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Summary

Summary

Synthetic organic pesticides have world wide applications for agriculture and livestock
management for the control of pest, disease and weeds. Increasing detection of pesticides in
groundwater is of concern to drinking water provides. Therefore, to assess fate and
transformation of organic pesticides in the environment the first step is to address the risks of
soil and water contamination. Biodegradation, or natural attenuation, is the most sustainable
approach for the removal of pesticide contaminants in the environment. However, to identify
this process, conventional methods (measuring changes in concentrations and identifying
metabolites) is challenging and not always conclusive. In particular, transformation products
are not always detected and other processes such as dilution, dispersion and sorption may also
cause changes in contaminant concentrations. Complementary tools are therefore warranted.
Compound-specific isotopic analysis (CSIA) is a complementary approach to investigate
sources and degradation of organic pollutants based on patterns and changes in their stable

isotope ratios.

This thesis focuses on glyphosate ((N-phosphomethylglycine)), a widely used post-emerging,
non-selective herbicide that is effective against weeds. Glyphosate and its main degradation
product AMPA (aminomethyl phosphonic acid) are frequently detected in surface and
groundwater above the EU (European Union) general concentration threshold value of
pesticides (0.1 pg/L). In addition, recently, it was classified as probably carcinogenic to
humans by the World Health Organization’s cancer research unit. To investigate sources and
degradation of glyphosate and AMPA, we bring forward CSIA as a promising complementary

tool.

The first objective of this thesis was the development and optimization of a stable isotope
analysis method to analyze PN/MN in glyphosate and AMPA. A recent study on “C/"*C
analysis of glyphosate and AMPA demonstrated the potential, but also the limitations for
product authentication when only isotopes of one element were analyzed [1]. My motivation
was to advance isotope ratio analysis of an additional element so as to exploit the full
potential of multiple elements analysis (“two-dimensional CSIA”). To this end, chapter 2
presents compound-specific PN/MN analysis of glyphosate and AMPA by a two-step
derivatization in combination with GC/IRMS. In the first step, the N-H group was derivatized

with isopropyl chloroformate (iso-PCF), and in the second step the remaining acidic groups
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Summary

were methylated with trimethylsilyldiazomethane (TMSD). Buffering the solution at pH 10
was crucial to obtain accurate nitrogen isotope ratios. The limits for accurate N analysis of
glyphosate and AMPA were 150 ng and 250 ng injected, respectively. A combination of 6"°N
and 8"°C analysis (i) enabled an improved distinction of commercial glyphosate products and
(i1) showed that glyphosate isotope values during degradation by MnO, clearly fell outside the
commercial product range. This highlights the potential of combined carbon and nitrogen

isotopes analysis to trace sources and degradation of glyphosate.

The second objective of my thesis was to determine isotope fractionation during degradation
of glyphosate. To this end, chapter 3 was dedicated to determining bulk isotope enrichment
factors in laboratory experiments as a basis to characterization abiotic and biotic degradation
processes (biodegradation vs. abiotic degradation of glyphosate with MnQO,). A bacterial
strain was isolated from a vineyard field site (northern France, using enrichment cultivation)
and showed the ability to utilize glyphosate as phosphorus source. The strain was identified
by 16S rRNA sequence analysis as Ochrobactrum sp. FfEM 15651. AMPA was not detected
during glyphosate biodegradation, however, the evidence of sarcosine confirmed an
alternative degradation route — the sarcosine pathway (C-P cleavage). A small carbon and
nitrogen isotope fractionation of -4.8%0 + 0.5%o0 and -0.6%o0 + 0.7%o0 respectively, was
observed during biodegradation of glyphosate with Ochrobactrum sp. FrEM. This suggests
that the intrinsic isotope fractionation may have been masked. The AKIE o, for biotic
degradation was calculated as 1.014. In the case of abiotic degradation of glyphosate with
manganese dioxide (MnQ,), the nitrogen isotope fractionations were as high as ex = -17%o
+0.5%0. The strong nitrogen isotope fractionation during abiotic degradation of glyphosate
would leave a robust imprint of degradation in natural systems. The AKIE o, during abiotic
degradation was calculated as 1.011. The dual isotopic analysis for A 8"C and 6"°N slope (4.6
+ (0.03, 0.4 + 0.03) was able to distinguish abiotic and biotic degradation pathways.

The third objective of this thesis was to develop an enrichment method to extract glyphosate
and AMPA from water. The Chapter 4 of this thesis describes the preliminary results of
enrichment tests using activated alumina-packed columns to extract and enrich glyphosate
from water. The activated alumina had an adsorption capacity and surface density of 85 mg/g
and 2 pmol/mz, respectively. The adsorption of glyphosate on activated alumina was pH
dependent. Glyphosate was adsorbed at a pH value that was lower than the PZC (point of zero

charge) of the alumina surface so that the surface was positively and glyphosate negatively
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charged. Desorption of glyphosate, in contrast, was favored above pH 10 where glyphosate
molecules and the alumina surface were both negatively charged. Preliminary isotope values
(Pc/*Cc & PN/MN) of glyphosate after enrichment on activated alumina suggest no
significant isotope effect is expected compared to the input laboratory working glyphosate
standard when extraction conditions are optimized. Therefore, there is promising potential to
use activated alumina for the enrichment of glyphosate and AMPA from water to enable
CSIA applications to detect glyphosate degradation, and to explore the source of AMPA, in

the environment.
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Zusammenfassung

Synthetische organische Pestizide finden bei der Bekdmpfung von Schidlingen, Krankheiten
und Unkrdutern in den Bereichen der Landwirtschaft und Viehzucht weltweite Anwendung.
Der Nachweis dieser Pestizide in Grundwasser gewinnt immer mehr an Bedeutung bei der
Trinkwasserproduktion. Daher muss zur Risikobeurteilung von moglichen Boden- und
Wasserverunreinigungen das Verhalten und v.a. der Abbau der organischen Pestizide
abgeschitzt werden. Der biologische Abbau, auch natiirliche Attenuation genannt, stellt den
nachhaltigsten Prozess dar, um Pflanzenschutzmittelverunreinigungen aus der Umwelt zu
beseitigen. Allerdings kann dieser Prozess mit den momentan eingesetzten Methoden
(Bestimmung von Konzentrationsdnderungen und Metabolitenbestimmung) nur bedingt
nachgewiesen werden, und ist nicht immer zielfiihrend. Insbesondere besteht das Problem,
dass zum einen die Abbauprodukte hiufig nicht nachgewiesen werden konnen, und zum
anderen, dass auch Prozesse wie Verdiinnung, Dispersion und Sorption zu einer Abnahme der
Konzentration des Pflanzenschutzmittels fithren konnen. Aus diesem Grund braucht es
zusitzliche komplementire Herangehensweisen. Die substanz-spezifische Isotopenanalytik
(CSIA) stellt eine komplementire Vorgehensweise dar, die es ermoglicht
Kontaminationsquellen und den Abbau von organischen Umweltschadstoffen anhand von
deren Mustern und Veridnderungen in den stabilen Isotopenverhiltnissen bei natiirlicher

Hiufigkeit, zu untersuchen.

Der Fokus meiner Doktorarbeit liegt auf dem Herbizid Glyphosat (N-Phosphomethylglycin).
Es wird weitgehend in der Nacherntephase eingesetzt, gilt als nicht-selektives Herbizid und
wird zur effizienten Bekdmpfung von Unkridutern eingesetzt. Glyphosat und sein
Hauptabbauprodukt AMPA (Aminomethylphosphonsdure, engl. aminomethyl phosphonic
acid) werden haufig in Oberflichengewissern und Grundwissern detektiert und iibersteigen
oftmals den von der EU (Europdischen Union) fiir Pestizide festgelegten Grenzwert von 0.1
png/L. Weiterhin, wurde vor kurzem, Glyphosat von der Krebsforschungsagentur der
Weltgesundheitsorganisation (WHO) als ,,wahrscheinlich krebserzeugend beim Menschen*
eingestuft. Um Kontmainationsquellen und Abbau von Glyphosat und AMPA besser
charakterisieren zu konnen, wird CSIA dieser beiden Zielsubstanzen, als vielversprechende

komplementire Herangehensweise erprobt.

Das erste Ziel der Arbeit bestand in der Entwicklung und der Optimierung der

isotopenanalytischen Methode zur Bestimmung des PN/MN Verhiltnisses (natiirliche
XV
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Hiufigkeiten) von Glyphosat und AMPA. In einer kiirzlich verdffentlichten Studie zur
Bestimmung des BC/"C Verhiltnisses von Glyphosat und AMPA konnte das Potenzial, aber
auch die Limitierung gezeigt werden, wenn zur Produktauthentifizierung nur das
Isotopenverhiltnis eines Elements herangezogen wird [1]. Meine Motivation bestand daher
darin, die Analyse des Isotopenverhiltnisses eines weiteren Elements voranzutreiben um das
ganze Potenzial einer Mehrelementanalyse (,,zweidimensionale CSIA*) auszuschopfen. In
diesem Zusammenhang wird im zweiten Kapitel der Arbeit die substanz-spezifische PN/MN
Isotopenanalyse  des  Glyphosats und AMPA  mittels eines  zweistufigen
Derivatisierungsverfahrens  in ~ Kombination = mit der  gaschromatographischen
Isotopenverhiltnis-Massenspektrometrie (GC/IRMS) vorgestellt. Im ersten Schritt wurde die
N-H Bindung mit Hilfe von Isopropylchlorformiat (iso-PCF) derivatisiert. Im zweiten Schritt
wurde die verbleibende Sduregruppe mit Trimehtylsilyldiazomethan (TMSD) methyliert. Um
richtige Stickstoffisotopenverhéltnisse bestimmen zu konnen, war es entscheidend, dass die
gepufferten Losung einen pH von 10 hatte. Die analytische Grenze fiir richtige o°N
Analysen lag fiir Glyphosate bei injizierten 150 ng und fiir AMPA bei 250ng. Die
Kombination von 6"°N und §"°C Analysen ermoglichte (i) eine verbesserte Unterscheidbarkeit
von kommerziell erhéltlichen Glyphosatprodukten und zeigte (ii), dass die Isotopenwerte von
Glyphosat nach Abbau mittels MnO, eindeutig aulerhalb des Bereiches der kommerziell
erhiltlichen Produkte gewesen sind. Dies unterstreicht das Potenzial der kombinierten
Kohlenstoff und Stickstoff Isotopenanalysen bei der Identifikation der Quellen und des

Abbaus von Glyphosat.

Das zweite Ziel meiner Doktorarbeit war die Bestimmung der Isotopenfraktionierung
withrend des Abbaus von Glyphosat. Dementsprechend handelt das dritte Kapitel von der
Bestimmung von ,,bulk® Isotopenanreicherungsfaktoren, die aus Abbaustudien im Labor
gewonnen wurden. Diese Anreicherungsfaktoren dienen als Grundlage zur Charakterisierung
von abiotischen und biotischen Abbauprozessen (Bioabbau vs. abiotischen Abbau von
Glyphosat mittel MnQO,). Dazu wurde zuerst ein Bakterienstamm aus der Umwelt
(Weinanbaugebiet, Nordfrankreich) isoliert (Anreicherungskultivierung), der die Féhigkeit
hat, Glyphosat als Phoshphorquelle zu nutzen. Der Bakterienstamm wurde mittels 16S rRNA
Sequenzanalysen als Ochrobactrum sp. FTEM 15651 charakterisiert. AMPA wurde wihrend
des biologischen Abbaus von Glyphosat nicht detektiert. Der Nachweis von Sarkosin
hingegen, bestitigte einen alternativen Abbauweg- den Sarkosin Abbauweg (C-P

Bindungsbruch). Mit gonjenstoft = -4.8%0 £ 0.5%0 und esgicksioff = -0.6%o0 fiel die detektierbare C
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und N Isotopenfraktionierung, die mit dem Glyphosatabbau durch Ochrobactrum sp. FrEM
assoziiert gewesen ist, gering aus. Dies ldsst vermuten, dass die intrinsische
Isotopenfraktionierung ,,maskiert gewesen ist. Der daraus abgeleitete AKIEgohienstofr betrug
fiir den biologischen Abbau 1.014. Im Falle des abiotischen Glyphosatabbaus mittels
Mangandioxid (MnQO,) hingegen betrug die Stickstoffisotopenfraktionierung esicksioff = -17%o0
+0.5%0. Die, wiéhrend des abiotischen Glyphosatabbaus auftretende stark ausgeprigte
Isotopenfraktionierung im Stickstoff wiirde vermutlich auch in natiirlichen Systemen einen
robusten ,,FuBBabruck® des Abbaus hinterlassen. Der AKIEkhienstoff betrug fiir den abiotischen
Abbau 1.011. Anhand der unterschiedlichen Steigungen (Apiotic = 4.6 £ 0.03 undAgpiotic) der
zweidimensionalen Isotopenplots (8"°C vs 8'°N) war es moglich den abiotischen und

biotischen Abbauweg des Glyphosates zu unterscheiden.

Das dritte Ziel der Arbeit bestand in der Entwicklung einer Anreicherungsmethode um
Glyphosat und AMPA aus Wasser zu extrahieren. In Kapitel 4 werden die Ergebnisse aus
Anreicherungsverfahren, die mit Hilfe von aktivierten Aluminiumoxid gepackten Séulen
Glyphosat und AMPA aus Wasser extrahierten und anreicherten, gezeigt und diskutiert. Das
aktivierte Aluminiumoxid hatte eine Adsorptionskapazitit von 85 mg/g und eine
Oberflichendichte von 2 pmol/m”. Die Adsorption des Glyphosates auf dem aktivierten
Aluminiumoxid war pH abhingig. Glyphosat wurde bei einem pH, der niedriger als der PZC
(Nulladungspunkt) des Aluminiumoxides gewesen ist, adsorbiert. Somit war die
Oberflichenladung des Aluminiumoxides positiv und die Ladung des Glyphosates zugleich
negativ. Im Gegensatz dazu, war die Desorption des Glyphosates bei einem pH {iiber 10
begiinstigt. Bei diesem pH sind sowohl die Glyphosatmolekiile als auch die Oberfliche des
Aluminiumoxides negativ geladen. Bisher gemessene Isotopenwerte (°C/'°C & ""N/'N)
deuten darauf hin, dass nach weiterer Optimierung des getesteten Anreicherungsverfahrens
signifikanten Verdnderungen im urspriinglichen Isotopenverhiltnis des Glyphosates nicht zu
erwarten sind. Deshalb besteht das vielversprechende Potenzial, dass die Anwendung von
aktiviertem Aluminiumoxid zur Anreicherung von Glyphosat und AMPA aus Wasserproben
es ermoglicht, CSIA zur Erforschung der Herkunft von AMPA und dem Nachweis des

Glyphosatabbaus in der Umwelt anzuwenden.

XVvii
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Chapter 1-Introduction

1.1 Introduction

1.1.1 Pesticides

Pesticides are substances intended to prevent, destroy or control pests. They generally
represent groups of organic substances that are classified based on their target organism,
mode of action, chemical structure and physical properties. They have long been used for pest
and disease management and are important in agriculture [2]. An estimate one third of the
world’s food crop would have been destroyed during growth, harvest or storage had it not
been for the use of pesticides [3]. Consequently, a raise in pesticide use is expected to match
the food demand of an exponential human population growth (9 billion by 2050 according to
UN —World Population Prospects report). According to the EPA market estimates, the
worldwide pesticide consumption amounted to approximately 5.2 billion pounds in (2006-
2007) with herbicides having the largest portion of total use, followed by other pesticides,
insecticides, and fungicides (EPA 2006-2007 market report). Countries depending on
agriculture as their main economic activity to a large extent depend on the use of pesticide to
secure and increase productivity. 25% of Kenya’s GDP is based on agricultural production
both small- and largescale [4]. The Kenyan pesticide market was approximately US $ 40.4
million dollars in 1992, placing Kenya among the highest pesticide users in sub-Saharan
Africa according to “Pesticide Use and Management in Kenya” which was commissioned by
World Wide Fund for Nature (WWF) (PCPB annual report 1995). The major active substance
imported were glyphosate, mancozeb, dimethoate, imiprotrin, deltametrin, alphacypermetrin,
amitraz, 1,3 dichloropropene, sulphur, and metam sodium in order of decreasing volume that

accounted to a total of 10,000 tons annually [5].

