

Parameters like then-Octanol/Water Partition Coefficient (Kow) and water solubility are
often used to describe the ecological effect of substanc@Bliefert 2002). Kow is the key
parameter to describesorption (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 (Schwarznbach and
Westall 1981, Razzaque and Grathwohl 2008)The sorption of QAACs to biosolids is
driven by ionic and hydrophobic interaction. ThereforeJsmail 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 thatok is of limited applicability/not
applicablefor characterizing the behaviorof QAACs in the environment.

Due to their remarkable surfactant and disinfectantproperties, QAAG have seemingly
ubiquitous fields of applications: ATMAG with chain length G16 (also called
cetrimonium chloride), G18 (also calledsteartrimonium chloride) and G22 (also called
behentrimonium chloride) are commonly used in hair care products to make the hair
softer, easy to comb and antistati¢SCCS 2007, LarMartin et al2010). DADMAG were
used in fabric softeners(Gerike et al 1994) but were replaced by esterquatsdue to
ecological risk concernamostly (Mishra and Tyagi 2007) DADMAG are often usedwith
various DADMAG asmixtures containing up to > 90 % DADMAC Q0. 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 DADM&& local hog
farms where we took soil and manure sampleBBAG are used as disinfectants since 1935
(Domagk 1935, Frankl 1941) Today they are, often referred to as benzalkonium chloride,
used as antisepticagent 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 membraneglttoop et al 2015). BAG do also
enhance the drug delivery into human bodiegBurstein and Klyce 1977) which is another
reason r the pharmaceutical use

1.2.2 Interaction of QAAC s soil and soil minerals

Due to thar permanent positive charge, QAA€tend to interact with negatively charged
surfaces in soilg§Boethling and Lynch 1992) They accumulate at solids rather than in the
agqueous phasdgSuter et al 1997, MartinezCarballoet al 2007).

The sequestation of sarafloxacin and difloxacin (antibiotics) to soil leads to non
bioaccessabldraction of these substanceslue to strong and rapid sorption. Thus,neither
nitrification nor denitrification was affected by difloxacin in experiments with realistic
soil concentrations(Rosendahlet al 2012). Similar was described byFdrster et al (2009),
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they concluded thatSulfadiazine may pesist in soil for years becausdt is not totally
bioaccessible due to sequestration in soils.

Clay minerals are known to reain QAAG, which is used forthe application of QAACs in
organoclays for barrier applications (Zanini et al 2013, Zhao et al 2017). Further
important soil substancesand possible rption sites and sinksare the organic matter,
ferric oxides and the interior of soil microaggregates. It is known, as described amapter
1.1, that there are several pathways for QAALI0 enter agricultural soils. Nevertheless,
soil concentration data is rare and consequently the knowledge about the losigrm fate
of QAACs in soil is currently lacking as welMulder et al2018). We only found an old soill
study from Gerike et al (1994) who found 15 mgkg?! as maximum concentration of
DADMAC:Ss in soil to which sewage sludge had been applied.

The data scacity on QAACSs in soils is further evidenced by own findings in a recent

I EOAOAOOOA OOOOAU OOGET ¢ 7AA 1 £ 631A&EhkdnckA8 | O
01! #6 OAOOI OAA ET w AT A O1''# /2 1!#0 OAEET.
amount of studies is also affected by the numbers of synonyms in use as described before.

In contrast, there are manypublished data on thefate of QAACSn aquatic ecosystems

wastewater and in particular bound to sediments(Zhanget al 2015).

To explore the effect of diffeent clay minerals towards the toxicity of QAAE it is
important to have an idea of the sorption process of QAAQRo different clay minerals.
There are many different clay minerals, which predominate the < 2 um fraction in soils.
These group of phyllosili@ates 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 twocategories 1:1 layer minerals consising of a
tetrahedral and an octahedral layer (TO) and, 2:1 layer minerals consisnhg of two
tetrahedral and one octahedral layer between them (TOT).

Due to isomorphic substitution for $4* by Al3*in the layers, the net chargeof tetrahedral
layersis negativewhile the net charge of octahedral layers ipositive. Net layer charge is
expressed as atom per unit{g. f. u.)(Guggenheimet al 2006). Since smectites consisbf
two tetrahedral layers, each with negative net charge and one octahedialyer (positive
net charge)the net negative charge of smectite clay mineralffOT)is x = 0.2z 0.6 p. f. u.
(per formula unit) Kaolinite (TO) consiss 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 layersre attracted to each otherby electrostatic forces
arising from exchangeablecations in the interlayers When the cations are exchanged by
water, the nterlayers of the mineralsexpand.

The resulting negative surface charge of smectites can attract the cationic QA&@ore
than kaolinites and additionally QAAG can be trapped in mineral interlayer spaces.
Different working groups have shown, that the adsorption of QAAC the interlayer
space occurs in different arrangements. Zanini et §2013) describedthat QAAG adsorb

4
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to clay surfaces in monolayers and bilagrs in flat arrangement when the QAAE
concentration is around the cation exchange capacitfCEC) At concentrations above CEC,
the molecules are arranged orthogonally at the surfacesithh the hydrophobic chain
pointing away from the clay surfacePresumally due to hydrophobic interaction of the
alkyl chain, a second layer of QAACan interact and adsorb to the QAALBergaya 2006
Paivaet al2008 and Zhaoet al2017 described the adsorption of QAAE€Into the interlayer
space. Dependingn the QAAG concentration this occurs either in monolayers Figure
1.2 a), or bilayers (Figure 1.2 b). Ateven higher concentration the QAA€are arranged in
paraffin like structures (Figure 1.2 c). This effect only occurs in TOT clay minerals.
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Figure 1.2 Adsorption of ATMACto 2:1 clay minerals like smectite and the size comparisonith bacteria (d; not drawn

to scale). Sorption can occur in monolaysr(a) bilayers (b) or paraffinlike structure (c). (modified from (Bergaya 2006,
Paivaet al 2008, Zhaoet al 2017). True-to-scale representation for size comparisorf 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 mineraisgure
1.3). Besides binding energies and other bonding properties, the mere size of bacteria may

hinder them to reach the molecules bound in interlayer spacdgf. Figure 1.2 d).




Chapterl.2

-
e

6m S ‘a
“bacteria" .:\\

6 mm
rice grain

“ATMAC" and

“basal spacing”

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

1.2.3 Ecotoxicological effects of QAACs

On the one hand, microorganisms can degrade QAAGameset al 1982, Claraet al 2007)
and on the other hand QAACs have a toxic effect towards bacteria, which is kmosince
1935 (Domagk 1935).

The biocidal effect of QAA€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 QAACsn cell membranesis shown in Figure 1.4. Alkhalifa et al (2020)
showed, that a QAA€ molecule is integrated in the cell wall with one alkyl chain after
another andultimately it disturbs the integrity of the structure.

Bragget al (2014) described the toxic effect of QAACsmilarly. The toxicity arises from
the ability to causeleaking and eventually destuction of cell membranes of bacteria,

which leads to a release of the inner cellstructures from theytoplasma and death of the
cell.

Gravelet al (2017) described aworrying effect of BAG towards gram-negative bacteria.
They hypothesizedthat the cell membrane integrity of bacteria is disrupted by BAEin
two steps z outer membrane permeabilization and inner membrane permeabilization.
The first step occurs below their designated MIC value of 45 pgLConsequently,a
sublethal concentration lead to stress adaption in bacteria cells and should be aved.
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Figure 1.4 Modeled BAC(A) approach, (B)integration into the lipid bil ayer of E.coliand (C) destruction of the cell
structure (Alkhalifa et al2020).