The dependency of pesticides for food production is clearly not in question. However, the
question as to what happens to the pesticides (toxic organic compounds) after they are

released into the environment desires close attention.

1.1.2 Pesticides in the environment

Pesticides are released into the environment mainly through the large-scale agricultural crop
management practice and also from non-agricultural application (for example in railway
tracks or urban garden management). Precipitation leads to the transport and leaching of
pesticides into surface and groundwater. The agricultural sources can be divided into two

categories (1) diffuse and (2) point sources. Diffuse sources are the result of the pesticides
2



Chapter 1-Introduction

applied, washed from the fields and transported (or leached) into surface and groundwater via
various ways. Depending on the soil type and conditions, the pesticides flow rapidly or
slowly through the unsaturated zone. In sandy soils (unstructured soils) contaminants flow
slower and this is known as matrix flow. In structured soils (clay soils), however, preferential
flow is observed. It referred to the uneven and often rapid movement of water through
macropores, cracks, and warm holes allowing faster transport. On the other hand, point
sources are the results from the farmer’s improper handling (cleaning of farm tools), storage

and disposal of the chemicals [6].

Pesticides are typically detected in surface and groundwater at very low concentrations of few
pug/L. Groundwater is the source of drinking water for most countries in the world. The
concentrations of the majority of pesticides (Atrazin, Bentazon, Mecoprop (MCPP), Diuron,
1,2-Dichloethan, AMPA) in groundwater exceed the stipulated European Union (EU) general
threshold value for pesticides and metabolites of 0.1 pg/L (Council Directives 98/83/EC and
2006/118/EC) [7]. Therefore, groundwater monitoring campaigns are routinely done to
determine the concentration of pesticides and their metabolites together with restricting the
use of pesticides near groundwater catchment areas in order to maintain the drinking water

quality.

Pesticides that are released into the environment are subjected to various physical, chemical
and biological processes. These processes govern the fate of pesticides in the environment.
Physical processes leave the chemical structure of the compound (pesticide) unchanged (such
as sorption, dispersion, sedimentation, diffusion and volatilization). They results in the mass
transfer between different phases or transport and mixing of the substance within an
environmental system. Conversely, chemical and biological processes such as biodegradation
lead to the transformation of the pesticide into products (metabolites) of different

environmental behavior (see Figure S7 in the appendix III) [8].

Biodegradation is a process where organic contaminants (pesticides) are broken down by the
help of microorganisms. Biodegradation, a natural attenuation processes in groundwater, is
considered as the only effective process in removing contaminants of many compound classes
[9]. The efficiency of biodegradation depends on (i) reactivity of the substances [10] (ii)
stimulating conditions (for example soil type, precipitation, presence of degradation
microorganism, pH , temperature and nutrient status of the field) and (iii) crop management

practices (application method and timing) [11,12].

3
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The persistence of pesticides is expressed in terms of half-life (the length of time required for
one-half the original amount to be degraded). Pesticide persistence in soil and water can be

estimated based on substance chemical properties

The use of pesticides is clearly inevitable, however, there is a growing concern on the
increased detection of pesticides and their metabolite (sub-pg/L) in surface and groundwater.
Therefore, it is important to develop new approaches that will assess and monitor their fate in
the environment to protect and safeguard our threatened groundwater resources [13].
However, assessing groundwater contamination of pesticides is complex since they are
continuously introduced annually (every growing season) into the environment. This thesis
focuses on glyphosate a widely used herbicide for weed control in sugar, soya and maize

plantations and its main metabolite AMPA (that are common groundwater contaminants).

1.1.3 Glyphosate herbicide

Glyphosate is the active ingredient (substance) of the widely used herbicide “Roundup”
introduced by Monsanto in the early 1970s. It is a systematic, broad-spectrum, post-emerging
herbicide effective against weeds [14]. In the last decade, application of glyphosate have
experienced an exponential increase because: (1) It has been considered as environmentally
benign; (2) it strongly sorbs to soil particles, limiting the potential for transport and leaching
[15]; (3) it has a short half-life in soil that means it is easily degraded by soil micro-
organisms; (4) introduction of glyphosate (generic glyphosate-resistance crops (Zea mays L.)
to cotton (Gossypium Hirsutum L.) and soya beans (Glycine max L.)) has resulted in a
reduction in the application of other herbicides to control weeds and finally (5) its low toxicity
to mammals, birds and most aquatic fauna [16] and mode of action (inhibition of the enzyme
Enylpyrvylshikimate-3-phosphate synthase (EPSPS) in the Shikimate-3-phosphate pathway
(important in the synthesis of essential aromatic amino acid) is present only in plants, algae,
bacteria and fungi) [17] [18-20].

However, there are concerns on the use of glyphosate herbicide. First and foremost, the
evolution of glyphosate- resistant weeds, due to heavy use of glyphosate which has lead it to
be used together with other herbicides [21]. In literature there are different opinions regarding
the health effects of this herbicide. Some studies have shown that it disrupts the gut bacteria in
animals, preferentially killing beneficial bacteria and causing an overgrowth of pathogens
[22,23]. It also chelates with minerals such as iron and cobalt, and may interference with

cytochrome P450 (CYP) enzymes [24,25].
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In 2007, EPA selected glyphosate for further screening into its endocrine screening program.
Selection for this program is based on a compound's prevalence of use and does not imply
particular suspicion of endocrine activity (EPA, Federal registry 2007). Recently, the World
Health Organization’s cancer research unit has classified glyphosate as “probably
carcinogenic to humans- Group 2A”. This category is used when there is limited evidence of
carcinogenicity in humans and sufficient evidence of carcinogenicity in experimental animals
[26]. These findings were based on a review of years of scientific research where glyphosate

has been detected in the air during spraying, in water, and in food [26].

1.1.4 Physical properties

Glyphosate is an organophosphorus compound. Even though it is a simple molecule with
(carboxylic, amino and phosphonate functional groups) and a low molecular weight (MW
169), but its analysis is challenging. Glyphosate and its metabolite AMPA are highly water-
soluble (10.1 g/L at 20°C, 5.81 g/L at 25°C respectively) with a low Kow (Log Kow = -3.5, -
1.9, respectively)[27] .They have several acidic functionalities (pK, = 0.8, 2.3, 6.0, 11.0 and
pKa= 0.9, 5.6, 10.2 for glyphosate and AMPA, respectively), contributing to their zwitterionic
character [28,29] .The summary of the physical properties of glyphosate and AMPA are

shown in Tablel-1
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Glyphosate
Parameter (Roundup) Interpretation AMPA Interpretation
Chemical structure &
(0] . .
HO - /\P// Polar e /\P// Polar
™y
\[ﬁ / OH / OH
0 HO HO
Molar mass(g/mol) 169.08 111.01
Half-life (days) 34-44 Non-persistent 151 Persistent
GUS -0.54 Low leachability 0.2 Low leachability
Koc 27621 Non-volatile 2002 slightly mobile
Log Kow -3.5 Low -1.3 Low
Solubilty (mg L) 11500 High 5810 High
Vapour Pressure
(mPa) 0.000001 Non-volatile - -
Henry's law
constant
(dimensonless) 200 10 Non-volatile 0.16 Moderate volatile
pKa 0.8;2.6:6;10.9 Zwitterionic 0.9; 6;10.2 zwitterionic

GUS: Groundwater Ubiquity score
Kow Octanol-water Coefficient
Koc Soil adsorption Coefficient
Sources Schuette et al 1998, Pesticide properties Database U. of Hertfordshire

Table 1-1 Common name, molar mass half-life, GUS value (groundwater ubiquity score),
sorption coefficient (K,.), water solubilty, vapour pressure index, Henry’s constant index and
pKa for glyphosate and metabolite AMPA

1.1.5 Glyphosate degradation in the environment

In the environment glyphosate is strongly bound to soil (see sorption coefficient in table 1-1)
through its phosphate moiety [13]. Glyphosate is broken down through two degradation
pathways- i) abiotic degradation and ii) biotic degradation. Biodegradation is the main
degradation route in the environment. But, it is considered stable to hydrolytic abiotic
degradation indicated by minimum hydrolysis in a study conducted at various pH [30,31].
Glyphosate biodegradation follows two degradation pathways 1) AMPA formation by the
cleavage of a C-N bond (N-dealkylation reaction) and 2) intermediate formation of sacrosine
and glycine [13] as shown in Figure 1-1. Several studies have isolated bacterial strains that
were capable of degrading glyphosate from soil. By now, only aerobic bacteria have been

isolated from soil or sediment. Earlier studies were able to isolate Pseudomonas sp. strain



Chapter 1-Introduction

PG2982, Arthrobacter sp. strain GLP-1 that utilized glyphosate as phosphorus source. These
organisms were shown to cause the cleavage of the C-P bond, resulting in the formation of
sarcosine [32]. Another strain Arthrobacter sp. strain ATCC 13752 was capable of
metabolizing glyphosate to AMPA, and the carbon of AMPA was completely converted to
CO; [32]. Several years later, the metabolism of glyphosate in 163 environmental bacterial
strain isolated under non-selective conditions showed that 26 strains metabolized glyphosate
via C-P bond cleavage forming sarcosine [33]. Most recently, bacterial strains Ochrobactrium
anthropi GPK3, Achromobacter sp isolated from soil were able to degrade glyphosate through
two alternative degradation pathways which are AMPA and sarcosine pathways (C-N bond
and C-P bond cleavage, respectively) [34-36]. The postulated degradation pathway of
glyphosate (complete pathway described in [34]) is shown in Figure 1-1.

(0]
HO //
OUNH RS
Biodegradation 0 HO OH Biodegradation
Glyphosate

\

Abiotic degradation

Ochromobactrum antropia BKM 2554
Arthobacter antrocyaneus ATCC 13752
Flavobactrum sps, Ochrobatrum sps.

Achromobacter sps BKM 2778 ,
Arthrobacter sps GLP-1
Pseudomonas sps. PG2982 .

Ochromobactrum Fr EM-this work MnO, oxidative GDOS , Pseudomonas sps. Strain LBr .
2
degradation
H,0,/UV oxidation
o ? — 4 HO
| ¥ | HNT S X
HO—P=0 T T N Pion o+ °
| 3 HO 0
Xy : AMPA Glyoxylate
Phosphate Sarcosine
. Aminotranferase
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oxidase
AY)
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Figure 1-1: Postulated glyphosate degradation (biotic & abiotic) pathways leading to its
metabolites AMPA and sarcosine. Strains isolated from soil, wastewater and sediment with
glyphosate degradation activity. Oxidative abiotic degradation with MnO, and advanced
oxidation by H,0,/UV
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Barrett et al [37] reported the first study on the oxidative abiotic degradation of herbicide
glyphosate with MnQO,. They proposed that glyphosate is first adsorbed to manganese via its
phosphate group and then transfers an electron to facilitate reduction of Mn(IV) to Mn(III). C-
P bond cleavage results in formation of sarcosine which is further transformed into glycine

and formic acid. Evidence of C-N bond cleavage has been confirmed in later studies [38].

Transition metal oxides present in soils contribute to the natural degradation of organic
compounds present in soil. Birnessite (6-MnQO,), is a manganese mineral present in soils.
Oxidation of organic compounds such as phenol, chloroaniline, diclofenac, glyphosate,

atrazine and carbamazepine with MnO; has been reported [39-42].

Early studies on photolysis of glyphosate in either water or soil suggested that it is not readily
photo-degraded [43,44]. This is because glyphosate does not display absorption bands in
UV/VIS range that would enable an excitation of the molecule and lead to direct photolysis.
However, advanced oxidation processes (AOPs) have been reported to degrade glyphosate
and therefore offering a potential option to reduce glyphosate concentration in water to
acceptable limits. This indicates that, in contrast to direct photolysis, indirect photolysis (i.e

reaction with the OH radicals) does take place [45,46]. A different reaction pathway was
proposed where the 'OH radical formed attacks glyphosate leading to a carbon centered

radical and phosphate (C-P bond cleavage as first step). The radical reacts with molecular

oxygen to give a new radical (step 2). This then react with water to form glycine,

formaldehyde and HO, radical.

In soil, glyphosate is considered to be moderately persistent with a field dissipation of 44-60
days and the half-life ranging from several weeks to years, but averages to two months. Field
studies conducted at sandy and two loamy sites indicated that both glyphosate and AMPA can
leach through structured soils [43]. Leaching and degradation of glyphosate differs from soil
to soil. This variability and uncertainty makes it difficult to conclude its behavior in soil [13].
In another study, soil columns treated with glyphosate and S-metolachlor under two different
rainfall regimes (light frequent rainfall and heavy short rainfall) observed that glyphosate
remained in the surface soil layer because of its strong adsorption capacity, whereas AMPA
leached down in small amounts in both rainfall regimes [47]. It has also been shown that the
transport of glyphosate was influenced by the soil type and that the phosphate concentration

contributes to its leaching through stratified soils [48].
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1.1.6 Glyphosate herbicide in groundwater

Glyphosate and its metabolite AMPA are frequently detected in surface and groundwater
above the EU general threshold level of 0.1 pg/L [49-51]. AMPA has a high potential to leach
into groundwater than glyphosate based on a study that reported that AMPA are more mobile
and persistent in aquatic environment than earlier research and monitoring suggested [52].
The groundwater Ubiquity score (0.2) of AMPA (a number derived from its half-life and
sorption coefficient and Henry’s law constant) predicts a slight leachability into groundwater

(shown in table 1-1).

However, the fate and sources of AMPA in groundwater is poorly understood as
phosphonates used in laundry products also form AMPA as main transformation metabolite,

which makes the assessment of AMPA even more complex [53,54].

To this end, assessing the sources and degradation processes of glyphosate and AMPA by
conventional methods is challenging and sometime inconclusive. This is because: (i)
metabolites are often not detected, (ii) an attempt to close mass balances requires exhaustive
sampling bringing about the installation and operation of expensive and labor-intensive
sampling networks and (iii) the transformations of glyphosate can proceed simultaneously
along competing pathways thus making the characterization of these processes difficult. The
transformation products may be further degraded and their physiochemical behavior (sorption,
retardation) may be different from the glyphosate compound hence may not always be

detected

Therefore, this thesis aims to pursue an alternative approach to investigate the sources and
degradation of glyphosate and AMPA. This approach is CSIA (compound specific isotope

analysis) as explained below.

1.2 Compound specific isotopic analysis

Assessment of the transformation of organic compounds with compound-specific isotope
analysis (CSIA) makes use of the stable isotope composition of organic compounds at their
natural isotopic abundance. This composition can be measured by gas chromatography-
isotope ratio mass spectrometry (GC/IRMS) or liquid chromatography-isotope ratio mass
spectrometry (LC/IRMS scheme shown in Appendix —All). It is expressed as an isotopic ratio

(R= E/Esampie), Where "E is the heavy isotope and 'E the lighter isotope of an element E (e.g.,
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"E/E= 1C/C, PN/MN). Isotope ratios are reported as difference in per mil with respect to an

international reference standard:

513C, :R(ISC'/12 C‘)sample_R(lSC'/12 C)VPBD (1_1)
sample,VPBD R(13 C /12 C) VPBD

R(ISN/M N)sample_R(ISN/14 N)NZ—AIR

(1-2)
RN N) g, ar

15 _
5 Nsample,Nz—A]R -

The use of the per mil notation is important because the natural abundance of isotopes and the
variations in isotope ratios of these elements are generally very small. By reporting isotopes
ratios relative to standards of known isotopic composition, one ensures that several possible
errors (chemical conversion and mass spectrometer performance) cancel out if the results are
presented as a ratio (eq. 1-2). The use of reliable isotope standards or reference materials is
critical to compare results between runs on a single machine, but also to relate them to other
isotope instruments and laboratories. Gas chromatography-isotope ratio mass spectrometry
analysis of organic compounds is possible for hydrogen (*H/'H), carbon (°C/"*C), nitrogen

("N/MN), oxygen (**0/'°0) and (*’CI/*°Cl) [55] elements.

The Rayleigh model for a closed system is used to quantify the isotopic fractionation (eq 1-3),
where the enrichments factor (¢) describes the relationship between the change in isotopic

composition (R¢/R,) and the change in concentration (f = C/C,).

In

(1+§”E

— 7 = |= 1-3
1+6”on ehnf (1-3)

R,
RO
Such isotopic data can give different types of information: (i) Isotope ratios can be used like
fingerprints to distinguish different contaminant sources and to identify a liable party in cases
of environmental forensics [56] (ii) In addition, abiotic or biotic transformation reactions of
organic compounds can be detected and distinguished from each other based on kinetic
isotope fractionation. The reason is the kinetic isotope effect associated with degradation
reactions: light isotopes (e.g.,IZC) typically react slightly faster causing an enrichment of
heavy isotopes (e. g.,13C) in the remaining organic compound. This is mainly the result of ZPE

(zero point energy level) differences of the two isotopes. A significant isotopic fractionation is

10
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expected at reactive positions involving the elements, where the covalent bond is broken or
formed during the rate determining step of the process. Conversely, other physical processes
(dilution, adsorption, advection) typically result in a negligible isotopic fractionation as
observed in batch and chromatographic experiments [57]. Detection of such enrichments in
the field samples makes it possible to monitor degradation and provide an additional line of

evidence of natural attenuation even in the absence of mass balances

Estimations of the extent of (bio) degradation (B) can also be obtained according to the

equations:

le_f:(iJ(lJ:(&j(l] -,

R, S"E, +1

where Ry and R are the isotope ratios of element E in the compound at the source and at a
specific location in the field respectively, and fis the fraction of the remaining contaminant at
the given location [58]. Finally, (iii) Multi-element isotope analysis (“multidimensional”)
makes it even possible to identify different degradation pathways. The reason is that different
transformation reactions typically involve different bonds and different elements leading to
characteristically different trends in dual element isotope plots [59]. Therefore, the more
elements are included in isotopic analysis the better is the chance to delineate a reaction
mechanism. While these approaches are well-established for point source priority pollutants

[60], investigations of agricultural organic chemicals are recently emerging [61-64].

To date, CSIA is a widely accepted routine analysis to monitor degradation of volatile
hydrocarbons (BTEX) and chlorinated hydrocarbons (PCE (tetrachloroethylene), TCE
(trichloroethylene), cDCE (cis-1,1-dichloroethylene)) in contaminated aquifers (groundwater).
This is because of automated sample handling [65,66] and environmental concentrations that
lie above the limits of precise isotope analysis [67,68]. In recent years, research studies on the
degradation of chemical micropollutants such as pesticides, detergents and pharmaceuticals
using CSIA have increased [69-72]. CSIA, therefore, is a potential complementary tool to
assess compound transformation of glyphosate and its metabolite AMPA, which are common

micropollutants in groundwater.

11
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1.2.1 Expected stable isotope fractionation of glyphosate and AMPA

As already mentioned (in Section 1.1.3), glyphosate strongly sorbs to soil which making it not
bioavailable to soil bacteria as shown in Figure 1-2 (a).The insights into the expected during
degradation of glyphosate and AMPA might provide some insights into the fate of AMPA in
groundwater similar to other studies [69]. The microbial degradation of glyphosate in soil
forms AMPA (cleavage of the C-N bond) which is expected to show no changes in the

Be/te isotope ratio.

1.2.2 Practical challenges of glyphosate analysis

Analysis of glyphosate and AMPA are very challenging because of their physical properties
(see Table 1-1). Their analyses are tedious because numerous steps are necessary during
purification and often derivatization is required for GC-MS, LC-MS/MS and HPLC/UV. This
is because: (i) they lack a chromophore or fluorophore for detection and (ii) the polar groups
need to be converted into volatile derivatives for GC analysis. Several studies have developed
sensitive methods that analyzed glyphosate in river water after derivatization with FMOC-CI
and LC-MS/MS analysis (Hanke et al 2008, Einhorn et al 2007). Direct HPLC analysis was
reported using ion chromatography with electrochemical or mass spectrometry detection (Hao
et al 2011). CSIA of polar compound like glyphosate and AMPA is even more challenging
because of (1) the introduction of additional carbon atoms during derivatization which
potentially causes an isotope fractionation during derivatization (2) the additional atoms
“dilute” isotope changes in the target compound and 3) To enable CSIA glyphosate analysis

at environmental concentrations (< 0.1 pg/L) sensitive enrichment method is needed.

1.3 Scope of the study

This thesis focuses on assessing the transformation of glyphosate and its main metabolite
(AMPA) using CSIA. The objectives were: (i) to develop and optimize a method for stable
isotope analysis (CSIA) of glyphosate and AMPA, (ii) to investigate the associated isotope
fractionation of glyphosate during degradation and (iii) to develop an enrichment method for

glyphosate and AMPA extraction from natural water.

1.3.1 Objective 1:
In chapter 2, a method to measure nitrogen isotope analysis was developed. The objective was
to advance isotope ratio analysis of an additional element (besides carbon) for dual element

isotope analysis Different conditions during derivatization of glyphosate and AMPA, which

12
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include pH, the variability of excess derivatization agent and vortexing time, were optimized.
A dual element isotope approach (®C/"*C and "“N/"N) was used to distinguish different

glyphosate products and oxidative abiotic degradation.

1.3.2 Objective 2:

In chapter 3, a specific bacterial strain that showed the ability to degrade glyphosate was
isolated from a soil collected from a vineyard. The objective was to use this strain as a
reference to investigate the isotope fractionation during biodegradation of glyphosate. In
addition, abiotic degradation of glyphosate with MnO, was performed. The objectives were to
understand the mechanism during abiotic degradation of glyphosate at a MnO, surface and to

distinguish the degradation pathway using multi-element isotope analysis.

1.3.3 Objective 3:

In chapter 4, a method to extract and enrich glyphosate from water was developed. This was
to advance the application of CSIA towards field analysis of glyphosate and AMPA. Sorption
conditions and sorption effects induced during sorption on alumina was investigated. This was

to ensure that the enrichment method does not induce any isotope fractionation.

13



Chapter 2

Stable Isotopic Method Development and
Optimization
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Dual Element (°N/*N, *C/*2C) Isotope Analysis of Glyphosate and AMPA:
Derivatization-Gas Chromatography Isotope Ratio Mass Spectrometry

(GC/IRMS) Combined with LC/IRMS

Emmanuel O. Mogusu, J. Benjamin Wolbert, Dorothea M. Kujawinski,

Maik A. Jochmann and Martin Elsner

Abstract:

To assess sources and degradation of the herbicide glyphosate (N-(phosphonomethyl)
glycine) and its metabolite AMPA (aminomethylphosphonic acid), concentration
measurements are often inconclusive and even '*C/"C analysis alone may give limited
information. To advance isotope ratio analysis of an additional element, we present
compound-specific ’N/"N analysis of glyphosate and AMPA by a two step derivatization in
combination with gas chromatography/isotope ratio mass spectrometry (GC/IRMS). The N-H
group was derivatized with isopropyl chloroformate (iso-PCF), and remaining acidic groups
were subsequently methylated with trimethylsilyldiazomethane (TMSD). Iso-PCF treatment
at pH <10 gave too low N/"N ratios indicating an incomplete derivatization; in contrast, too
high ""N/"N ratios at pH >10 indicated decomposition of the derivative. At pH 10, and with
an excess of iso-PCF by 10-24, greatest yields and accurate ’N/'N ratios were obtained
(deviation from elemental analyzer-IRMS: -0.2 %o + 0.9 %o for glyphosate; -0.4 %o £ 0.7 %o
for AMPA). Limits for accurate "°N analysis of glyphosate and AMPA were 150 ng and 250
ng injected, respectively. A combination of ¢'°N and 8'°C analysis (i) enabled an improved
distinction of commercial glyphosate products and (ii) showed that glyphosate isotope values
during degradation by MnO, clearly fell outside the commercial product range. This
highlights the potential of combined carbon and nitrogen isotopes analysis to trace sources

and degradation of glyphosate.
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2.1 Introduction

Glyphosate (N-(phosphonomethyl) glycine) is a systemic, non-selective, broad-spectrum,
post-emerging herbicide that is highly effective in weed control for agricultural and domestic
applications [73]. Its degradation follows two alternative pathways: (1) C-N bond cleavage
leading to AMPA (amino methylphosphonic acid) and glyoxylate formation (main pathway):
(2) C-P bond cleavage forming sarcosine (N-methylglycine) and inorganic phosphate
[13,34,36,37]. Glyphosate and its main degradation product AMPA have been detected in
surface as well as in groundwater [49,74,75]. An additional source for AMPA are
phosphonates from domestic laundry, which may form AMPA as a key metabolite making
assessments even more complex [76]. The increasing detection of glyphosate and AMPA in
surface and groundwater has therefore driven much research on their sources and

environmental fate [74].

So far, concentration measurements have been the prime focus for glyphosate analysis, and
analytical efforts have targeted method sensitivity and reproducibility for the monitoring of
glyphosate and AMPA in different matrices (soil, water, food) [77-85]. To this end,
glyphosate and AMPA are typically derivatized because (1) in the underivatized form, they
lack a chromophore or fluorophore for high performance liquid chromatography/ultraviolet
analysis (HPLC/UV), (2) for gas chromatography-mass spectrometry (GC-MS) analysis, polar
groups need to be converted into a stable volatile derivative and (3) the introduction of non-
polar group has the additional advantage that it facilities the extraction from aqueous solution

[83].

Concentration measurements alone, however, are often not sufficient to adequately assess
sources and degradation of glyphosate and its metabolite AMPA, because mass balances need
to be established and an extensive sampling network is typically needed [86,87], which is
often not possible. Also, one cannot distinguish a different provenance of the same chemical,
for example for product authentication or source allocation. New approaches are, therefore,
warranted to enable a more comprehensive understanding of the sources and transformation

of glyphosate and AMPA in natural systems.

Here, compound-specific isotope analysis (CSIA) provides an alternative approach to
investigate sources and degradation of organic pollutants [88,89]. In case of CSIA the stable
isotope composition of organic compounds by gas chromatography/isotope ratio mass

spectrometry (GC/IRMS) or liquid chromatography-isotope ratio mass spectrometry
16
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(LC/IRMS) is analyzed. Such measurements can provide various types of information. (i)
Isotope ratios can be used as fingerprints to distinguish contaminant sources or a different
provenance of the same substance in chemical products [90,91]. (ii) In addition, it is possible
to distinguish between abiotic or biotic transformation reactions of organic compounds based
on kinetic isotope fractionation [56,9]. The reason is that isotopes of lower mass (e.g., 20)
typically react slightly faster in biotic and abiotic degradation processes causing an isotope
enrichment of those with higher mass (e.g.,”C) in the remaining organic compound (kinetic
isotope effect, KIE). If such enrichment is detected in field samples, degradation can be
demonstrated even in the absence of mass balances [92,58]. Thus, there is a considerable
potential of CSIA to characterize sources and degradation for glyphosate and its metabolite

AMPA in analogy to other studies [69,93].

However, CSIA is challenging for these compounds, because glyphosate and AMPA are
highly water-soluble (10.1 gL' at 20°C, 5.81 gL’] at 25°C respectively), do not partition into
organic solvents and are not directly amenable to gas chromatography [16,15]. For that
reason, the first method for compound-specific ¢'°C analysis of glyphosate and AMPA, which
has recently been published [1], is based on LC/IRMS. Even with such “one-dimensional”
isotopic information alone the benefit of CSIA to distinguish glyphosate in different
commercial samples could already be clearly demonstrated. However, to exploit the full
potential of compound-specific isotope information it is well recognized that analysis of
multiple elements (“two-dimensional CSIA”) is mandatory for improved source identification
and a more reliable assessment of degradation [89,94-96,58,97,98] Besides siC

measurements, also a method to accomplish SN isotope analysis is therefore warranted.

Such nitrogen isotope analysis is not possible by LC/IRMS, because a method is missing to
quantitatively produce N, from nitrogen-containing compounds in the liquid phase of
LC/IRMS, and to measure this contribution against the high background of atmospheric N».
For dual element isotope analysis, carbon isotope analysis by LC/IRMS therefore needs to be
combined with a complementary GC/IRMS-based approach for nitrogen isotope analysis.
Kataoka et al. [83] presented a derivatization scheme which introduces small substituting

groups facilitating subsequent gas chromatographic analysis (Figure 2-1).
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Figure 2-1. Derivatization reaction of glyphosate and AMPA with isopropyl chloroformate (iso-
PCF) and trimethyl silyl diazomethane (TMSD).

In a first step, the amino group in glyphosate and AMPA molecules is acylated. This step
facilitates the extraction of glyphosate and AMPA from the water phase into an organic
solvent. In this organic medium, trimethylsilyl diazomethane (a strong methylating agent) is
used to methylate the remaining acidic groups (carboxyl and phosphate) in a second step. The
speciation diagram for glyphosate and AMPA in Figure 2-2 illustrates that for the first step,
an optimization of the pH is crucial for the following reasons. The N-H group must first be
derivatized before the compound can be extracted into an organic solvent. This derivatization
(and, for that matter, any kind of alternative derivatization approach) only works with
deprotonated N-H groups and is, therefore, complicated by the fact that the N-H group is
protonated until pH 9 or 10 for both glyphosate and AMPA. Accordingly, Kataoka et al. [83]
reported complete derivatization (yields 98% and higher) for pH values greater than 10.
However, a delicate balance is required between a pH that is sufficiently high to deprotonate
the N-H group, but sufficiently low to prevent decomposition of the derivative, which is labile

to attack by OH" at high pH. The latter aspect was not addressed in the previous study [83].
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Figure 2-2: An illustration of the speciation of glyphosate and AMPA dependence to pH
showing the different pKa values for glyphosate and AMPA (pKa = 0.8, 2.6, 6, 10.9; 0.9,
5.6,10.2) [99,100] respectively. The blue and red arrows represent the pH values at which
derivatization with iso-PCF were tested.