Toxicity data for water organisms are described by many authorgSandbackaet al 2000,
Garap 8tzal 2001, Kreuzingeret al 2007, Zhuet al 2010). Effect concentrations for aquatic
biota are summarized by Zhang et al (2015) and are between 0.021 mg & for
P.subcapitata (BAGC12) and 40.53 mg L for rainbow trouts Oncorhynchus mykissn
contrast, the ecotoxicological effects of the compounds in soils arkardly described.
Sarkar et al (2010) describedthat ATMACGCL16 is more toxic to nitrification activities in
soil than ATMACC18. Bioaccumulation irearthworms has been described but there is no
data about its effects regarding the toxicity to the wormgSarkar et al 2013).

Due to the positively charged nitrogen atom irtheir structure, it is indicated that QAAG
get into the interlayers of 2:1 clay minerals in natural soils(Zanini et al 2013). Slow
desorption from the interlayers could lead to subinhibitory QAACs concentrations in the
soil solution, potentially leading to ceselection antibiotic resistance genes of
microorganisms (Mulder et al 2018). Weber and Rutala(2006) and Kim et al (2018)
described that microorganisms showin laboratory experiments alower susceptibility to
antibiotics when they were in contact with disinfectants beforeHowever,they mentioned
restrictively that the resistancewas not clinically relevant because they studied dier not
human pathogens or the used antibiotics were not used to treat the plabdgens in clinical
practice.

As described above, QAACare toxic for microorganisns but they can also develop a
tolerance towards QAAG. There are various resistance mechanissndiscussed inthe
literature , for example enhanced biofilm development to hinder thedisinfectant to come
in contact with most of the bacteria individuals(Bridier et al2011, Andersson and Hughes
2014) and a modification of the cell membrare to make it less vulneable towards
membrane disruption (Tezel and Pavlostathis 2015) The main resistance mechanism is
driven by plasmid-borne genes.Bjorland et al 2003 found the geneqgacJin three
Staphylococcus species wolved in an effluxmediated resistance. AdditionallygacAand
gacBcoding for putative transport and effluxproteins also seem to be involved in such
resistancemechanisms(Paulsenet al 1996). Further,gacGand gacHare responsible for
QAAG resistance development(Wassenaaret al 2015, Worthing et al 2018). For gacC
Fuenteset al 2005 described that the expressed proteins lead to betdactam antibiotic
resistance in grampositive and -negative bacteria. This crossesistance could lead
potentially to antibiotic resistance of soil bacteria, even if those bacteria did never face
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antibiotics but QAAG, which alone gives rise to concernVassenaaret al 2015 suggested
that gacAgenes have even been spread across bacterial takarthermore, gacGenes are
located on class 1 integrongGillings et al 2009, Stalderet al 2012) that express gene
cassettes with resistance genef®r almost any antibiotic family (Stalderet al2012, 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 cassefttBsnnett 1999). These gene
cassettes are small mobilgenetic units that canmove passivelyas free moleculegCollis
and Hall 1995, Whiteet al2001). They are horizontally transmissibleglRaoet al2020) and
only transcribed whencaughtby integrons.

1.3 Objectives

The overarching lypotheses of this dissertationare:

i) Continuous inputdeadto a longterm accumulation of QAASIn soils

i) The sorption of QAAG in the interlayer spaces of clay minerals leads to a
reduction of their bieaccessibility for microorganismm and reduces their
ecotoxicological effect towards microorganissn

To address theséhypotheses the work of this hesis was split in three work packages:

(a) Establishing a method for the extraction and quantification of QAACIN
environmental samples.

(b) Soil concentrations of QAA€and their fate in agricultural soils.

(c) Exploring the effect of different types of clay minerals towards the toxity of
QAAG for microorganisms.

1.4 Approaches and Methods

1.4.1 Extraction and quantification of QAAC s

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 evelopment were
necessary:

1 Adaptation of asuitable extraction methodfrom the literature and performance of
recovery rate tests.

1 Identification of a suitable analtical method and the transfer of ths method to
QAAG and our HPLC MS/MSystem

1 Determine and possibly redue background concentrations from laboratory
equipment such asvials and the HPLEMSMS as well as solvents.

Extraction

The existing extraction methods for surfactants from environmental samples range from
supercritical fluid extraction (Fernandezet al 1996) over solid/liquid extraction followed
by liquid/liquid extraction (Levsenet al1993, Gerikeet al 1994) and accelerated solvent

8
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extraction (Ferrer and Furlong 2002)to USE(Xianget al 2015, Kang and Shin 2016)We
also tested (USB methods, which were developed for the extraction of different
pollutants for example pharmaceutical{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 availablefor 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 nofpolar while the mobile phase is polar. A Zorbax RX

C8 column that was describéd in a QAAC analyz study by Ruan et al (2014) and a
Nucleodurn & ET OA OAPAOAOEITT 1 AAEATEOI EO AAOCAA 11
A ET OAOAAOEI 1@ xAOA OA énXBelest CBHPODE He®yi doldmkhF  x A
which has a positive charged surface that could lead to faster retention times, since QAACs

havea permanent positive charge at the nitrogen atom, leading to repulsion effects.

Only a few gradient programs forchromatographic separation were found in the
literature (Li and Brownawell 2009, Cheret al 2013, Ruanet al 2014). Chen et al(2013)
used an isocratic method with acidified methanol (A) and water (B)The method was
developedbased on Ruaret al(2014) and Li and Bownawell(2009) . Both working groups
used eithe acidified acetonitrile or acidified methanol (A) and water (B) as well as 2
propanol (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 tunesfor parameters like cone voltage, collision energynd system temperatures for
QAACs were performed with a direct injection system. Thus, the parameters were
optimized for each of the QAACs (ATMAC& ATMAC €10, ATMAC €2, ATMACC 14,
ATMACGC-16,BACG8, BACCG10,BACCG12,BACG 14, BAC €16,BACC18, DADMAQCCS,
DADMAQC-10, DADMAQCC-12, DADMAQGC-14, DADMAQCC-16). lon transitions were taken
from Ruan et al(2014). The results for the MS/MS optimization are shown in chaptet.

Background concentrations

As described before, QAACs are aely 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 Bassasdlal (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 differentmanufactures (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 QAAG in agricultural soils

For work package b (cf.1.3) we took samples fromthree sets of samplesA first sample
setconsisted ofsamplesfrom soils that were fertilized with sewage sludge from tle exact
same wastavater treatment plant (I) and a secondset ofsamplesthat was collectedfrom
soils that have only been fertilized with liquid manure {1). The manure and sewage sludge
were sampled as wellA third sample set was taken in the Mezquital Valley, Mexico City
(1. Sample set () was taken from basaltic loamy sandcres for corn cultivation fertilized
with sewage sludge and one without sewage sludge as control fieMixed samples from
both acres were taken before sewage sludge fertilization and in time intervals of 3 d, 8 d
and15 d afterwards.The second sampleset (Il) 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 takefiom before
spreading the sewage sludge and afterwds (2 d, 9 d, 17 d).