The objectives of the chapter were: (1) to test whether the derivatization method of Kataoka et
al. [83] (Figure 2-1) can be adapted and validated to accomplish accurate SN values of
glyphosate and AMPA by GC/IRMS; (2) specifically, to investigate at which pH 5N values
measured by GC/IRMS match those of EA/IRMS; (3) to test the effect of excess
derivatization agent (iso-PCF) on isotope values of glyphosate and AMPA; (4) to validate the
method by testing linearity (ensuring that there is no amount-dependency of isotope values),
and by determining the lower limits of precise and true isotope analysis; (5) finally, to
investigate the potential of a dual element isotope approach to distinguish glyphosate from
different commercial herbicides and to trace degradation of glyphosate in abiotic

transformation by MnQO; as a model reaction.
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2.2 Experimental section

2.2.1 Materials

Glyphosate (in-house standard (CAS No. 1071-83-6), AMPA (CAS No. 1066-51-9) with
purities of 99%, 1.0 M Iso-PCF (isopropyl chloroformate) in hexane, 2.0 M TMSD (trimethyl
silyl diazomethane) in ethyl ether, as well as diethyl ether, methanol, ethyl acetate and terz-
butanol (with purities <99%) were all purchased from Sigma-Aldrich (GmbH Steinheim,
Germany). A total of thirteen different commercial products containing glyphosate as active
ingredient were purchased from a local market and sixteen additional formulations from a
previous study [1] were investigated. Sodium peroxodisulfate (Na;S,0Og), potassium
hydroxide (KOH), phosphoric acid (H;PO4) and monosodium phosphate (KH,PO,) (all with
purities <99% from Fluka; Steinheim; Germany) were used as LC eluents and oxidation
reagents. Stock glyphosate and AMPA standards were prepared in MilliQ water and stored in
50 mL plastic falcon tubes (supplied by Greiner, Germany) at 4°C.

2.2.2 Derivatization with trimethyl silyl diazomethane (TMSD)

The derivatization of glyphosate and AMPA followed the procedure described previously
[83], but instead of the highly explosive diazomethane gas, trimethyl silyl diazomethane was
used as less hazardous alternative. The derivatization reaction (Figure 1) involved a three-step
procedure. (1) 500 uL of glyphosate solution containing 30 mM / 5000 ppm (corresponding to
15 pmol absolute) was transferred to a reaction tube and adjusted to pH 10 with 50 uL of a
Borate/NaOH buffer (see below). Immediately after adding 100 uL of 1.0 M isopropyl
chloroformate (iso-PCF) (100 umol absolute) in hexane, the solution was mixed for two
minutes (min) by a mini-vortexer. Subsequently, 50-100 uL of 2 M HCI (100-200 pumol
absolute) were added to lower the pH to 1-2. (2) The excess of derivatization agent was
extracted with 3 mL ethyl ether and the organic layer was discarded. The aqueous solution
was saturated with sodium chloride and extracted twice with 20% tert-butanol in ethyl ether.
The ethereal solutions were then combined. (3) Subsequently, 200 uLL methanol were added to
the ethereal extract together with 50 uL of 2.0 M TMSD (absolute 100 umol) in ether and the
mixture was allowed to react at room temperature (25 °C) for 1 h until a visual disappearance
of the yellow color indicated that no diazomethane remains. Under these conditions, Kataoka
et al. reported an analyte conversion of up to 98% [83]. Finally, the solution was evaporated
under a gentle stream of nitrogen to dryness. The residue was dissolved in 1 mL ethyl acetate
and 1 pL of the formed N-isopropyl carbonyl methyl ester derivative in ethyl acetate was used

for further analysis. To test how an excess of derivatization agent in the first step of Figure 1
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influences the isotopic composition of glyphosate and AMPA, the iso-PCF-to-analyte ratio
was varied between 2 and 34 corresponding to adding between 50 pL and 500 pL of 1.0 M
is0-PCF in hexane (between 50 and 330 pumol absolute) to 500 uL of 30 mM / 5000 ppm
glyphosate (15 pmol absolute) and 45 mM / 5000 ppm AMPA (22.5 umol absolute). The
derivatization reaction was conducted under the fume hood because of the toxic nature of

trimethyl silyl diazomethane.

2.2.3 pH Optimization

To determine the optimum pH in the first step of the derivatization sequence (i.e., introduction
of the isopropyl formate group) different pH values from 9 to 12 were tested. To this end, 50
uL of the different buffer solutions were added to 500 uL of 30 mM (5000 ppm) glyphosate
solution (15 pumol absolute). The respective buffer solutions had the following compositions.
For pH 9: 250 mL of 0.3 M sodium borate adjusted to pH 9 with phosphoric acid
(corresponding to 15 pmol borate in 50 puL), for pH 10: 100 mL of 0.08 M sodium borate
mixed with 20 mL of 4 M NaOH (corresponding to 3.4 umol borate and 34 pmol NaOH in 50
uL), for pH 11: 100 mL of 0.08 M sodium borate mixed with 20 mL of 8.0 M NaOH
(corresponding to 3.4 pmol borate and 66 pmol NaOH in 50 pL), for pH 12: 100 mL of 0.04
M NaHCO3; mixed with 20 mL of 4.0 M NaOH (corresponding to 1.7 pumol NaHCO3 and 34
pmol NaOH in 50 pL). In theory, 200 umols of buffer capacity would be needed to neutralize
all HCI that can be formed from 100 pL 1.0 M iso-PCF (100 umol absolute). In practice, our
result at pH 10 indicates that a much smaller neutralization capacity of NaOH + borate in the
order of 35 umols was sufficient. This indicates that of the iso-PCF molecules present in
hexane, only a limited number partitioned into the aqueous phase. This amount was sufficient
to effectively derivatize glyphosate in the aqueous phase, but small enough not to affect the

pH within the vortex time of 2 min.

2.2.4 GC-MS conditions

A gas chromatograph (Agilent 7890A, Waldbron, Germany) connected to an quadrupole mass
spectrometer (Agilent 5975C, Waldbron, Germany) with Chemstation mass data system
(Agilent 5975C, Waldbron, Germany), was used to analyze samples during the optimization
of the derivatization procedure and to confirm the identity of the derivative. The injector
temperature was set to 250°C and the samples were injected in a splitless mode. The helium
(grade 5.0, supplied by Linde, Germany) carrier gas flow was set to 1.56 mL min™ After 1
min, the split ratio was switched to 1:10. Separation of the derivatives of glyphosate and
AMPA was achieved by a DB-5 column (30 m, 0.25 mm i.d. and 0.25 pm film thickness
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Agilent, Waldbron, Germany). The oven temperature was programmed as follows: the initial
temperature was 80°C for 1 min and increased to 140°C at 10°C min™', ramped to 230°C at
10°C min'l, which was held for 8 min. The overall run time was 24 min. The MS was
operated in selected ion monitoring mode (SIM) detecting 2-3 ions at 100 msec dwell time of

both derivatives, where the ion source temperature was set to 230°C.

2.2.5 Nitrogen isotope analysis by GC/IRMS

The GC/IRMS system consisted of a Trace GC ultra-gas chromatograph (Thermo Fisher
Scientific, Milan, Italy) linked to a Finnigan MAT 253 (Thermo Fisher Scientific, Bremen,
Germany) by a Finnigan GC combustion III interface (Thermo Fisher Scientific, Bremen,
Germany). The emission was set to 2 mA for nitrogen analysis. Helium (grade 5.0, supplied
by Linde, Germany) was used as carrier gas at a flow rate of 1.4 mL min™'. The samples (1 uL
of N-isopropyl carbonyl methyl ester derivative) were injected by a GC CombiPal
autosampler (CTCAnalytik, Zwingen, Switzerland) in splitless mode at constant injector
temperature of 250°C and after 1 min, the split ratio was switched to 1:10. Separation was
achieved on a 30 m DB-5 column (Agilent Technologies, USA) with 0.25 mm i.d. and 1.0 pm
film thickness. The oven temperature was programmed as follows: the initial temperature of
80°C was held for 1 min. Then the temperature was increased to 140°C with 10°C min"' and
ramped to 230°C at 10°C min”'. The final temperature was held for 8 min. The separated
glyphosate and AMPA N-isopropyl methyl ester derivatives were combusted online to N
with a NiO tube/CuO-NiO reactor operated at 1000°C (Thermo Fisher Scientific, Bremen,
Germany). A liquid nitrogen trap was employed to eliminate CO, for N, measurement. The

N, was subsequently transferred online to the IRMS.

2.2.6 Carbon isotope analysis by LC/IRMS

Carbon isotope analysis of glyphosate was conducted by LC/IRMS according to the method
by Kujawinski et al. [1]. Analysis of commercial herbicide products from different
manufactures was conducted on a LC/IRMS system at the Helmholtz Zentrum Miinchen
consisting of a Finnigan Surveyor HPLC system including a Surveyor MS pump and a
Surveyor autosampler coupled to a Finnigan MAT 253 IRMSvia a Finnigan LC isolink
interface (all instruments Thermo Fisher Scientific Bremen, Germany). In contrast, carbon
isotope analysis of samples taken during an abiotic degradation experiment of glyphosate with
manganese dioxide (MnO,) were measured on an LC/IRMS Instrument in the Duisburg-Essen
laboratory consisting of a Rheos Allegro binary pump (Flux Instruments, Buchs, Switzerland)
and a HTC PAL autosampler (CTC Analytics, Idstein, Germany) coupled to a Delta V
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Advantage (Thermo Scientific, Bremen, Germany) IRMS via a LC-IsoLink (Thermo

Scientific, Bremen, Germany).

In both cases a Hypercarb column 100 x 4.6 mm, 3 um particle size (Thermo Scientific,
Langerwehe, Germany) was used to separate glyphosate from its by-products. The eluent was
a 2.5 mM NaH,PO; solution adjusted to pH 1.9 with conc. H3;PO4. The flow rate was 300 pL.
min” in isocratic mode. The injected sample volume was 25 pL (Miinchen) and 20 pL
(Essen), respectively. The reagents to convert the HPLC effluent to CO, were phosphoric acid
(1.5 M) and sodium peroxodisulfate (0.84 M). For all experiments the flow rate of each
reagent was 50 uL min™'. The wet chemical oxidation was performed at a reactor temperature
of 99.9°C. The helium (grade 5.0) flow rate of the separation unit to transfer CO; to the IRMS
was set to 2.3 mLmin™. Before use, the reagent solutions and eluents were degassed in an
ultrasonic bath under vacuum for 30 min. To avoid re-uptake of CO,, all solutions were

continuously sparged with helium.

2.2.7 Elemental analysis / isotope ratio mass spectrometry (EA/IRMS)

Carbon and nitrogen isotopic ratios of reference materials of glyphosate and AMPA
(“laboratory working standards”) were determined by an EA/IRMS consisting of a EuroEA
(EuroVector, Milano, Italy) coupled to a FinniganTM MAT253 IRMS (Thermo Fisher
Scientific, Bremen, Germany) by a FinniganTM ConFlow III interface (Thermo Fisher
Scientific, Bremen, Germany). The materials were calibrated against the reference materials
USGS 40 (L-glutamic acid), USGS 41 (L-glutamic acid), IAEA 600 (caffeine) provided by
the International Atomic Agency (IAEA, Vienna, Austria) [101]. The 6"°C and 6"°N isotope

values were reported in per mille relative to PeeDee Belemnite (VPDB) and N,-AlR,

respectively.
13 12 13 12
513C _ R( C/ C)sample _R( C/ C)VPDB (2 1)
sample, VPDB 13 12 .
R( C/ C)VPDB
15 R(lsN/]4N)sample_R(ISN/MN)N77A1R
5 NsamplaszAIR = 15 14 - (2'2)
RONIN)y e

where "E and 'E denote the heavy isotope and the light isotope of an element E (e.g., "E/E=
13C/12C, 5Ny 14N), respectively.
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For more detailed information on IRMS measurements (see Appendix II).

2.2.8 Standard and sample measurement

Samples of derivatized glyphosate (30 mM) and AMPA (45 mM) were prepared by dissolving
the pure in-house laboratory reference material in MilliQ water and derivatizing it at pH 10 as
described above. As described below, nitrogen isotope values of the derivatives were tested
for precision, trueness and limit of precise nitrogen CSIA. Commercial samples were diluted
in MilliQ water to 15 mM for GC/IRMS measurements and 2 mM for LC/IRMS
measurements based on the concentration of active ingredient specified on the commercial
herbicide products. Samples for GC/IRMS measurements were then derivatized at pH 10
using an excess of iso-PCF over glyphosate ratio of ten-fold. Samples were bracketed with
derivatized glyphosate and AMPA in-house reference materials (“external laboratory
standards™) as a quality control for nitrogen isotope analysis by GC/IRMS. In the case of
carbon isotope analysis by LC/IRMS, non-derivatizd samples were bracketed with non-

derivatized laboratory reference materials.

2.2.9 Abiotic degradation of glyphosate with MnO,

An abiotic degradation experiment of glyphosate was conducted with MnO, synthesized
according to the HCI-KMnO, procedure by McKenzie et al. [102]. Briefly, the Birnessite (6-
MnO,) was prepared by slowly pouring 6 M HCl into a boiling solution of 1 M KMnO,. After
10 min of boiling, the mixture was filtered and washed with pure water until the pH of the
residue was neutral. The solid residue was dried and stored over P,Os as desiccant in an
evacuated desiccator until further use. In the abiotic degradation experiment, 3 g 3-MnO,
were suspended in 100 mL of a solution containing 1.5 mM glyphosate and 0.01 M sodium
nitrate as background electrolyte. The experiment was conducted in 250 mL amber glass
bottles where the mixture was continuously stirred with a Teflon-coated magnetic stir bar and
the temperature was kept at 20°C on a water bath. Samples of 2 mL were withdrawn by a
polypropylene single-use syringe (5 mL, B.Braun Melsungen AG, Melsungen, Germany) and
filtered by hydrophobic PTFE syringe filters of 0.22 um pore size (BGB Analytik AG,
Rheinfelden, Germany). Carbon isotope analysis was performed in triplicate immediately
after sampling. Samples were further stored at 4°C until they were derivatized for nitrogen

isotope analysis (see above).
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2.3 Results and discussion

2.3.1 Derivatization of glyphosate and AMPA

The derivatization of glyphosate and AMPA according to [83] is shown in Figure 2-3. As
described in the experimental section, in a first step, target compounds were converted into
their N-isopropylcarbonyl derivatives. Subsequently, these derivatives were extracted into an
organic solvent and methylated by TMSD to form the desired methyl ester derivatives. When
complete conversion occurs, no nitrogen fractionation is expected because: (1) all atoms are
transformed to derivative (complete conversion) and (2) during the derivatization process no

nitrogen atoms are introduced.

A gas chromatogram of the glyphosate and AMPA derivatives is shown in Figure 3 where the
AMPA derivative elutes first followed by the glyphosate derivative and where the average
peak widths were 47 s and 38 s, respectively. The peak resolution (R) for glyphosate and
AMPA was 3.9 and 3.2, respectively, where R is defined as retention time difference divided

by the mean peak width.
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Figure 2-3: GC/IRMS chromatogram of derivatized in-house laboratory standards (amplitudes
represent m/z 28): AMPA N-isopropyl methyl ester (720 s) and glyphosate N-isopropyl methyl
ester (920 s) at concentrations of 20 mM and 13 mM, respectively. The three peaks at the
beginning and the end of the chromatogram are from N, monitoring gas.
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2.3.2 Optimum pH conditions for accurate isotope analysis

Different pH values (arrows in Figure 2-4) were tested in step 1 of the derivatization to
investigate when the yield of the derivative was greatest. Figure 4a shows that GC/IRMS
amplitudes of the derivative (m/z 28) were highest at pH 10. The yield was not significantly
improved when increasing the excess of derivatization agent ratio from 4 to 7. Conversely,
lower amplitudes were observed at pH 9, 11 and 12 suggesting that conversion of substance to
its derivative was incomplete. This lower yield could also not be improved by increasing the
excess of derivatization agent. Figure 4b shows that these observations were reflected in
characteristic trends of 0'°N values which may be expected to be indicative of the underlying

processes that led to incomplete conversion.
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Figure 2-4 (a) Amplitudes of glyphosate and AMPA derivatives (m/z 28) vs. pH. (b) "N isotope
ratios of the derivatives depending on pH. Blue and red crosses “x” indicate the excess ratio of
the isopropyl chloroformate derivatization agent to glyphosate and AMPA of 7. (iso-PCF:
Analyte = 7). Blue and red “+” indicate the excess ratio of iso-PCF to glyphosate and AMPA of
4. (iso-PCF: Analyte = 4). The solid line and red dashed lines represent the 3"°N ratios measured
by EA-IRMS of glyphosate and AMPA standard (-0.3 %o, -3.7 %o, respectively).