Samples from a manure fertilized millet fieldvith 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 stable$Ve could confirm
with the farmer and the detergents in use that DADMAC-L2 was employed for cleaning
of the pigpens. Sample sets and Il 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 Il consists odamples fromtwo sampling events. The first samples were
taken in 2011 by the working group for the Dalkmannet al (2012) study and the second
sampleswere taken in 2018 by Jan Siemerand Christina Siebe Bothsamplingsrepresent
achronosequenceof wastewater irrigation (0, 1, 3, 6, 8, 13.5, 35, 85 yedrs

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,
Broszatet al 2014, Contreraset al 2017) as a consequence of thexpansion of the city.
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Due to the widefield of application of QAAG and as a result of their presence in the
domedic, municipal as well as industrial wastewater,we hypothesizedthat QAACs are
applied with wastewater used for irrigation to the soils of theagricultural land. The main
soil types in the region areLeptosols, Phaeozems and Vertisolsccording to the Woltd
Reference Base for SoResources which are rich in clay mineraldSiebe 1998)

On the ;e hand, rrigation with wastewater provides not only water, but also nutrients
like nitrogen and phosphorus to crops increasing their yield. Oithe other hand, the
wastewater is alsoa source of contamination for pollutants such aseavy metals,
pharmaceuticals and probably disinfectants that accumulate in those soils (Gutiérrez-
Ruizet al 1995, Dalkmannet al2012). Concerning are the findings ofJechalkeet al (2015)
that the abundance ofll antibiotic resistance genestested increased significantlyduring
wastewater irrigation in the Mezquital Valley area.

We performed QAAG analysis with HPLEMS/MS and additionally determined organic
carbon content, CaCgxontent, pHvalue, soil texture and trace metal content. Withitese
values, a correlation analysis was performed in order to investigate the influence of soil
parameters on the QAAE€content. Furthermore, these data provided comparative insight
on the fate of QAA€and metalsin soil. Eventually, the fate of QAASANd pharmaceuticals
can be compared, sincBalkmannet al (2012) performed pharmaceuticalanalytics of the
exact same soils (sample set from 2032

1.4.3 Exploring the effect of differe nt types of clay minerals towards the toxicity of
QAAG for microorganism  s.

We assume that the apparenMIC of QAAG is higher in an environment with smectites
compared to kaolinites. The MICdescribes lowest concentration of an antimicrobial
substancethat 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 QAAG tolerance of bacteria, and furthermore, the spread of
antibiotic genes in soils.

Taken together, the toxicityof QAAG, the ability of smectites to sequestrate QAA&Nd
slowly releasing them and the adaptability of bacteria towards QAACwhich eventually
can lead to antibiotic resistance, dmonstrate the importance of thiswork 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. BACZand DADMAGC10 were
selected as representative of the most used QAAC
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1.5 Summary of results

1.5.1 A method for the extraction and quant ification of QAACSs in environmental
samples.

The Zorbax RX C8 column showed the lowest signals. The Nucleodu@nd the XSelect
CSH Phenyl Hexyl column showed similar signals but the later formed narrower peaks
and has a wider pH stability (1z 11). The etracts that were cleaned up with a solid phase
extraction (SPE) had pH values < 0.3 since they were eluted with methanol/HCI. Thus, we
decided to usethe XSelect column which is ma stableat the lower pH values

For the measurement & only one or two homologues eg. sorption experiments |
developed a fast HPLC method. This method is an isocratic method with two eluents (A)
15 % MQwater and 50 mM formicacid and 10 mM ammonium formateand (B) 85%
acetonitrile. This method is fasterthan a gradient progam because there is no
equilibration time needed after each run and also the retention times were shorter mainly
because theportion of acetonitrile is higher compared to a gradient program that starts
usually with the aqueous phase. For the gradient progm that was developed for the
analyzesof soil samples we tried to reduce the eluents from three as used Ruanet al
(2014) for sewage sludge to two because it is less prorte 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 acetonitrilevasused, which solved the problem
with high pressures in the system for us.

Pressurized solvent extraction, microwave exaction 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 neon
deuterated analytes were between 426 and 57% with at the same time goodprecision

{ S % &D). Another advantage d§SHs its simplicity (compared to the other tested ones),
which makes the method usable also in small laboratories without special equipment.
Extraction with acetonitrile with HCI| worked best for (spiked) soils. We obsered 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 instrumeiat drift. Soil extracts were transparent
without floating particles. In contrast, sewage sludge extractaere not transparent and
they also consistedof two phases: one aqueous and a second phaskat appeared dark
and oily (Figure 1.6). Therefore, a cleanup step with SP&as needed After SPE the pH
values were <0.5. We raised the pH in the extracts afterwards with NaOH ¢tol), but it
was tedious and in certain samples the amount of NaOH was exceedingly high and led to
a visible precipitation in the samples. Thenrystalline precipitation was NaCl, which would
not disturb the measurement but in the course of this reactionQAAC could also be
precipitated. Hence, the pHvalue was no longer raised. In combination with the little
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injection volume of 20 pL and the buffer ability of the solvents, this pH values did not harm
the instruments.

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

We measured calibrations for all analyesin eachrun and also determinedLOD 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 a®@dL
LOQ for the different ATMA& homologues were between 0.3 pug ki (ATMAC G8) and
1.1 ug kgl (ATMAC G16), for BAG between0.3 pg kgt (BAC G8) and 0.9 pg kgt (BAG
C16) and for DADMAE between0.5 ug kgt and 2.1 pg kgt. The LOQ and LODRvere all
lower and some even much lower than those gfrevious studies (Merino et al 2003,
Martinez-Carballoet al 2007, Ruanet al 2014, Bergéet al 2016). In general the recovery
rates of DADAMG were relatively low and the LOQ were relatively high. Both could be
due to the two alkyl chainswhich they comprise of On the one had, this leads to more
hydrophobic interaction between DADMAG and hydrophobic soil particles like soil
organic matter and thuslower extraction efficiency. On the other hand thénigh LOD of
DADMAG could be due to incomplete elution from the analytical caimn, 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 washedwith acetonitrile in advance ofeach 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 applitsthe vial
treatment with DECON 90. However, the material of the caps seemed to have an influence
towards BAGC12 recovery. PredictablyPolytetrafluoroethylene caps did not influence
the recovery of BAGC12, quite the opposite of the rubber capthat absorbed > 40 % o#
100 pg L1 BAGC12 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 soilsdecreased slightly with the durationof irrigation of the Mexican
soils in both sample sets (2012, 2018).These results have also been shown in other
studieson wastewater irrigation (Siebe Grabach 1994, Xet al 2010, Broszatet al 2014).
The decrease could be due to protoproduction by nitrification which is stronger due to
the input of organic nitrogen(HernandezMartinez et al 2018). Additionally the oxidation
of organic matter (Corg), Which is imported with the wastewater, leads to higher CO
concentrations and eventually to higher HCQ concentrations in soil resulting in lower
pH values(Amelunget al 2018).

The arbonate conent remained stable at low values in all samples (approx. %). As
expected, the organic carbon content was highest after lofstgrm irrigation (34 a and
85a). The clay content remained stable between 3% and 54% and was apparently
independent from irrigation time, because the amount of fine material transported by
wastewater was too small to increasehe claycontent of the soils

The chromium values were remarkabl high (50 mg kg?) even in the rain fed soils This
may be due to the volcanic origin ofthe 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 bySiebe and Cifuente$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 QAARomologue. The group of BACs wergetected
most frequently with up to 131.2 ug kg! followed by ATMACs with 12.7 g kg! and
DADMACSs with 11.3 g kgl. BACs are the most common used QA#\N@ households and
thus also in the watewater from a city. The most QAACSs in total were detected in soils
with 88 years of irrigation. As described before, we had samples from 2011 and 2018.