At pH 10 amplitudes were greatest, and the observed 0"°N value (-0.3 %o + 0.8 %o) of the
glyphosate derivative was close to the target EA/IRMS value (-0.3 %o + 0.1 %o). These
observations are consistent with results by Kataoka et al. [83] who reported an analyte
conversion of >98% under these conditions. Hence, derivation at pH 10 was adequate for

complete conversion and accurate nitrogen isotope analysis.
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At pH values greater than 10, however, GC/IRMS amplitudes of the derivative became
smaller and at pH 12, 8"N values became more positive meaning that >N/"N ratios increased
in the derivative. These observations are indicative of a subsequent alkaline decomposition of
the derivative. In such alkaline hydrolysis '*N-containing molecules are preferentially
hydrolysed [103] so that PN/'N ratios increase in the remaining derivative molecules,
consistent with the observations at pH 12. Hence, during derivatization the pH value should

not become too high.

5N values for derivatization at pH 9, finally, (a) showed a trend to more negative values,
which was opposite to the trend to more positive values at pH 12, and (b) this trend towards
negative values was in addition remarkably strong (-15 %o). Both observations may be
explained by incomplete derivatization at pH 9. (a) According to the kinetic isotope effect of
derivatization "“N-containing glyphosate molecules are preferentially converted so that the
N/"N ratio in the derivative molecules is smaller (5"°N values be more negative) than in the
original glyphosate unless complete conversion has occurred. (b) While this explains the trend
to more negative 8N values, it does not yet explain the magnitude of the particularly strong
changes that were observed at pH 9 (-15 %o). As further explanation it may be considered that
at this pH only about 1% of all the glyphosate (pK, = 10.9) is present in deprotonated form
and can be derivatized. According to the well-established equilibrium isotope effect (EIE) of
20 %o between [-N"H,] (protonated) versus [-NH] (deprotonated) amino groups [104,105],
the 0"°N values of this deprotonated [-NH'] glyphosate are by 20 %o more negative compared
to co-occurring protonated [-N"H,] gyphosate. Hence, the derivatization reaction already
starts with molecules of particularly low N/MN values leading to even more negative PN
values as long as the derivatization reaction is not complete. Therefore, our results show that

buffering solutions at pH 10 is critical for obtaining accurate nitrogen isotope ratios.

2.3.3 Effects of glutamate (amino acids) during derivatization with iso-PCF

The following additional optimization of our method was accomplished for samples
containing a high background (10 gL'") of glutamate, corresponding to an excess of 2- 10* of a
foreign nitrogen-containing compound. (i) To adjust the pH to 10, 300 uL instead of 50 uL
borate buffer were added in order to provide sufficient buffer capacity to counter the effect of
glutamate. (ii) To provide also a sufficient excess of derivatization agent, 400 uL of 1.0 M
isopropyl chloroformate in hexane were added. (iii) As vortex time, 6 minutes instead of 2
minutes were chosen to allow additional time for glyphosate molecules to partition into the
aqueous phase as shown in Figure 2-5. This extra time was found to be necessary to
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compensate for the slower reaction of glyphosate due to competition by glutamate (for
partitioning into the organic phase and reaction). (iv) In the subsequent second derivatization
step, 300 pl instead of 50 puL of 2.0 M trimethyl silyl diazomethane (absolute 600 pmol) were
added to provide again a sufficient excess of derivatization agent. (v) To enable, finally,
separation of glyphosate- and AMPA-derivatives from the interfering glutamate-derivative, a
Rtx-5 Amine column (supplied by Restek, Germany) (30 m; 0.32 um inner diameter; lum
film thickness, was used with the following temperature program: the initial temperature of
80°C was held for 1 min. Then the temperature was increased to 150°C at 10°C min” held
for 1 min and then ramped to 230°C at 3°C min"'. The final temperature was held for 2 min as

shown in the GC chromatogram in Figure 2-6)
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Figure 2-5: 3"°N values of glyphosate with increased vortex time (minutes). Blue diamonds and
red rectangles represent an excess of iso-PCF to glutamate of 3 and 4, respectively. The dashed
line represents the EA-IRMS 6N value of the glyphosate standard (-0.3%.). Error bars
represent the standard deviation of duplicate measurements
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Figure 2-6 (a) GC chromatogram for nitrogen isotope analysis of glyphosate derivative (1820
sec) and glutamate derivative (1696 sec) separation on Rtx-5 Amine column. Three reference N,
gas pulse at the beginning and end of chromatogram. Blue line (m/z 30), green line (m/z 29),
brown line (m/z 28). (b) GC chromatogram after backflash mode and straight mode -glyphosate

2.3.4 Variability of excess derivatization agent

The effect of a variability of excess derivatization agent on glyphosate and AMPA is shown in
Figure 2-7a and b. Results at iso-PCF:glyphosate ratios from 7 to 34 gave reproducible PN
values close to the EA/IRMS 0N target value (-0.3 %o). A similar scenario for AMPA was
observed. At iso-PCF: AMPA ratios between 7 and 24, "°N values were reproducible, albeit
slightly more negative than the EA/IRMS 6"°N value (-3.7 %o). An additional test with
commercial herbicide samples (isoPCF:glyphosate ratio from 7 to 24) gave similar
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observations (see Electronic Supplementary Material AIl Figure S1) confirming that an

excess of the derivatization agent 7 to 24 was adequate to produce accurate 6N values.
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Figure 2-7 (a) ¢“N values of glyphosate (blue crosses) in dependence on iso-PCF: glyphosate
ratios. EA-IRMS determined 6"°N value of glyphosate standard (-0.3 %o) is represented by the
black dashed line. (b) 6"°N values of AMPA (red crosses) in dependence on iso-PCF: AMPA
ratios. EA-IRMS determined 6"N value of glyphosate standard (-3.7 %o) is represented by the
red dashed line. (c) 6N values of glyphosate (blue rectangle) and AMPA (red diamonds) vs.
peak amplitudes (m/z 28) from measurements of in-house laboratory standards in
concentrations between 0.6 mM to 13 mM and 0.9 mM to 20 mM, respectively. The blue
rectangle and red triangle represent the N-isopropyl methyl ester derivative of glyphosate and
AMPA, respectively. The dashed lines represent the respective standard deviations (SD) (both
+0.8 %o). The bold lines indicate the 95% confidence interval. The vertical dashed lines (blue and
black) indicate the limit of precise 6"°N isotope analysis of glyphosate and AMPA (100 mV,
133mV) respectively.

2.3.5 Validation of the method

Figure 2-7c shows 5"N values in dependence on amplitudes (m/z 28) for measurements of
laboratory standards in concentrations between 0.6 mM (100 ppm) to 13 mM (2200 ppm) for
glyphosate and 0.9 mM (100 ppm) to 20 mM (2200 ppm) for AMPA. The standard deviation
of nitrogen isotope analysis was 0.9 %o (n=77; 95 % confidence interval CI= 2 o) for

glyphosate and 0.8%o (n=77; 95 % CI= 2 o) for AMPA. To test the trueness of the method the
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nitrogen isotope ratio of the standards was compared to their EA/IRMS values. The method
showed average nitrogen isotope ratios of -0.1 £ 0.4 %o (n=77) for glyphosate and -4.1 *
0.3%0 (n=77) for AMPA derivatives which were close to (with a deviation of 0.2 %o, 0.4 %o)
the expected ratios of the EA/IRMS (-0.3 £ 0.1 %o and -3.7 + 0.1 %o respectively).

The lower limit of precise nitrogen isotope analysis was defined as the lowest amplitude that
produced accurate nitrogen isotope ratios: 100 mV for glyphosate and 133 mV for AMPA
respectively (see cut-off in Figure 2-7 ¢). This corresponds to a limit for accurate 6'°N values

of 150 ng injected for glyphosate and 250 ng injected for AMPA respectively.

2.3.6 Glyphosate analysis of different commercial herbicides.

In order to test our method and to explore the variability of isotope ratios as a result of
industrial glyphosate production, 29 samples from different manufacturers were analyzed.
The 6"°N and 6"°C values of glyphosate are expected to be mainly influenced by the raw
material and the production process. Production of commercial glyphosate involves three
alternative processes: (1) the HCN (hydrogen cyanide) process - beginning with HCN
synthesis from natural gas and ammonia catalyzed by platinum via the Andrusson process
[106]; (2) the DEA (diethanolamine) process - where ethylene oxide and liquid ammonia are
the starting raw materials and (3) the glycine process - where glycine is the raw material
[107]. Even though two of these processes have liquid ammonia as nitrogen raw material,
o°N isotope values of the glyphosate do not only depend on the initial ammonia isotopic
signature, but are also affected by the production process. Therefore, in all the three processes

different 5'°N values can be expected [106].

The 6"°N and 6"°C isotope values of the different commercial herbicides measured by
GC/IRMS and LC/IRMS, respectively, are listed in (see Appendix II Table SI and SII) and
shown in Figure 2-8a. The survey includes samples of previous work by Kujawinski et al. [1],
which were for the first time characterized for 6"°N, and in addition includes thirteen new
samples from pesticide products of a local market. The range of 0N of the commercial
samples was from +3.3 %o to -1.5 %o while 0'°C values ranged from -24.6 %o to -33.7 %o. The
majority of the commercial samples had 6"°N ratios within +1 %o of our laboratory glyphosate
standards (I-IIT) (-0.3 %o, -0.3 %0 and -0.2 %o, respectively). A dual element isotope plot of
6"C versus 0°N in Figure 2-8a, however, shows that more products could be distinguished
when isotopes from carbon and nitrogen were considered together, compared to carbon

isotope analysis alone. The dual plot therefore demonstrates the improved potential for source
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distinction for different commercial glyphosate products when isotopic information on "N

1 . . . .
and 6">C becomes available in combination.

2.3.7 Nitrogen isotope ratios during abiotic degradation

To enable the use of multi-element isotope analysis to trace sources and degradation of
glyphosate, an abiotic degradation experiment with manganese dioxide (MnO,) as model
reaction was conducted. The dual isotope plot (6N vs. 6"°C) combines the carbon and
nitrogen isotope ratios of glyphosate herbicide samples from the different manufactures and
the abiotic glyphosate degradation as shown in Figure 2-8b. The glyphosate isotope values
during the abiotic oxidative degradation by MnO, showed a characteristic trend leading to
values that were clearly outside of the glyphosate product range. This result demonstrates the

superiority of the dual element isotope approach to trace sources and degradation of

glyphosate.
(a)
ZEEES
=
5 4 - OA
@) AB
2 3 AC
E AD
2 24
S OE
E | < F
Z 0G
"2 0 - OH
— Ol
-1 A ol
AK
2 1 oL
XM
3 T
-35 -25

103 6'3C (measured by LC/IRMS)

34



2. Chapter 2

— 20 ~
7]
2 ABIOTIC DEGRADATION
i 15 A y=4.5178x+127.84
)
2 10 DIFFERENT
~ GLYPHOSATE
3 COMMERCIAL
S 5 PRODUCTS

0 1 T

%IA
_j-w 33 31 29 27 25

103 68C (measured by LC/IRMS)
(b)

Figure 2-8 (a) Dual isotope plot (6"°C vs. 6"N) of glyphosate for different commercial herbicide
samples. The letters A-M represent commercial herbicides products with glyphosate as active
ingredient (see Appendix A2 Table SII shows the trade names). (b) Dual isotope plot (6°C vs.
0"N) of the same products from different manufactures together with values measured during
oxidative abiotic degradation of glyphosate with MnQO, (red and blue crosses representing
replicate experiments). Error bars given correspond to standard deviations of the methods (+
0.8%o for 6°N analysis, £ 0.3%o for otc analysis).

2.4 Conclusions

Compound-specific isotope analysis of glyphosate and AMPA was recently brought forward
for 6"°C as a promising, but limited approach to authenticate commercial products and detect
degradation [1]. This work introduces for the first time 6"°N isotope analysis for these
compounds by derivatization - GC/IRMS and, thereby, unlocks the full potential of dual
element isotope investigations with its superior resolution for distinguishing manufacturers
and the possibility of identifying different transformation pathways [94]. For this
breakthrough, a selection of optimum pH conditions in the first derivatization step by
isopropyl chloroformate (iso-PCF) was found to be crucial, due to the delicate balance
between incomplete conversion (leading to strongly negative 6'°N) and further decomposition

of the derivative (causing shifts towards more positive 0"N). Clear differences between
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values obtained during abiotic glyphosate degradation and values measured from different
glyphosate industrial products demonstrate the superiority of the dual element isotope plot for
tracing sources and degradation. If suitable preconcentration methods from natural samples
become available, the low limits of precise nitrogen isotope analysis presented in this study
(150 ng and 250 ng for glyphosate and AMPA, respectively) may even enable a combined use
of 6"°C and 6"°N analysis in future studies of environmental relevance. On the one hand, it
may allow investigating different sources of AMPA — besides glyphosate, also phosphonates
form AMPA as a key metabolite — and on the other hand it may provide novel insights into

competing environmental transformation pathways of glyphosate.
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Abstract

Compound-specific isotope analysis has recently been brought forward as a new opportunity
to investigate sources and degradation of glyphosate. This work investigates for the first time
the isotope fractionation associated with biodegradation of glyphosate. A bacterial strain was
isolated from a vineyard soil sample using enrichment cultivation method. The bacteria were
rod-shaped and were identified as Ochrobactrum sp. FrEM with 16S RNA sequencing. The
strain utilized glyphosate as phosphorus source. A small carbon and nitrogen isotope
fractionation of -4.8%0 + 0.5%0 and -0.6%0 * 0.7%0 respectively, was observed during
biodegradation of glyphosate with Ochrobactrum sp. FrEM. The AKIEwon for biotic
degradation was calculated as 1.014. On the other hand, a strong nitrogen isotope
fractionation of -17%o during the abiotic degradation with MnO, was observed which could
leave a significant imprint of degradation in natural systems. The combination of carbon
isotope and nitrogen (dual element isotope plot) was able to differentiate between the abiotic
degradation and biodegradation of glyphosate that had different slopes A =5""N/ 8"C= 4.6

and 0.1, respectively.
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3.1 Introduction

Glyphosate (N-phosphomethylglycine) is a systemic, non-selective, broad-spectrum, post-
emerging herbicide effective in weed control for cultivation of corn, soya and sugar
beet[14,51,108]. The worldwide market share of glyphosate is estimated at USD $ 5.6 billion,
with production of 620,000 tonnes in 2008[109,19,20]. Recently, the World Health
Organization’s cancer research unit has classified glyphosate as probably carcinogenic to
humans (“Group 2A”). This category is used when there is limited evidence of
carcinogenicity in humans and sufficient evidence of carcinogenicity in experimental animals
[26]. Additional concern about frequent detections of glyphosate and AMPA (aminomethyl
phosphonic acid) in surface and groundwater motivates research into their environmental fate

[49] [50,51,110,111].