The concentration of thesum of QAAG correlated strongly with irrigation time (r = 0.88).
The same vas observed for sum of ATMA€and BAG (r = 0.89). DADMAC had a weaker
correlation with the time of irrigation (r = 0.60), which | suggest is due to lower input
from wastewater compared with other inputs (c. f1.2). DADMAG are often used directly

at the agricultural land or farm for cleaning purposes or plant protection, while BA€and
ATMAG are more often used in households or the medical sector. In general the recovery
rates of DADMAG are lower compared to other QAA€especially DADMAG with alkyl
chains longer than 12 C atoms (¢.1.4.1). Multiple regression showed, that the time of
irrigation explained the observedincrease of QAAC<oncentrationsin soil (p = 0.044in
2018; p =0.013 in 20Q) better than pH and clay content.
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For ATMAG and BAG we found a biphasic accumulation withincreasing time of
irrigation . This was also observedor DADMAG concentrations in samples from 2011.
More precisely, the accumulation in the first 40 years ofrrigation was linear. The
accumulation in the following years (> 40 a) rose exponentigl. This biphasic fate is
neither comparable to the fate of heavy metals in soil as described Byebe and @uentes
(1995), nor similar to the fate of pharmaceuticals as described Hyalkmannet al (2012).
It is obvious that the fate is different(Figure 1.7). In contrast to QAAG concentrations,
concentrations ofpharmaceuticals reach a plateau with longer irrigation timemarking a
steady-state of input anddissipation of pharmaceuticals(Figure 1.7). There are three
possible reasons forthe different behavior of QAACs compared to pharmaceutical$i)
QAAG were used in excessive amounts after their invention around the 1940snd their
use then declined to a lower levebr (i) QAAGs 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 QAALtill 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 fothe exponential increasem QAACs concentrabns in
soil over irrigation. But another limitation should be mentioned, the amount of samples
and consequently data points is mch larger for the first 40 years (cf. 1.3.).

—— Pharmaceuticals
—— QAACs

soil concentration

irrigation time

Figure 1.7 Schematicrepresentation of the sorption of QAACs (red) and pharmaceuticals (blackowards 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 biodegtamh by
bacteria. The concentrationof trace metals weredifferent.
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Although both sample sets were stored at32 °C, the samples from 2018 were processed
almost immediately while the sanples from 2011 were stored for severyears. But, even
though some working groups described an aging fefct of QAACSs due to the association to
stronger sorption sites(Fernandezet al 1996, Li and Brownawell 2009) Doherty (2013)
found that ATMACs and DADMACSs did not degrade in environmental samples under
anoxic conditions and QAACs were extracted in the same amountfeam fresh samples
after one year. Sice the sampleswere 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. dditionally 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 examinefive different sample sites could
not be carried out in the contex of the present dissertation. For technical reasons, in the
form of a defectiveHPLC pump only the samples from Mexicand a smallnumber of
samples from Germanycould be examinedso far. This also keptme from measuring
QAAG in the samples in triplicates.Nevertheless,| found first evidence thatthe samples
from the Wetterau had no elevated QAASconcentrations directly after sewage sludge
application. However, in samples taken eight days after application QAACs have been
detected.l assume, that a lek 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 t owards the toxicity of QAAC s
for microorganism s.

The MIC valuesin absence ofclay mineral particles were in the range between 5 and
30 mg L1 for BAGC12 andl.0 to3-5 mg L1 for DADMAGC10for most tested bacteria We
have seen different growth kinetisfor the bacterial taxa. Those kinetic data revealed, that
even with the same endpoint MIC, bacteria showed different response to QAAC
Concentrations of QAAE€smaller than the MICdid extend the lag phas€Figure 1.8) or
changedgrowth rates. This suggestedthat the risk assessment of QAACshould notonly
focuson the MICs as endpoint of the assessmehtit take into account bacterial growth
kinetics. Some bacteria showed different growth behavior within the samepecies and
even more so among replicatesR. fluorescens which is a good indication that bacteria
adapt spontaneousy. Nishihara et al (2000) have shown a similar behavior for P.
fluorescens It has beenproposed that the expression of QAA&fflux pump genes and
changes in the cell membrane’s fatty acids are possible spontaneous adapti¢@siérin-
Méchinet al 1999, Jenningst al 2015).
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Figure 1.8 Optical density (log OD), marking the growthof E. colj over time with the addition of BAGC12 At
concentrations of 15 and 20 pg mt a shift towards delayed growth is apparent.

The addition of the 2:1 layerclay mineral smectite led to higher apparent MIC valuesfor
all tested strains (Table 1.1). This confirmed parts of our overarching hypothesis that
smectite minerals buffer the toxicity of the selected QAAC#H contrast, the effect of
kaolinite minerals compared to the control without mineral added was negligible.
Possibly asignificant fraction of the QAACs was sorbed in thexpandable interlayer
spacesof the smectite clay mineralswhich is not accessible for bacterigseeFigure 1.2).

Table 1.1 Shift in apparent MIC [ug mtt] of four tested strains with BAGC12 and DADMA10 while adding smectite
or kaolinite compared to the control with no addition of clay.

MIC MIC
Test strain Clay mineral BAGC12 DADMAGC10
[lg mL-1] [ug mLY]
E. coli none 12.5 2.5
ESBL 37 B15 13 1I kaolinite <6.25/12.% 2.5
smectite 25 20
E. coliConF4 none <6.25 1.25
kaolinite <6.25 1.25
smectite 125/ 252 10
P. fluorescens none 12.5 2.5
DSM 50090 kaolinite 12.5 2.5
smectite 25 10/ 20a
E. faecaliDSM nong . >6.25 1.25
204787 kaollnl_te > 6.25 1.25
smectite 12.5/25a 10

atwo 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 DADMAGC10 as compared to BAC12. Thus, a compound
specific interaction occurred and DADMALL10 appeared to be sequestered more
selectively than BAGC12. Hydrophobic interaction of DADMACS talsgplace on via two
alkyl chains, while BAGC12can only interactwith a single alkyl chain Ismail et al (2010)
found that BAG sorption to sewage sludge was positively correlated withtheir
hydrophobicity, which confirms the findings.

The sorption isotherms showed thatsorption occurred below andabovethe 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 [Gree] versus initial concentration [Gnitia] of DADMAGC10 andsmectite (left) and DADMAG
C10 and kaolinite (right) and MICs shown ablue long dash lines forE. coliESBL37B15_13 1E arf. fuorescen®SM 50090T
The according controls withoutclay minerals are shown as blackriangles andcircles.

only responsible mechanisml propose that after all sorption places at the clay minerals
surface and interlayer spaces are occupied (marking the CEC), hydrophobic interaction of
the QAACswvith other QAAC molecule hydrophobic moietiesook 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 space$Zhu

et al 2003), which leads to an increase in hydrophobic interaction capacity for smectites
compared to kaolinites. Theexpansion of the interlayer space in the smectite experiments

with QAACs was confirmed by TEM analyzes that made an expansion of the interlayer
spaces directlyvisible.

Next tothe described effect of size exclusion of the bacteria cellsvhich isoccurring in the
interlayer spaces, we observed another effect. Whesmectite clay minerals came in
contact with QAACSs, the formed microaggregates. This effect was described before by
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Penner and Lagaly(2000). QAAG molecules that aretrapped in theseaggregatesmight
beinaccessiblefor bacteria, reducing their ecotoxicological effects even further.

1.6 Conclusion

An extraction method for soils and sewage was developed within this thesi®r which
only basic laboratory equipment is required, namely an ultrasonic bathlherefore, the
extraction can be performed worldwide with this method.The developed HPL@MS/MS
method is robust and less error prone than previously published methods (e.gRuanet al
2014) and it is suitable for soil and sewagesludge samples.The method deliverslower
LOQ and LOD than other published method® constant retention times.| am confident
that the method can help to expand the sparse datavailability regarding to QAAG
concentration in soils.

The analyzes of the QAACs concentrations in Me&n soils highlighted that QAAE are
widely present in soils. QAACs were present in each sampléoth irrigated and non
irrigated. The sum of the QAAATMACS, BACs, DADMACS) concentrations in Mexican
soils reached concentrations ofup to 155 pg kgt. This concentration, dong with the fact
that each of the analyzed QAAhomologue was found and current knowledge on the
potential co-selection of antibiotics resistant bacteria,raises concern To dateneither
regulated threshold values for QAAC# soil nor ecotoxicity dataare available

To highlight the risk of uncontrolled deposition to soils,we have shown that he acute
toxicity of QAACs towards bacteria is reduced byngectite minerals, whereas kaolinites
did not have thiseffect. However, this supposedly positive effect of detoxification can lead
to chronic sublethal concentrations to which bacteria can adapit also shows that it is not
sufficient to determine MICvaluesfor QAACSn the laboratory in axenic cultures without
taking into account the effects of sorption and possible biodegradation.

Weobserved an extended lag phase of bacteria growth below MIC values. These sublethal
QAAG concentrations may also leadot only to an adaption of bacteria towads QAACs
but also towardsantibiotics in real soils, since the resistance mechanism is similar aral
some casesocated 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 scal&oils containing the same clay
content but different types of clay and with similar organic content should be compared

to each otherto illuminate the effect of clay mineralogy towards the fate of QAACEor
example soils of high kaolinite content from the Hunsriick area could be compared toils

from the Vienna Basin which are dominated by smectites. Further research may be
performed in order to addressthe effect of diferent 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 addressthe effect towards the whole microbial population

in soils, metagenomics studies and microbial genome sequencing of the bacterial
community in the present of QAACSs should be performed. In order to move back from the
group to the individual bacteria, changes in the fatty acid compositioand other adaption
mechanism of bacteria in contact with sublethal QAAE concentration can help to
understand the mechanismof adaption. Since a deep search in the Ecotox databagegS
EPA 2021) did not yield any results further research is needed in the field of
ecotoxicological effects of QAACs towards soil life likeimbricidaeand crop plants.

This work has shown for the first time that QAACs accumulate in soils: irrigationf o
agricultural soils with untreated wastewater led to a biphasic accumulation of QAACs in
Mexican soilsz a linear rise followed by an exponential rise. This accumulation is different
to an apparent steadystate accumulation of pharmaceuticals in soils. T& thesis also
confirmed the hypothesis that clay minerals play an important roleor 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
guaternary alkyl ammonium compounds from soil and sewage
sludge

This chapter is published inPLoS ONE&s:

Heyde BJ, Barthel A, Siemens J, Muldef2020). A fast and robust method for the
extraction and analysis of quaternary alkyl ammoniuncompounds from soil and sewage
sludge.PLoSONE 15(8): e0237020https://doi.org/10.1371/journal.pone.0237020

Figure 2.1 Extraction equipment as used for the ultrasonic extraction.
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Abstract

Alkyltrimethylammonium compounds (ATMACs), dialkyldimethylammonium compounds
(DADMACSs) and benzylalkyldimethylethylammonium compounds (BACs) are quaternary
alkylammonium compounds (QAAC), which are released into the environment in large
quantities after their use in cleaning agents and disinfectants. Despite their potential role as
selective agents promoting resistance against QAACs as well as antibiotics, there is a lack
of data for QAACs in soil due to the lack of sensitive analytical methods. Therefore, we pres-
ent a robust and fast method for the extraction and quantification of concentrations of these
compounds in soil and sewage sludge. The method is based on ultrasonic extraction (USE)
with a mixture of acetonitrile and HCI followed by a solid phase extraction (SPE) cleaning
step and a subsequent quantification of concentrations with high performance liquid chro-
matography with mass spectrometry (HPLC-MS/MS) in multi mass reaction mode (MRM).
The proposed method is suitable for the quantification of ATMACs (chain length C-8 to C-
16), BACs (C-8 to C-18) and DADMACs (C-8 to C-16). The achieved limits of quantification
(LOQ) range from 0.1 ug kg™ to 2.1 ug kg™'. The recovery rates of spiked soil samples for
non-deuterated homologues were between 47% and 57%. The analysis of sewage sludge
samples and soil samples revealed that BAC-C12 was the most abundant QAAC with con-
centrations up to 38600 ug kg™ in sewage sludge and up to 81 ug kg™ in a Mexican soil that
was irrigated with wastewater. Overall, the presented methods open perspectives for effec-
tively studying fate and effects of QAACs in soils.

Introduction

Quaternary alkylammonium compounds (QAACs) are broadly used as disinfectants and sur-
factants in numerous applications. Although, QAACs and related resistance genes were found
in several sediment and sewage sludge samples, the environmental fate and effects of QAACs
are currently not well understood [1], also due to a lack of fast and reliable methods for extract-
ing them from soils and analyzing their concentrations. The linear alkylammonium com-
pounds alkyl trimethylammonium compounds (ATMACs), dialkyldimethylammonium
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compounds (DADMACs) and benzylalkyldimethylammonium compounds (BACs) are
employed ubiquitously in industrial, hospital, agricultural and household chemicals [1]. All
QAAC s are made of a covalently bound, and therefore permanently positively charged, cat-
ionic nitrogen accounting for their hydrophilic and an alkyl chain for their hydrophobic prop-
erties. On the one hand, QAAC:s are biological degradable under aerobic conditions [2], on
the other hand they exhibit biocidal properties depending on homologue. Generally speaking,
the longer the alkyl chains and the less oxygen available, the more their biodegradability
decreases and their toxicity increases [3, 4]

QAAG: first appeared in the year 1935, when they were introduced as disinfectant agents
by Domogk [5] and ever since, due to their unique surfactant as well as biocidal properties
their production an use steadily increased. Starting in the 1990s they were heavily used as fab-
ric softeners [6], especially QAACs of the DADMAC-type with C16 to C18 carbon chains. The
use of these homologues was voluntarily phased out by the industry due to their poor degrad-
ability and replaced by more easily degradable esterquats [7]. Other QAAC homologues can
be found in fabric softeners even today. Furthermore, QAACs are used as detergent in agricul-
ture to clean machines and stables. The majority of the QAACs used for cleaning livestock
buildings ends up in manure, which is used as fertilizer for agricultural fields, which represents
one input pathway of QAACs to soils. Waste water treatment plants and sewage sludge repre-
sent other important sources of QAACs in the environment [2]. When wastewater is used for
irrigation or sewage sludge for fertilization, QAACs are also released into the soil. Soil bacteria
can adapt to QAAC, when QAAC concentrations remain sublethal [2, 1]. Since the genes
encoding resistance against QAACs are often located on the same mobile genetic elements as
antibiotic resistance [8], QAAC in soils can promote antibiotic resistance, which is one of the
global challenges for human and animal health [9].