Biodegradation is the main degradation pathway responsible for the mass removal of
glyphosate in the environment[112,13,113]. Microbial degradation follows two degradation
pathways. 1) AMPA formation by the cleavage of a C-N bond (N-dealkylation reaction) and
2) intermediate formation of sarcosine and glycine (C-P bond cleavage) [13]. Earlier studies
isolated Pseudomonas sp. strain PG2982 and Arthrobacter sp. strain GLP-1, which both
utilized glyphosate as sole phosphorus source. They formed sarcosine by C-P bond cleavage
catalyzed by the enzyme C-P lyase [32]. Recently, the bacterial strains Ochrobactrum
anthropi GPK3 and Achromobacter sp, were isolated from soil. They showed the capability to
degrade glyphosate through two alternative degradation pathways: by formation of AMPA
(C-N bond cleavage) and sarcosine (C-P bond cleavage), respectively [34-36,114].

Compound-specific isotope analysis has recently been brought forward as new opportunity to
investigate sources and degradation of glyphosate[115,1]. It takes advantage of the stable
isotopic composition of an organic compound at natural abundance[98,94]. Abiotic or biotic
transformation reactions of organic compounds can be detected based on kinetic isotope
fractionation[59,116]. In addition, the isotope ratios can be used like fingerprints to
distinguish different contaminant sources[56,117], and a characteristic evolution of these

ratios during degradation reactions can give evidence of different transformation pathways.

Though first results on dual element (C, N) isotope analysis of glyphosate look promising to
distinguish sources and degradation pathways[115] , additional research is necessary before
the next step can be taken to investigate glyphosate in natural systems. In particular, two
questions are of central relevance. (a) Can suitable enrichment methods be validated for

40



3. Chapter 3

sensitive isotope analysis of glyphosate at low concentrations? (b) Can laboratory degradation
studies demonstrate significant isotope fractionation associated with biodegradation of

glyphosate, the main degradation pathway in nature?

This contribution focusses on exploring the second research gap. The specific objectives of
this chapter were (1) to isolate and characterize strains capable of degrading glyphosate; (2) to
measure carbon isotope fractionation associated with biodegradation; (3) to probe for the
magnitude of nitrogen isotope fractionation in biodegradation; (4) to compare dual element
isotope trends to preliminary data on abiotic degradation by MnQO;; (5) to use these results to
assess the prospects of using isotope fractionation for investigating biodegradation of

glyphosate.

3.2 Experimental Methods

A list of reagent chemicals and a detailed description of the analytical methods can be found
in the appendix AlII (as supporting information chapter 3). The soil samples were collected
from different plots (and later combined) on a vineyard field site in northern France
(Agricultural and Viticultural College of Rouffach — Rouffach soil) where glyphosate was
the most frequently used herbicide with a yearly application of between 18 and 61 kg/ha
[118]. Soil samples from each plot location were then thoroughly mixed in sterile bottles,

sealed, transported to the laboratory and stored at 4°C until use.

For bacterial isolation from soil, a mineral medium (MS1) (for composition see Supporting
Information) with 60 mM (10 gL’l) sodium glutamate as carbon source were used.
Ammonium chloride was used as nitrogen source and glyphosate as sole phosphorous source.
10 g of soil sample were first sieved (> 2 mm). Then, 5 g of soil were suspended in 10 ml
sterile water and centrifuged. One millilitre of sample was used to inoculate an MS1 medium
containing 50 ml glyphosate in a 250 ml Erlenmeyer flask which was shaken at 160 rpm for
24 hrs. Several transfers were made and later streaked on agar plates containing 3 mM
glyphosate. The single colonies formed were inoculated on agar plate (containing 60 mM
glutamate as carbon source and 3 mM glyphosate) to represent the pure isolated strain. These

were then identified and used for further biodegradation experiments.
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The isolated bacteria were identified using 16S rRNA gene sequencing. For 16S rRNA gene
amplification, the chromosomal DNA was isolated using a bacterial DNA extraction kit
(Roche Applied Science, Germany) following the protocol of the manufacture. PCR
amplification was performed using universal primers forward 27f and reverse 1492r. Standard
PCR conditions was carried out in a 50 uL. volume containing 1 x PCR buffer, 1.5 mM MgCl,
, 2 mM dNTP mixture, 1 uM primers, 1 uM of Pfu DNA polymerase (Fermentas, St. Leon-
Rot, Germany) and 2 ng of template DNA. DNA was purified from a gel using Agarose Gel
Extraction kit (Roche Applied Sciences, Germany) and sequenced. Sequence homologies
were evaluated using BLAST software (version 2.2.12). ClustalQ software was used to align
the sequences. A neighbour-joining tress was constructed using Molecular Evolution Genetic
Analysis (MEGA) software (version 6.0). The strain was identified as Ochrobactrum sp.

strain FrEM (see Figure 4 in supporting information).

The biodegradation batch experiments were conducted (in replicates) using Ochrobactrum sp.
strain FrEM grown on MS1 medium. Sodium glutamate 60 mM (10 gL™") was used as carbon
source and 3 mM (0.5 gL™") glyphosate was used as sole phosphorus source. Fifty mililiters of
nutrient medium (MS1) were inoculated with Ochrobactrum sp. strain FrEM and incubated at
30 °C at 160 rpm overnight. Cells were harvested by centrifugation, washed twice with
minimal medium and transferred into a 250 ml Erlenmeyer flask containing 50 ml of MS1
medium without phosphorous (for cell starvation). This was incubated for 48 hrs, then 20 ml
culture aliquots were centrifuged at 3000 rpm (Heraeus Megafuge 1.0R), and the pellets were
inoculated into 150 ml of MS1 medium containing 120 uM glyphosate as only phosphorus
source. The experiment was conducted in four replicates together with an experimental
control (no bacteria). The bacterial growth was monitored (OD 590 nm) with a Varian Cary
50 Bio UV—vis Spectrophotometer. 3 ml aliquots were taken for concentration and 10 ml
sample for isotope analysis (PC/C and PN/MN)). To prevent further degradation of the
samples, 2 M NaOH was added and samples were stored at 4 °C until analysis. Samples for

isotope analysis were frozen at -20°C and lyophilized for preconcentrate of the analytes.

A preliminary abiotic degradation experiment of glyphosate was conducted with MnO,
synthesized according to the HCI-KMnQO, procedure by McKenzie et al [102]. Briefly, 1.5 g
of synthesized 6-MnO, were suspended in 100 mL of a solution containing 1.5 mM
glyphosate and 0.01 M sodium nitrate as background electrolyte. The experiment was
conducted in 250 mL amber glass bottles and the mixture was continuously stirred with a
Teflon-coated magnetic stir bar at 20°C on a water bath. Samples of 2 mL were taken by a
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polypropylene single-use syringe (5 mL, B.Braun Melsungen AG, Melsungen, Germany) and
filtered by hydrophobic PTFE syringe filters of 0.22 pm pore size (BGB Analytik AG,
Rheinfelden, Germany). Carbon isotope analysis was performed in triplicate immediately
after sampling. Samples were further stored at 4°C until they were derivatized for nitrogen

isotope analysis[115].

Carbon isotope analysis of biodegradation samples was modified compared to a recently
developed method [1]. Since separation of glyphosate (sole phosphorus source) and glutamate
(carbon source) was not possible on a Hypercarb (porous graphite carbon) column (see Figure
2 in Supporting Information), a mixed- phase Primesep 100 column 100 x 4.6 mm, 3 pm
particle size (SIELC Technologies, ProspectHeights, IL, USA) was used instead. The column
combines both hydrophobic and ion- exchange interactions as previously shown for
separation of amino acids[119,120](see Figure S2 in the Appendix III). This enabled the
separation of glyphosate and glutamate using a modified phosphate buffer as mobile phase at
pH 3.1 (see Figure 2 supporting info). At pH 3.1 glyphosate (pKa = 2.6) was negatively
charged while glutamate (pKa = 2.1) was neutral (see scheme 1 in supporting information).
Glutamate was retained (more interaction) on the column while glyphosate eluted first
because of charge repulsion. Base line separation of glyphosate and glutamate enabled
accurate measurement of carbon isotope ratios. The mobile phase eluent was 2.5 mM
NaH,PO, adjusted to pH 3.1 with HsPO,. The flow rate was 300 uLmin™' in isocratic mode.
The injected sample volume was 25 pL. The reagents to convert the HPLC effluent to CO,
were phosphoric acid (1.5 M) and sodium peroxodisulfate (0.84 M). For all experiments the
flow rate of each reagent was 50 mein'l. The wet chemical oxidation was performed at a
reactor temperature of 99.9 °C. The helium (grade 5.0) flow rate of the separation unit to

transfer CO, to the IRMS was set to 2.3 mL/min.

Nitrogen isotope analysis was adapted according to the recently developed method (for

description see the Appendix III) [115]

The Rayleigh model for a closed system was used to quantify the isotopic fractionation
(equation 3-1), where the enrichment factor (€) describes the relationship between the change
in carbon isotope ratios (R¢/R,) and the change concentrations (f = C/C,) [94] where R, and
R, are the compound isotope ratios of heavy and light isotope of an element at given time and
at beginning of reaction, respectively. 8"E and 8"E, are the corresponding isotope ratios in per

mil notation and fis fraction of remaining substrate (C/C,)
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h
mﬁzmﬂ =¢ln f (3-1)
R, 1+0"E,

3.3 Results and discussion

3.3.1 Isolation and biodegradation of glyphosate

The repeated subculturing of the sampled soil in the MS1 medium containing 3 mM
glyphosate as sole P-source was able to isolate the strain with glyphosate-degrading activity.
The bacteria were rod-shaped as observed on light microscope (see Figure 5 Supporting Info).
Identification was confirmed with 16S RNA sequencing. Sequence alignment (BLAST)
showed a 99 % homology with Ochrobactrum anthropic, O. rhizosphaerae, O. pituitosum
and O. intermedium which all belong to the family of Brucellaceae of Alpha proteobacteria,
and 70 % homology with Ochrobactrum haematophilum. The strain was identified as
Ochrobactrum sp. FTEM. (see phylogenic tree AIll Figure S6 Supporting Information chapter
3).

Figure 3-1 shows the decrease in glyphosate concentrations and the simultaneous increase in
optical density (OD 590 nm) when the strain was grown on glyphosate. Glyphosate
degradation was induced after undergoing phosphorous starvation similar to other studies
[121,34]. No evidence of AMPA was observed during the biodegradation of glyphosate.
However, there was evidence of sarcosine formation (attributed by the retention time in
LC/IRMS) which suggests that degradation involved C-P bond cleavage catalyzed by the C-P

lyase enzyme.
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Figure 3-1: Panel (I) Degradation of glyphosate by Ochrobactrum sp. FrEM when grown in MS1
medium containing 120 uM glyphosate as the only phosphorous source (blue triangles and red
rectangle represent replicates and green diamonds the control) . Panel (II) Measured bacterial
growth (OD 590 nm) with time (blue triangles and red rectangle represent replicates). Panel
(III) "C values during glyphosate degradation by Ochrobactrum sp FrEM (blue triangles and

red rectangle represent replicates)
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3.3.2 Stable isotope fractionation of glyphosate during biodegradation

Figure 3-1 panel III further shows that biodegradation with Ochrobactrum sp. FrEM was
associated with small, but significant carbon isotope fractionation. 8"C values of glyphosate
changed from -28 %o £ 0.5%o0 to -19 %o £ 0.5%0 upon 90 % conversion reflecting an
enrichment of >C/"*C as the reaction proceeded. From the corresponding enrichment factor of
€c = -5.5%o0 = 0.5%o (Figure 3-2, Panel A) a primary apparent kinetic isotope effect AKIE in

the C-P bond cleavage may be calculated according to the equation 3-2:

AKIE =

(3-2)
n
—&+1

where n denotes the number of carbon atoms at the reactive positions, € represents the
enrichment factor and x the total number of carbon atoms[59].The calculated primary

apparent kinetic isotope effect during glyphosate biodegradation was AKIE cap0n 1.016.

In contrast, preliminary results obtained from a limited number nitrogen isotope
measurements indicate only small nitrogen isotope fractionation (ex = -0.6%o + 0.7%o) (Figure
3-2, panel B). The isotope effect was within the confidence interval of the measurement
which was £1.7%o. The observed small nitrogen isotope effect suggests a secondary nitrogen

isotope effect since the nitrogen atom is not at the reactive position.
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Figure 3-2: Panel (A) 6" °C values during glyphosate degradation by Ochrobactrum sp FrEM
(red rectangles).Panel (B) 6"°N values during glyphosate degradation by Ochrobactrum sp FrEM
(blue diamonds). Error bar of nitrogen isotope data represent standard deviation of GC/IRMS
measurements. Panel (C) 6"C values of glyphosate during abiotic degradation with Mn,O (red
circles), Panel (D) 8N values of glyphosate during abiotic degradation with Mn,O (red
triangles).
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3.3.3 Stable isotope fractionation of glyphosate during abiotic degradation

In contrast to biotic degradation, abiotic transformation of glyphosate by MnO, formed two
simultaneous transformation products: 1) AMPA as a result of C-N bond cleavage and 2)
sarcosine as a result of C-P bond cleavage in the glyphosate molecule (Figure 3, Supporting
Information). 8"°C values of glyphosate changed from -28 %o = 0.3%o to -24.7 %o £ 0.7%0
upon 60 % conversion reflecting an enrichment of 13C/™C as the reaction proceeded. From the
corresponding enrichment factor of &c = -3.6%0 *+ 0.3%0 (Figure 3-2, Panel C) a primary
apparent kinetic isotope effect AKIE in the C-N bond cleavage can be calculated as AKIE
carbon 1.011. This value is lower than the AKIE of the oxidation of aromatic amines by MnO,

which is in the range 1.018 to 1.022[122]

In contrast, strong nitrogen isotope fractionation during abiotic degradation was
observed. 8'°N values of glyphosate changed from -0.2 %o % 0.5%o to -17 %o £ 0.5%0 upon 60
% conversion reflecting an enrichment of '’N/'*N as the reaction proceeded. The calculated
nitrogen isotope enrichment factors from replicate experiments were as high as ey =-17.8%o £
1.0%o corresponding to a kinetic isotope effect of AKIE iirogen = 1.018. During glyphosate
degradation, 8"°N isotope values of AMPA started from more negative values compared to
initial glyphosate composition at -15%o. and AMPA become preferentially enriched in PN/MN
as the reaction proceeded and is expected to reach the initial isotope composition of
glyphosate after glyphosate is completely degraded for reason of isotopic mass balance.
Overall the strong nitrogen isotope fractionation is expected to leave a strong imprint to be

used to identify transformation when occurring natural systems.
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3.3.4 Dual isotope plot

Multi-element isotope analysis potentially offers the opportunity to distinguish different
degradation pathways. The reason is that different transformation reactions typically involve
different bonds and different elements leading to characteristically different trends in dual
isotope plots[116,96,61]. Figure 3-3 shows a dual element isotope plot (8"°N verses 3'°C)
combining carbon and nitrogen isotope ratios analysed during biodegradation of glyphosate
(by Ochrobactrum sp. FrEM) and abiotic degradation (by MnQO,). The respective slopes of
abiotic degradation (A =8'"°N/ 8"°C = 4.6) and the preliminary data on biodegradation (A
=5'"N/ 8"*C = 0.1) show different trends indicating the potential to distinguish between

abiotic and biodegradation of glyphosate.

e B0
n
E Abiotic
— degradation y =4.6x
8 154 MnO, R* =0.95
>
S
=
2 10+
3
72}
o]
)
E
> 9] Biodegradation with
:l";a Ochrobactrum sp. FrEM
= ! &«
fo— 0 — il CHEA e ol
"‘ ———————— 7 (e y=0.2x
& R?=0.17
=2 l l | l
-30 -28 -26 -24 -22 -20

10°0"3C (measured by LC-IRMS)

Figure 3-3: Dual element isotope plot for nitrogen versus carbon isotope ratios (6"°C vs. 5"°N)
during glyphosate biodegradation with Ochrobactrum sp. FrEM (blue triangles) and the
oxidative abiotic degradation of glyphosate with MnQ, (red diamonds). The dashed lines
indicate 95% confidence intervals (Cl)
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3.4 Environmental significance