Despite their widespread application to soils with manure, wastewater or sewage sludge, the
majority of the data available on QAACs in the environment deals with their concentrations in
sewage sludges and wastewater [10, 11, 3]. Some data are available for QAACs in rivers and
river sediments [12, 13], but only little information is available for soils. Gerike et al. [14] pro-
vided some data for concentrations of DADMAC:s in soil shortly after it was amended with
sewage sludge. Similar to the Gerike et al. whose study focused on DADMACs, most other
studies also address only one group of QAACs.

QAAC:s are analytically challenging due to their strong tendency to adsorb to surfaces. This
can lead to a compound loss during the analytical process due to adherence to the equipment
surfaces and, which might then also result in significant background concentrations caused by
carry-over of the analytes between samples or between standards and samples. Since the chro-
matographic separation of the QAAC homologues is difficult, MS/MS detection in multiple
reaction mode (MRM) is mostly used for differentiation of various homologues [13, 15-18].

Solid environmental samples, comparable to soil, like sediment and sewage sludge have
been previously extracted with various methods: Steaming acidic methanol extraction [16, 12],
ultrasonic extraction (USE) [19, 10] and accelerated solvent extraction [13]. Since Ruan et al
[10] reached the lowest limits of detection (LOD) for sewage sludge samples with USE, this
appeared the most promising method from which to develop an extraction method for soil
and sewage sludge.

In summary, the surfactant nature of QAACs pose analytical challenges that leads to a lack
of data. If included in multicompound-environmental screening methods, concentrations of
QAAGC:s tend to be underestimated. The development of a reliable method specific for the
extraction and analysis of the group of QAACs from soils will contribute to completing our
picture of the distribution of these components in the environment, thus promoting our com-
prehensive understanding of their environmental fate and effects. Hence, the goal of our work
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was to provide a stable, fast and, in terms of the needed extraction method, simple method for
the group of QAACs.

Experimental
Reagents

The CAS numbers and suppliers of target analytes ATMAC-C8 to C16, BAC-C8 to C18, DAD-
MAC-CS8 to C16, Chlormequat and benzethonium that were used in the calibration and the
internal standards BAC-C12-D7 and DADMAC-C10-D6 are shown in Table 1. A stock solu-
tion was prepared by mixing the reference substances with acetonitrile (AcN, > 99.9%, Hyper-
Solv, VWR, France) in large scale (100 mL), which was stored deep-frozen at -32°C. Working
solutions, containing each of the 16 QAACs in the same concentration, were prepared in AcN
one time before all analyses and stored at -32°C until analysis. aliquots were thawed at room
temperature before analysis. Ultrapure water (MQ-water) that was used as eluent was made
with Merck Milli-Q system (Millipore Merck, Darmstadt, Germany), methanol was purchased
from VWR (> 99.9%, HyperSolv, France) and HCI from Merck (32%, p. A., Merck, Darm-
stadt, Germany). The extraction solvent containing (v/v) 99.9% AcN (> 99.9%, HyperSolv,
VWR, France) and 0.1% HCI (Ph Eur, Merck, Darmstadt, Germany) was freshly prepared
prior to every extraction.

Table 1. Supplier, CAS numbers and Mol. Masses of the target analytes and the internals standards.

Compound name Abbreviation CAS# Mol. Mass
Alkyltrimethylammonium compounds (ATMACs)

Octyltrimethylammonium bromide ATMAC-C8* 2083-68-3 252
Decyltrimethylammonium chloride ATMAC-C10* 10108-87-9 236
Dodecyltrimethylammonium chloride ATMAC-C12* 112-00-5 264
Tetradecyltrimethylammonium chloride ATMAC-C14* 4574-04-3 292
Hexadecyltrimethylammonium chloride ATMAC-C16* 112-02-7 320
Dialkyldimethylammonium compounds (DADMACs)

Dioctyldimethylammonium bromide DADMAC-C8* 3026-69-5 350
Didecyldimethylammonium chloride DADMAC-C10* 7173-51-5 362
Didodecyldimethylammonium chloride DADMAC-C12* 3401-74-9 418
Ditetradecyldimethylammonium bromide DADMAC-C14* 68105-02-2 519
Dihexadecyldimethylammonium bromide DADMAC-C16* 70755-47-4 575
Didodecyldimethylammonium chloride deuterated DADMAC-C10-D6" - 368
Benzylalkyldimethylethylammonium compounds (BACs)

Octylbenzyldimethylammonium chloride BAC-C8* 959-55-7 284
Decylbenzyldimethylammonium chloride BAC-C10* 965-32-2 312
Dodecylbenzyldimethylammonium chloride BAC-C12* 139-07-1 340
Tetradecylbenzyldimethylammonium chloride BAC-C14* 139-08-2 368
Hexadecylbenzyldimethylammonium chloride BAC-C16* 122-18-9 396
Octadecylbenzyldimethylammonium chloride BAC-C18* 122-19-0 424
Dodecylbenzyldimethylammonium chloride deuterated BAC-C12-D7" - 347
Chlormequat chloride Chim* 999-81-5 158
Benzethonium chloride BenzEth* 121-54-0 448

*supplied by TCI, Eschborn, Germany
tsupplied by HPC Standards (Cunnersdorf, Gemany)
*supplied by Sigma-Aldrich, Steinheim, Germany.

https://doi.org/10.1371/journal.pone.0237020.t001
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For SPE the washing solution contained 1.5 mol L' HCI (32%, p- A., Merck, Darmstadt,
Germany) in water and for column elution the solution was a mix of methanol (> 99.8%,
VWR, Darmstadt, Germany) and 1.5 mol L' HCI (4:1, v/v).

The buffer solution for high performance liquid chromatography (HPLC) was prepared
with formic acid (> 98%, Rotipuran, Carl Roth, Karlsruhe, Germany) and ammonium formi-
ate (99.0%, Acros Organics, Thermo Fisher, Waltham, USA). Pentane (> 99%, Rotisolv) for
spiking the soil was from Carl Roth (Karlsruhe, Germany).

Instruments and materials

Extraction equipment. The evaporation unit (Synchor Polyvap) the associated 120 mL glass
vessels, and the Pressurized Solvent Extractor (PSE) were from Biichi (SpeedExtractor, Flawil,
Switzerland) and employed for sample extraction trials. Additionally, and ultrasonic bath (Super
RK 225 H) from Sonorex (Berlin, Germany) was used. The following solid phase extraction (SPE)
cartridges were tested during optimization: Chromabond CN, Chromabond C18 ec and Chroma-
bond HLB (6 mL, 1000 mg, Machery Nagel, Dueren, Germany), and Oasis HLB (6 mL, 500 mg,
Waters, Eschborn, Germany). Twenty mL amber glass extraction vials with PTFE lid were
obtained from CS Chromatography (Langerwehe, Germany) and 2 mL safe-lock tubes from
Eppendorf (Hamburg, Germany). Fifteen mL polypropylene centrifuge tubes for SPE were pur-
chased from neoLab Migge (Heidelberg, Germany). The Rotanta 460R centrifuge was form Het-
tich (Tuttlingen, Germany) and the Orbital shaker KS-10 from Biihler (Bodenlshausen, Germany).
Prior to the experiments, all of the used analytical flasks and vials were cleaned with AcN.

HPLC-MS/MS analysis. The analyses were performed with a Waters™ alliance 2690 separa-
tions module, which was equipped with an autosampler unit, a gradient pump, a column oven
and a sample heater. The chromatographic device was connected via Peek capillary (0.18 mm ID)
to a Waters™ triple quadrupole mass spectrometer (Micromass Quattro Micro). The final opti-
mized method used a Waters XSelect CSH Phenyl-Hexyl-Column (130 A, 150 mm length, 2.1
mm ID, 3.5 um particle size) and a column guard of the same material. Further tested HPLC col-
umns were zorbax RX-C8 (Agilent, 150 mm length 2.1 mm ID, 5 um particle size) and Nucleodur
7 (Macherey Nagel, Diiren, Germany, 250 mm length 3 mm ID, 5 um particle size). The 2 mL
clear glass vials for the extracts were purchased from neoLab Migge (Heidelberg, Germany).

Procedures

Sample preparation. Luvisol samples were taken from a depth of 0 to 30 cm near Hungen
in Northern Hesse, Germany, ten days after the application of sewage sludge for fertilization.
A soil that was sampled from an adjacent field with similar soil properties was used for spiking
with analytes, but this soil was not fertilized with sewage sludge for a minimum of ten years.
Vertisol samples (0 to 30 cm depth) were taken from the Mezquital Valley in central Mexico.
Those samples were irrigated with wastewater from Mexico City. Sewage sludge samples from
wastewater treatment plants in northern Hesse were freeze-dried prior to extraction.

Soil and sewage sludge samples were collected in aluminum foil and deep-frozen at- 32°C,
freeze-dried for ten days and sieved to < 2 mm afterwards. The sampling tools such as spade
and bucket were cleaned with EtOH in between processing different samples.

For the recovery trial, soils that received no sewage sludge or wastewater were spiked with
1 pmol methanolic solutions of ATMAC-C12, ATMAC-C14, BAC-C12-D7, BAC-C16, DAD-
MAC-C12 and DADMAC-C10-D6. To this end, 500 g of freeze-dried and sieved soil were cov-
ered overnight with a mixture of pentane and the QAACs solution while shaking continuously
in and orbital shaker at 150 rpm with the rest of pentane removed by evaporation the following
day. Unspiked control samples were treated in the same way without the addition of QAACs.
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Extraction and sample clean up. The final extraction procedure for the target analytes
was based on Xiang et al. [20], who used an ultrasonic extraction method for the extraction of
three QAACs from vegetables. We placed 5 g of soil or sewage sludge in 20 mL amber glass
vials and mixed it with 10 mL of the extraction solution (99.9% AcN / 0.1% HCl v/v). The
capped vials were then shaken at 420 rpm for 10 min on an orbital shaker and placed in an
ultrasonic bath for 10 min at room temperature. After centrifuging at 870 Relative Centrifugal
Force (RCF) for 10 min. the extracts were decanted to evaporator vessels. These steps were
repeated three times and the collected extract supernatants were evaporated to < 1 mL. and, if
necessary, filled up to 1 mL with the extraction solution. The extracts were transferred to safe-
lock tubes and centrifuged at 17.000 RCF to remove suspended particles. After transferring the
soil extracts to 1.5 mL clear HPLC glass vials they were deep-frozen until HPLC-MS/MS
analysis.

Sewage sludge sample extracts required a clean-up step as they contained large amounts of
dissolved and particulate organic matter. Therefore, a SPE was implemented according to the
manufacturers application guide. Macherey & Nagel CN cartridges were conditioned with 12
mL MQ-water. The 1 ml extract volume from sewage sludge samples were transferred from
the safe-lock tubes into 15 mL polypropylene tubes and diluted to 6 mL with MQ-water. After-
wards, the diluted extracts were percolated through the cartridges for 10 minutes. The car-
tridges were washed afterwards with 6 mL of MQ-water and twice with 1 mL of HCl and dried
under vacuum for 30 s. The columns were eluted twice with 1 mL of methanol HCI solution.
The samples were evaporated under a constant flow of nitrogen to < 1 mL. and, if necessary,
filled up to 1 mL with methanol and collected in HPLC vials for the analysis.

Extracts were stored at -32°C until HPLC-MS/MS analyses. In cases where the detected
concentrations exceeded the calibration range, the extracts were diluted with the extraction
solution to an expected concentration between 2.5 ug L™ and 300 ug L™

Fig 1 summarizes the various extraction procedures and solvent mixtures that were tested
for optimal extraction yield. PSE was performed with 0.5 g of soil at 120°C and 103 bar (3
cycles) and microwave extraction with 0.5 g of soil and 750 W for 30 min after 5 min preheat-
ing at 450 W. The centrifuging and evaporating procedures were performed analogously to the
final method described above.

High performance liquid chromatography with mass spectrometry (HPLC-MS/MS).
For HPLC-MS/MS measurements, 20 pL of the soil or sewage sludge extracts were injected
into the system. A buffer solution of formic acid and ammonium formate mixed with AcN
were used as liquid phase for the chromatography. As mobile phase (A) a buffer solution con-
taining 50 mM formic acid and 10 mM ammonium formate (90%) mixed with AcN (10%) and
as mobile phase (B) a mixture of the buffer solution of formic acid and ammonium formate
(10%) and AcN (90%) were used. As shown in Table 2A both eluents were premixed 90% /
10% (v/v) to prevent precipitation of salt in the HPLC system. The flow rate was set to 0.25 mL
min"'. After separation, the analytes were detected with tandem mass spectroscopy in MRM
mode with argon (> 99.999%) as collision gas. Precursor and product ions as described by
Ruan et al. [10] were used for ATMACs, BACs and DADMAC:s, those for chlormequat and
benzethonium were determined in our lab. Based on very stable retention times of the analytes
(variation < 12 seconds, see below), the specificity of the transition from the precursor ion to
the product ion, and our excellent experience with spiked samples regarding the identification
of the target analytes, we decided to maximize the sensitivity of our mass spectrometer by
detecting 20 product ions instead of 40 ions. Detailed MS/MS settings are presented in
Table 2B. Chromatograms of DADMAC-C10, BAC-C12-D7, BAC-C12 and ATMAC-C12 are
displayed in Fig 2, chromatograms of all analytes and a total ion current chromatogram are
provided in SI (S2 and S3 Figs).
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Extraction procedure
PSE Ultrasonic Mircowave
MeoH / H20 / HCI AcN / H20 / HCI AcN / HCI EtOH/ H20 / HCI MeOH / HCI 2-propanol / H20 / HCI

freeze-dried

air dried

Chromabond C18 EC

Chromabond CN

Chromabond HLB

<pH1

pH 7

Oasis HLB

Fig 1. Schematic overview of the development of the extraction method. Green arrows indicate the chosen optimum procedure, red arrows represent dead ends with
suboptimal results that were not further followed. The initial method development was performed for soil samples, and was subsequently also applied to sewage sludge

samples.

https://doi.org/10.1371/journal.pone.0237020.g001

Table 2a. Settings and Parameter for the HPLC as used to analyze QAACs.

Time 90% H,O + buffer 10% AcN (A) 10% H,O + buffer 90% AcN (B) Flow
[%] [%] [mL min™]
0 100 0 0.25
3 25 75 0.25
14.5 0 100 0.25
21 0 100 0.25
21.01 100 0 0.25
26 100 0 0.25

Waters XSelect Phenyl Hexyl Column; 38°C column temperature; 20 pL injection; buffer = 50 mM formic acid + 10
mM ammonium formate.

https://doi.org/10.1371/journal.pone.0237020.t002
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Table 2b. Settings and Parameter for the MS/MS as used to analyze QAACs. Qualifier ion is given in brackets behind the quantifier ion.