Glyphosate and AMPA are frequent surface and groundwater contaminants. There is great
potential to use compound-specific isotope analysis to detect their degradation in natural
systems. The 8'°C values of glyphosate changed from -28 %o to -19 %o during biodegradation
with Ochrobactrum sp. FTEM. On the other hand, the 8'°C values of glyphosate herbicides
measured from different manufactures were between -33%0 to -24%o[1]. An isotopic
enrichment above the 8"°C values of glyphosate herbicides may leave a robust imprint of
biodegradation imprint in natural systems and provide additional evidence of biodegradation.
Abiotic degradation of glyphosate with MnO,; (a ubiquitous transition metal oxide present in
soil) caused the 5"°N values to change from 0 %o to -17 %o. This was clearly outside the range
of the measured 8'°N values of glyphosate herbicides products which were between -2 %o to 3
%o. In case of glyphosate natural samples, the slope obtained from the dual isotope analysis
may suggest the preferred degradation pathway. However, the assessment of the
environmental fate of glyphosate and AMPA may only be feasible when sensitive enrichment
methods for sensitive isotope analysis become available in the future. It may also allow the
investigation of different sources of AMPA (pesticide metabolite vs transformation product of

laundry products).
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Extraction of Glyphosate from Water with Activated Alumina: Parameter

Optimization and Preliminary Isotope Measurements

Emmanuel O. Mogusu and Martin Elsner

Abstract

Glyphosate (N-phosphomethylglycine) is a systemic, non-selective herbicide widely applied
for weed control during cultivation of corn, sugar beet and cotton. The frequent detection of
glyphosate and AMPA (amino methylphosphonic acid) in surface and groundwater motivates
research into their environmental fate. While CSIA bears potential to distinguish sources and
degradation of glyphosate and AMPA, the absence of a sensitive enrichment method
currently makes such investigations challenging in natural systems. Here we tested alumina
as adsorbent for the enrichment of glyphosate from water. Commercial activated alumina was
found to have a high adsorption capacity of 85 mg/g corresponding to a sorption site density
of 2 pmol/mz. Adsorption of glyphosate on activated alumina was pH dependent. Adsorption
occurred at pH 6-8 where glyphosate was negatively charged and the alumina surface was
still positively charged because the pH was lower than the PZC (point of zero charge).
Desorption of glyphosate, in contrast, was favored above pH 10 where glyphosate molecules
and the alumina surface were both negatively charged. Preliminary isotope analysis (Pcr*c
& PN/MN) of glyphosate suggested that no significant isotope discrimination is expected
after enrichment on activated alumina highlighting the potential of activated alumina to

enrich glyphosate and AMPA from water for subsequent compound-specific isotope analysis.
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4.1 Introduction
Phosphorus-containing xenobiotics are of great economic importance and have found

extensive applications as insecticides, herbicides, detergent additives and as flame retardants.
Many contain a C-P bond, which is chemically and thermally very stable leaving biological
degradation as main breakdown pathway in the environment [123]. Glyphosate (N-
phosphomethylglycine) - an organophosphonate - is perhaps the single most frequently used
herbicide today. It is a systemic, non-selective, broad-spectrum, post-emerging herbicide
effective in weed control for cultivation of corn, soya and sugar beet [124,125,19]. On the
other hand, the frequent detection of AMPA and glyphosate in groundwater [52,126,49]
together with the recent classification of glyphosate as probable carcinogen motivates

research into their environmental fate [26].

For example, AMPA is also a key metabolite of phosphonate chelating agents that have wide
application in household washing detergents, corrosion inhibitors and oil drilling which then
makes its assessment complex[53,127]. However, investigating the degradation and sources
of glyphosate and AMPA using conventional methods (measuring the change in
concentration) is challenging because metabolites are not always detected, establishing mass
balance is difficult and requires extensive monitoring campaigns. Compound-specific
isotopic analysis (CSIA) is a promising alternative to investigate sources and degradation of

organic pollutants.

Recently, the potential of CSIA (compound-specific isotope analysis) of glyphosate and
AMPA to distinguish sources and degradation of these compounds has been brought forward
[115,1]. Until now, however, CSIA of glyphosate and AMPA is still challenging in natural
systems because: (1) relatively large amounts of glyphosate and AMPA (150 ng and 250 ng,
respectively) [115] are required for precise isotope analysis whereas (2) glyphosate and
AMPA are typically present at trace concentrations (ug/l) in natural water so that extraction
of 30-50 liters of water would be needed to reach the required amounts (150 ng and 250 ng,

respectively) for isotope analysis.

However, the physical properties of glyphosate and AMPA (highly polar, zwitterionic, high
solubility in water) make it challenging to apply traditional approaches such as liquid-liquid
extraction since glyphosate does not partition into organic solvents. Solid phase extraction
(SPE) is a well-known technique for pre-concentration and sample clean-up of numerous
different classes of compounds [128,129]. In fact, SPE pre-concentration analysis of

glyphosate and AMPA in different matrices (food, soil and water) was successfully
54



4. Chapter 4

performed in combination with LC-MS/MS (liquid chromatography tandem mass
spectrometry) after modifying the polar groups (by addition of a non-polar group, typically
FMOC-CI) [82,130]). Unfortunately, this approach is not suitable for stable isotope analysis
because the introduction of additional carbon atoms during derivatization entails potential
isotope fractionation during derivatization and the additional atoms “dilute” isotope changes
in the target compound [98]. Other studies have used supported liquid membrane devices
(SLM) for enrichment and purification of glyphosate and AMPA from fruit juices. SLM is a
porous polymeric hydrophobic membrane with hydrophilic solvents immobilized in its pores.
[131,132]. However, the optimization of the pH of the donor phase, donor flow rate/stirring
rate, the non-selective character of Aliquot 336 (commercial extractant- quaternary
ammonium chloride) that result in the competition with other anions (CI, NO3") and more
importantly the insufficient capacity for CSIA are disadvantages of this method [133,134]. In
another study, anion exchange resins were used for extraction and pre-concentration of
glyphosate and AMPA. However, the large amount of resin that would be required and the
competition with other anions present in water make this approach challenging and
uneconomic for extraction of low concentrations from large amounts of water [135]. Finally,
passive samplers were also used to monitor the flux- proportional concentration of glyphosate
in soil and groundwater. The device was packed with y alumina as the adsorbent together
with integrated traces (i.e calcium citrate- the integrated traces store the information on the
volume of water that has passed the sampler during the installation period). The device
enabled flux-proportional monitoring of the concentration of glyphosate with a 3.3 %
recovery. In a recent study, a passive sampler fitted with titanium dioxide (TiO;) as binding
phase was used as measure to estimate the concentration of glyphosate and AMPA in surface
water. Glyphosate and AMPA were retained well with TiO; and eluted with 1 M NaOH with
good recoveries (>65%) [136,137]. Also mechanistic studies show that glyphosate adsorbs
strongly to soil organic matter, mineral surfaces and metal oxides [138-141]. It adsorbs to
mineral surfaces by formation of surface complexes with the constituent metal ion at the
surface [142,143]. The binding appears to be stronger at pH = 6 where the phosphono-group
is deprotonated [144]. Sorption of glyphosate on different adsorbents is well established
[13,139]. In a recent study, glyphosate was shown to adsorb to activated alumina and at the
same time to form ternary complexes with Zn** jons [145]. In addition, competitive sorption
of glyphosate and phosphate has extensively been studied [146,48,140,147,148]. Phosphate
was shown to facilitate desorption of glyphosate. While these studies emphasize the promise
of metal oxide-based solid phases as extractant for SPE of glyphosate and AMPA, the
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available methods have not yet been tested and optimized to extract and enrich the amounts
necessary for sensitive isotope analysis. To close this research gap, an enrichment method for

sensitive isotope analysis is warranted.

This chapter presents our first preliminary work for the extraction of glyphosate from water
as a prerequisite for glyphosate and AMPA isotope analysis in natural systems. The
objectives of this work were: (1) to choose a convenient sorbent material for the enrichment
of glyphosate from water, (2) to determine the best conditions for sorption and to characterize
the number of sorption sites, (3) to characterize drivers behind desorption in dependence on
pH and (4) to obtain the first data on the associated isotope fractionation during sorption and

desorption on activated alumina

4.2 Experimental Methods

4.2.1 Materials

Glyphosate (99%, CAS No. 1071-83-6), AMPA (99%, CAS No. 1071-83-6), ammonium
acetate (99%), ammonium carbonate (99%), potassium dihydrogenphosphate (99%), 1.0 M
Iso-PCF (isopropyl chloroformate) in hexane, 2.0 M TMSD (trimethyl silyl diazomethane) in
ethyl ether as well as diethyl ether, methanol, ethyl acetate and fert-butanol (with purities
>99%), FMOC-CI (9-Fluorenylmethyl chloroformate 97% purity were all purchased from
Sigma-Aldrich (GmbH Steinheim, Germany). Sodium peroxodisulfate (Na,S,0s), potassium
hydroxide (KOH), phosphoric acid (H3;PO4) and monosodium phosphate (KH,PQOy) (all with
purities >99% from Fluka; Steinheim; Germany) were used as LC eluents and oxidation
reagents. Stock glyphosate and AMPA standards were prepared in MilliQ water (generated
with a Millipore Advantage A10 system, Millipore, Molsheim, France).

The activated alumina was kindly provided in two particle sizes by the Albemarle,
Mertinswerk, Germany. The BET specific surface area was 250 mz/g and sodium oxide
content of 0.3 %. Goethite (30-63% Fe) was purchased from Sigma-Aldrich (GmbH
Steinheim, Germany). Quartz sand was supplied by Dorsilit Nr. 5F, Quarzsande GmbH,

Germany.

4.2.2 Batch adsorption experiment
To select a suitable adsorbent for glyphosate extraction, three adsorbents (activated alumina,
goethite and quartz) were tested because of their long history as adsorbents of charged

pollutants [149,150]. Adsorption isotherms of glyphosate on the different adsorbents were
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determined in batch experiments where the initial glyphosate concentration was varied from
20 mg/L to 500 mg/L (0.1 mM to 3 mM). No buffer was added so that in the case of activated
alumina the corresponding pH value varied between 2.7 (high glyphosate concentration) to
6.2 (low glyphosate concentration) when measured immediately after glyphosate addition,
and between 6.2 to 8.8 after equilibration for 24 hours. In the case goethite it varied between
5.2 and 2.8 with increasing glyphosate concentration (as shown in Figure 1 (a) and Figure S3
(c) in the Appendix). In each batch experiment 1 mg of the adsorbent (activated alumina,
goethite and quartz) was loaded into a 50 ml plastic Falcon tube. Then, 45 ml of solution
containing different concentrations of glyphosate were added to the tubes. The tubes were
shaken on an orbit shaker at 100 rpm overnight at 25 °C. After the reaction period, all
samples were centrifuged and the supernatant was sampled and glyphosate concentrations
were analyzed by LC/MSMS as described previously [151,82]. The quantity of glyphosate
that was adsorbed was calculated by the difference of the initial and residual amounts of

glyphosate in solution divided by the weight of the adsorbent.

A Langmuir model was used to describe the experimental results of glyphosate adsorption on

adsorbents according to equation 4.1 and 4.2

K, C
— L 7e 4.1
Q. =4 1+K,C, @1
1 1 1 1
— = + — 4.2)

Qe Am KL Ce KL

where Q. represents the amount of glyphosate adsorbed on activated alumina (mg/g), qm is
the maximum amount of glyphosate per unit weight of activated alumina for complete
monolayer coverage, K; is the equilibrium adsorption constant related to the affinity to the
adsorption sites (L/mg) and C.is the equilibrium glyphosate concentration in solution (mg/L).
The reciprocal form of the Langmuir model was used to perform the linear regression

according to equation 4.2 (see also Figure S5 in the Appendix IV).

4.2.3 Desorption efficiency
To test the desorption efficiency, after adsorption the activated alumina pellets were collected

into separate 50 ml falcon plastic tubes. Fourty milliliters of either ammonium hydroxide
57



4. Chapter 4

(NH4OH), ammonium carbonate ((NH4),COs3), or potassium dihydrogenphosphate (KH,PO.)
were added at different concentrations (0.2 mM, 0.9 mM, 2.5 mM, 10 mM, 24 mM, 50 mM
and 1 M). The pH of each of the eluents at each concentration was measured during
desorption of the glyphosate. The solutions were agitated and samples were collected every
hour for direct analysis of glyphosate concentrations by LC-MS/MS (see section 4.2.5 LC-
MS/MS measurement).

4.2.4 Extraction of glyphosate on packed alumina column

To test the extraction of glyphosate from a large volume of water, modified packed alumina
columns were used. The modified packed alumina columns were prepared by taking 1 ml
plastic syringe tubes cleaned by flushing with MilliQ water. At the tip of each tube a prop of
porous soft lab paper towel material (to prevent loss of alumina during packing) was inserted.
Then, the column was packed with 0.5 g of activated alumina and rinsed with water until all
air bubbles had disappeared. MilliQ water was allowed to run through the packed alumina
column for 2 min to ensure it was not blocked. Figure 6 represents the schematic setup used
for the enrichment of glyphosate with these modified packed alumina columns. The setup
consisted of an 8 port vacuum manifold which was connected to a vacuum pump and a waste

trap.

To test the extraction efficiency, glyphosate was spiked to either 0.25 L or 1 L water of
different types (MilliQ water, surface and groundwater) to obtain concentrations of 100 pg/l.
The surface and groundwater samples were sampled from Isar River and Mangfalltal
groundwater - Munich, respectively. The extraction efficiencies were determined by

calculating recoveries of the spiked samples.