RT [min] Precursor ion [m z'] Product ion [mz] Collision [V]
ATMAC-C8 6.3 172 60* (57%) 25*
ATMAC-C10 7.0* 200" 60" (57") 25*
ATMAC-C12 7.6* 228" 60" (577) 25*
ATMAC-C14 8.4* 256" 60" (57") 27*
ATMAC-C16 9.3 284" 60" (57) 27*
BAC-C8 7:2* 248" 91" (58") 23*
BAC-C10 7.8* 276" 917 (58") 23*
BAC-C12 8.6" 304" 91" (58") 25*
BAC-C14 9.6* 3321 91" (58") 25*
BAC-C16 10.8" 361" 91" (587 27
BAC-C18 12.4* 389" 91" (58") 29*
DADMAC-C8 8.4* 270" 158" (577) 25*
DADMAC-C10 10.3* 326" 186" (577) 29*
DADMAC-C12 13:1% 383" 214" (577 32*
DADMAC-C14 16.5* 439" 242" (57%) 35"
DADMAC-C16 20.5* 495" 270" (577) 39*
Chlormequat 1.6* 122" 58" (63*) 33" (35%)
Benzethonium 8.9* 413" 91" (320%) 50* (30*)
BAC-C12-D7 8.6* 3n’ 98" 37+
DADMAC-C10-D6 10.3* 332" 192* 41

Cone voltage [V] = 43; Capillary voltage [kV] = 3.5; Source [*C] = 130; Desolvation °C [450]; Desolvation Gas N [L hr-1] = 600.

* determined in our lab
" Ruan et al. [10].

https://doi.org/10.1371/journal.pone.0237020.t003

Calibration and quantification. For quantification, an external eight-point calibration
(2.5, 5.0, 10, 20, 40, 80, 160 and 300 pg L™') was prepared in AcN before each analysis, with the
working solution warmed to room temperature before use. As injection standard, a deuterated
BAC-12 (BAC-12-D7) was added to every single extract and calibration sample immediately
before sample injection. The concentration of the injection standard was consistently 100 ug
L!. Peak analysis was performed with Waters MassLynx 4.0, data evaluation and illustration
with Systat Sigma Plot 12.0. In order to correct the analysis for instrumental drift, the quotient
of the signal of the analyte and the injection standard was used for quantification.

The limit of Detection (LOD) x; op and limit of quantification (LOQ) x;.00

(ug kg") were calculated as shown below,

Xop=4x0 (1)

X0o=10%x 0 (2)

with o (as pg kg'l) denoting the standard deviation of the blank values (n = 12).

Results and discussion
Procedure optimization

In the following, different steps in our method development procedure are presented and dis-
cussed. The flow chart in Fig 1 offers a schematic guide through our optimization procedure.
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Fig 2. Chromatogram of DADMAC-C10, BAC-C12-D7, BAC-C12 and ATMAC-CI2 in concentrations of 200 pg L' in AcN.

https://doi.org/10.1371/journal.pone.0237020.9002

The initial method development was performed for soil samples, and was subsequently also
applied to sewage sludge samples that required SPE cleanup.

Sample extraction. Acidified MeOH [15, 16, 19, 21] and AcN [22, 23] are the most com-
monly used solvents for the QAAC extraction of sludges, water and sediments. In our
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Table 3. Extraction efficiency of spiked soil samples expressed as recovery, as well as precision, Limit of Detection (LOD), Limit of Quantification (LOQ) and blank

value of ultrasonic extraction with AcN (99.9%) and HCl (0.1%) using 0.5 g of soil (n = 3).

PSE A \PSEB |MWE Ultrasonic extraction
Recovery Recovery Precision (SD) LOD } LOQ J Blank values
[%] (%] %] [rgksg™']
ATMAC-C12 < LOD 24 4 47 2.5 2.2 2.5 < LOD
ATMAC-C16 < LOD < LOD < LOD 51 1.3 3.9 6.0 < LOD
DADMA-C12 18 < LOD < LOD 55 3.0 3.5 43 < LOD
DADMAC-C10 D6 < LOD < LOD < LOD 33 1.7 4.5 6.8 < LOD
BAC-C12 D7 < LOD 3 < LOD 43 1.8 2.9 33 < LOD
BAC-C16 < LOD 14 51 57 2.4 32 4.6 < LOD

https://doi.org/10.1371/journal.pone.0237020.t004

extraction trials we found that AcN with HCI worked best for soils (Table 3). Recovery rates of
spiked QAACs extracted with USE and other extracting agents (EtOH, MQ-water, 2-Propanol,
see Table 3) were all < 10%. Mixtures of water and organic solvents had poor recoveries in our
corresponding extraction tests, which is contradictory to Ferrer and Furlong [13], whose work
showed that the extraction of BAC-C14 from sediment samples worked better with a mixture
of organic solvent and water compared to pure organic solvents. PSE and Microwave extrac-
tion were tested as well, but QAAC recoveries were insufficient (Table 3).

The final optimal extraction method using USE and acidic (0.1% HCI) AcN provided recov-
ery rates of the unlabeled QAACs between 47% (ATMAC-C12) and 57% (BAC-C16) with
standard deviations < 3% for replicate extractions (Table 4). Surprisingly, the extraction effi-
ciencies for deuterated standards added were roughly 10% lower, possibly due to substitution
of the H with H' in the labeled BAC and DADMAC. The work by Davison et al. supports this
hypothesis as they also observed deprotonation and substitution of deuterium for 5-hydro-
xyindole-4,6,7-d3-3-acetic-2,2-d2 acid within their labeled standard [24].

Importantly, for our extraction procedure we found it to be essential that freeze-dried sam-
ples were used. Recovery rates for air-dried samples were only half as high as for freeze-dried
samples. Potential reasons for higher recoveries from freeze-dried samples than from air-dried
samples are a better accessibility of sorbed QAAC:s in the fine powder of freeze-dried samples
and the prevention of biodegradation that might occur during the air-drying procedure.

The extracts of sewage sludge consisted of two visible liquid phases, which also contained
large concentrations of dissolved organic matter and suspended particles. Therefore, SPE was
necessary for the sewage sludge extracts for sample cleanup. As it is clear from Fig 1, out of the
four SPE cartridges tested by following its application guides and Ostman et al. [25], only CN

Table 4. Extraction methods that were tested for the highest recovery of QAAC from soil samples.

Extraction method Extracting agent [%]
Microwave extraction (MWE) AcN [60] / H,O [40]
Pressurized solvent extraction (PSE A) AcN [60] / H,O [40]
Pressurized solvent extraction (PSE B) MeOH [50] / H,O [50]
Ultrasonic extraction (1) MeOH [99.9] / HCI [0.1]
Ultrasonic extraction (2) MeOH [59.45] / H,O [39.45] / HCI [0.1]
Ultrasonic extraction (3) AcN[59.45] / H,O [39.45] / HCI [0.1]
Ultrasonic extraction (4) 2-Propanol [59.45] / H,O [39.45] / HCI [0.1]
Ultrasonic extraction (5) EtOH [59.45] / H,O [39.45] / HCI [0.1]
Ultrasonic extraction (6) AcN [99.9] / HCI [0.1]

https://doi.org/10.1371/journal.pone.0237020.t005
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