4.2.5 LC-MS/MS measurements

For the analysis of glyphosate concentrations from desorption experiments, samples were
analyzed by direct injection (20 uL volume) into the LC-MS/MS system (Applied
Biosystems, Foster City, CA, USA). A C18, 5 pm, 30 mmx2 mm i.d., PEEK-lined Luna
column purchased from Phenomenex (Germany) was used for analyte separation. The mobile
phase was composed of water buffered with 1.5 mM ammonium carbonate at pH 9 (solvent
A) and 50% (v/v) MeOH (solvent B). The LC gradient for the separation included a linear
increase of B from 10% to 90% between 0 and 4 min. One minute was allowed to establish
initial conditions and the column was re-equilibrated for 3 min after the run, resulting in a

total run time of 7 min. The flow rate was 0.2 mL min™ and the column temperature was 30
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°C. The chromatogram and MS/MS parameters of glyphosate are given in Figure S2 and
Table S1, respectively. For the adsorption isotherm experiment, glyphosate concentrations
were measured according to the method by Zanini et al [151]. Briefly, glyphosate samples
were first derivatized using FMOC-CI at pH 9 and then the glyphosate derivative was
analyzed by LC/MS-MS. A C18, 5 pm, 30 mmx2 mm i.d., PEEK-lined Luna column from
Phenomenex (Germany) was used for separation. The mobile phase was composed of water
buffered with 1.5 mM ammonium acetate at pH 9 (solvent A) adjusted with NH; and MeOH
(solvent B). The L.C gradient for the separation included a linear increase of B from 10% to
25% between 0 and 3 min. This was followed by an isocratic gradient of B between 3 to 6
min, followed by a linear increase of B from 25% to 90% between 6 and 15 min Three
minutes were allowed to establish initial conditions and the column was re-equilibrated for 7
min after the run, resulting in a total run time of 25 min. The flow rate was 0.2 mL min! and
the column temperature was 30 °C. (MS/MS parameters are shown in Table S2 in Appendix

V)

4.2.6 Nitrogen isotope analysis by GC/IRMS

The derivatization of glyphosate and AMPA followed the procedure described previously
[115]. Nitrogen isotope analysis of the N-isopropyl carbonyl tri methyl ester derivative was
conducted by GC/IRMS according to the method by Mogusu et al. [115]. The GC/IRMS
system consisted of a Trace GC Ultra-gas chromatograph (Thermo Fisher Scientific, Milan,
Italy) linked to a Finnigan MAT 253 (Thermo Fisher Scientific, Bremen, Germany) by a
Finnigan GC combustion III interface (Thermo Fisher Scientific, Bremen, Germany). Helium
(grade 5.0, supplied by Linde, Germany) was used as carrier gas at a flow rate of 1.4 mL min
!, The analytes were injected by a GC CombiPal autosampler (CTCAnalytik, Zwingen,
Switzerland) in splitless mode at a constant injector temperature of 250°C and after 1 min, the
split ratio was switched to 1:10. Separation was achieved on a 30 m DB-5 column (Agilent
Technologies, USA) with 0.25 mm i.d. and 1.0 pm film thickness. The oven temperature was
programmed as follows: the initial temperature of 80°C was held for 1 min. Then the
temperature was increased to 230°C at 10°C min™'. The final temperature was held for 8 min

[115].
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4.2.7 Carbon isotope analysis by LC/IRMS

Carbon isotope analysis of glyphosate was conducted by LC/IRMS according to the method
by Kujawinski et al. [1]. The LC/IRMS system consisted of a Finnigan Surveyor HPLC
system including a Surveyor MS pump and a Surveyor autosampler coupled to a Finnigan
MAT 253 IRMS via a Finnigan LC isolink interface (all instruments Thermo Fisher
Scientific Bremen, Germany). For separation a Hypercarb column 100 X 4.6 mm, 3 um
particle size (Thermo Scientific, Langerwehe, Germany) was used. The eluent was a 2.5 mM
NaH,POy solution adjusted to pH 1.9 with conc. H3;PO,4. The flow rate was 300 uL min™ in

isocratic mode. The injected sample volume was 25 pL..

4.2.8 Elemental analysis / isotope ratio mass spectrometry (EA/IRMS)
Carbon and nitrogen isotopic ratios of reference materials of glyphosate and AMPA
(“laboratory working standards”) were determined by EA/IRMS consisting of a EuroEA
(EuroVector, Milano, Italy) coupled to a Finnigan MAT253 IRMS (Thermo Fisher Scientific,
Bremen, Germany) by a Finnigan ConFlow III interface (Thermo Fisher Scientific, Bremen,
Germany). The materials were calibrated against the reference materials USGS 40 (L-
glutamic acid), USGS 41 (L-glutamic acid), IAEA 600 (caffeine) provided by the
International Atomic Agency (IAEA, Vienna, Austria)

The isotope mass balance during adsorption of glyphosate on alumina was calculated from

6"°C values and from the fraction of glyphosate sorbed according to the following equation:

5 13C0 =5 13CA x FA+8 13CNA>< FNA (4_3)

where, F* represents the fraction of glyphosate adsorbed (superscript A — adsorbed), A

represents the fraction remaining in solution after adsorption (superscript NA- not-adsorbed)..

60



4. Chapter 4

4.3 Results and Discussions

4.3.1 Adsorption isotherm

Adsorption isotherm studies were conducted to determine the adsorption capacity of
glyphosate on activated alumina from aqueous solution. Figure 4-1 shows a plot of the uptake
of glyphosate by the adsorbent (activated alumina) against the glyphosate equilibrium
concentration in solution (see also adsorption isotherms for goethite and quartz in Figure S3
in supporting info). The Langmuir adsorption isotherm was used to describe the experimental

data. The adsorption capacity (qm) was calculated from the linear regression in Figure S5 (a).
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Figure 4-1: Adsorption isotherm of glyphosate on activated alumina. Solid line corresponds to
the fit with the Langmuir equation.

It was observed that the Langmuir isotherm fitted the experimental data reasonably well. The
correlation co-efficient (R2= 0.99), which is a measure of the goodness of fit, confirms the
good representation of the experimental data with this model. The Langmuir model assumes
that the adsorption surface is homogenous and that the adsorption sites are equivalent with
only mono-layer coverage. From the isotherm, the activated alumina had a relatively high
adsorption capacity towards glyphosate of Q= 85 mg/g. This value is similar to those reported
for phosphate adsorption [150,152]. With a BET surface area of 250 m2/g this corresponds to

a surface site density of 2 umol/m* (1.2 site/nm?). This surface adsorption site density for
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glyphosate is in a similar range as that reported for phosphate adsorption (2.5 umol/mz) on
alumina [153-155]., With such a high glyphosate adsorption capacity, an extraction efficiency
of close to 100 % would be expected especially at concentrations between 0.1 mM and 0.3
mM of glyphosate at a 1:1 solid to solution ratio. This shows that the activated alumina can

potentially be used as a suitable adsorbent for glyphosate extraction.

4.3.2 Expected effect of pH on adsorption

The schematic representation Figure 1 (a) shows the speciation of glyphosate during
adsorption of glyphosate on an activated alumina surface. At the beginning of the experiment,
glyphosate dissociated in water at concentrations between 500 ppm to 20 ppm (3 mM to 0.1
mM) giving rise to pH values between 3 and 6. This corresponds to a pH range in which the
net charge of glyphosate in aqueous solution is -1 (see Figure 2). After equilibration in the
presence of alumina for 24 h the pH increased to values between 6 and 8 (Figure 2). In this
pH range the net charge of glyphosate in aqueous solution is -2. An even higher pH of 9.5
was observed when alumina was equilibrated in milliQ water in the absence of glyphosate for
24 hrs. This pH value was in the range of the PZC (point of zero charge) of alumina of 8 to
9.3 [156-158] —i.e. at the pH value at which the surface charges of alumina is zero. Hence,
the alumina surface is positively charged at pH < pHpcz and negatively charged at pH >
pHpcz, and the alumina surface acts as a buffer around its own PZC. These considerations
suggest that glyphosate is best adsorbed at a pH that is lower than the PZC (point of zero
charge) so that the alumina surface is positively charged, but still in a range where glyphosate
is deprotonated and carries a negative charge. The decrease in adsorption at higher pH most
probably results from changes in the electrostatic interaction between the adsorbed species,
whose negative charge increases with pH [159]. These results show that in order to achieve
optimum adsorption of glyphosate on alumina surface, the packed alumina column should be

preconditioned with water for a few hours with water at a pH below the PZC.
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Figure 4-2: Panel (a) pH speciation of glyphosate during adsorption on activated alumina
surfaces at different glyphosate concentrations. Brown squares represent the glyphosate
speciation at different concentrations and Green squares represent the glyphosate speciation on
alumina surface after 24 hours equilibration. Panel (b) pH speciation of glyphosate during
desorption on activated alumina surfaces with different eluents solution. Brown rectangle
represents potassium dihydrogen phosphate, blue rectangle represents ammonium carbonate
and green rectangle represents ammonium hydroxide elution solution.
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4.3.3 Desorption of glyphosate

Desorption experiments were conducted in order to investigate the efficiency of glyphosate
desorption with the following selected eluents. (i) Potassium dihydrogen phosphate
(KH,POy) to investigate competitive desorption of phosphonate by phosphate at pH values
below the PZC; (ii) ammonium carbonate ((NH4),CO3) to investigate desorption at pH values
below the PZC and (iii) ammonium hydroxide (NH4OH) to investigate desorption at pH
values above the PZC. Figure 1 (b) shows the pH regime of the used eluent solution for
desorption of glyphosate from the alumina surface. The pH of the elution solution at different
concentrations is shown in Figure 2 (a). The pH values decreased with eluent concentration
for KH,PO, while they increased with concentration for both (NH4),CO3; and NH4OH. Figure
2 (b) shows the recovery of glyphosate with the different eluent solutions. KH,PO, had the
lowest recovery (< 5 %) and the recovery even decreased with increasing eluent
concentration. In contrast, addition of (NH4),COs; and NH4OH eluent solutions (with gave
better recoveries of 20 % and 40 %, respectively, where recovery was largely concentration-
independent for (NH4),COs3, but increased with increasing concentrations of NH4OH. (see

Figure S2 in the Appendix IV).
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Figure 4-3: Panel (a) pH of the different elution solution used for desorption of glyphosate on
activated alumina and Panel (b) Recovery percentage of adsorbed glyphosate on alumina using

the three elution solutions at different concentrations.

Taken together, these results strongly suggest that pH was the dominating driver in the
desorption of glyphosate where desorption increased with increasing pH. Further, the low
recoveries upon addition of KH,PO,4 imply that competitive desorption of glyphosate through

adsorption of phosphate was negligible at low pH.

These observations are consistent with the picture of electrostatic interactions in outer sphere
complexes as shown in Figure 4. Such a mechanism was already invoked in a previous study
for phosphate adsorption[160]. On the other hand, numerous studies provide compelling
insight for inner sphere complexation [155,161-164]. Therefore, this indicates the
possibilities that (i) outer sphere complexes are formed initially and gradually become inner
sphere complexation - in such a case it would be crucial that the desorption is performed
quickly after adsorption; alternatively (ii) the adsorption of phosphonates occurs consistently
through inner sphere complexes, which can be desorbed at high pH despite their inner-sphere

character. In follow-up experiments, the possibility of desorbing glyphosate at high pH values
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with phosphate solution can be explored in order to combine the effect of electrostatic

repulsion at high pH and competitive desorption. However, this was not done in this study.
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Figure 4-4: schematic representation of glyphosate adsorption on protonation alumina surface

and desorption of glyphosate (deprotonation reaction at alumina surface).

4.3.4 Isotope effects of glyphosate during sorption on alumina

A common concern to all pre-concentration techniques is the possibility of systematic isotopic
fractionation during sorption, desorption and phase transfer [98]. An evaluation of the
associated isotope effects during glyphosate sorption on alumina was conducted. Figure 3 (a)
shows the carbon and nitrogen isotope values against the fraction of adsorbed glyphosate. An
increase of both N/'*N and "*C/"*C of glyphosate in the remaining solution was observed
after 80 % adsorption. This means that light isotopes were adsorbed preferentially onto the
alumina surface compared to heavy isotopes. For example, 8'°C values of glyphosate in
solution increased to -27%o £ 0.4%o upon 80 % (0.8 fraction adsorbed) adsorption reflecting

an enrichment of >C/"*C during adsorption. In a similar way, 8'°N values of glyphosate in
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solution increased to 5%o + 0.7%o upon 80 % (0.8 fraction adsorbed) adsorption reflecting an

enrichment of "*N/"°N during adsorption.
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Figure 4-5: Panel (a) $"°C and 5"°N values of glyphosate during adsorption on activated alumina.
Panel (b) 6"°C and &N values of glyphosate during desorption on activated alumina. The
dashed lines represent the standard glyphosate nitrogen and carbon isotope values measure with
EA-IRMS.

Despite this significant isotope fractionation in the remaining glyphosate in solution,
nevertheless no significant isotope fractionation is expected in the rest of the mass balance:
the adsorbed glyphosate on alumina. Taking account of the isotopic mass balance
considerations according to equation 4.3, the 8'"°C values would decrease by 0.4%o while the
8"°N values by 0.8%o in the adsorbed glyphosate, and this would fall within the uncertainty of

the measurement.

Figure 3 (b) shows the associated carbon and nitrogen isotope values of glyphosate after
desorption from the activated alumina surface with an eluent solution of 1M NH4OH. With
30% the glyphosate recovery was similar to the previous batch experiment (see above). 8"C
values of glyphosate in solution decreased to -30.4 %o = 0.4%o at 30 % desorption (fraction
desorbed: 0.3). However, these values were close to the input laboratory glyphosate standard
carbon isotope values which were characterized by EA/IRMS (-28.9 + 0.1 %o). On the other
hand, 5"°N values of glyphosate in solution increased to 1 %o £ 0.7%0 upon 30 % desorption
(fraction desorbed: 0.3). Remarkably, these values were close to the input laboratory
glyphosate nitrogen isotope values which were characterized by EA/IRMS (-0.3 + 0.1 %o).
Further improvement of the enrichment strategy may result in even better recoveries. In this
case, it is expected that the isotope values of glyphosate after enrichment will show even

smaller differences in isotope values compared to the glyphosate laboratory working standard.

4.3.5 Glyphosate enrichment on modified column

Based on these promising results, a series of glyphosate extraction experiments were
conducted with 1 ml modified packed alumina columns. The column setup was chosen to
further optimize the recovery of glyphosate for large volume extraction of field samples
(sampling water in the field followed by extraction and elution of the adsorbed glyphosate
and AMPA in the laboratory). Figure 6 shows the schematic setup which was used for the
enrichment of glyphosate and AMPA. About 0.5 g of alumina (due to the high adsorption
capacity) was sufficient for the adsorption of glyphosate and AMPA. Table 1 shows the
recoveries with the modified column approach. As compared to the batch experiment, better
recoveries of glyphosate (70— 90 %), (60 — 70 %) from 1 L and 250 ml extraction volume
respectively, were obtained. These results demonstrate the potential of the modified alumina

column for enrichment of glyphosate out of aqueous samples. Further optimization may be
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necessary for large volume extraction of glyphosate on alumina in the presence of other ions

that might compete with glyphosate for adsorption.

Sorption Desorption
7/
25 ml
1 M NH,OH

1L groundwater spiked with T
Glyphosate (100 pglL) and AMPA
(100 pgL™)

34

1ml modified [&']
alumina [m4/] LT L
packed column Lt
Vacuum
Pump
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Vacuum
manifold '
Waste
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Lyophilization (freeze dried)

L

LC/MS-MS -> LC/IRMS

Figure 4-6: Schematic setup for the extraction of glyphosate and AMPA from water on packed
modified 1ml activated alumina

|

Description Recovery (%) 10°6C 106" C |

(EA-IRMS) |

Batch adsorption ‘
Glyphosate (spiked)-Distilled water, surface water, groundwater

Extraction from 500 mL (500 pg/L spiked concentration) 50-60 £ 8 (n=4) -29.2 -28.99 |

Extraction from 250 mL (500 pg/L spiked concentration) 55-60 £ 8 (n=3) -26.5 -28.99 |

|

M odified column |

Glyphosate (spiked)-Distilled water, surface water, groundwater |

Extraction from 1 L (500 pg/L spiked concentration) 70-90 £ 8 (n=4) -27.2 -28.99 |

Extraction from 250 mL (100 pg/L spiked concentration) 60-70 = 8 (n=5) nd |

n.d = not determined
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Table 4-1: Overview of recovery and carbon isotope values of activated alumina extracted
glyphosate and AMPA

4.4 Conclusion

In chapter 2 of this thesis, compound-specific isotope analysis was brought forward to
distinguish sources and degradation of glyphosate and AMPA. However, the current lack of
sensitive enrichment methods makes it challenging to apply CSIA to detect degradation of
glyphosate and formation of AMPA in natural systems. To this end, we developed an
enrichment approach that uses activated alumina packed in modified columns to extract
glyphosate from water. The activated alumina showed a high adsorption capacity and sorption
density for glyphosate of 85 mg/g and 2 pmol/m2, respectively. Glyphosate was adsorbed at
pH values lower than the PZC (point of zero charge) of the alumina surface. In contrast,
desorption was most efficient at pH values above the PZC (point of zero charge). Very small
shifts in stable carbon and nitrogen isotope values showed that only little fractionation was
involved during the enrichment with activated alumina. Therefore, there is promising
potential to employ the extraction method with activated alumina to enrich glyphosate and

AMPA from natural water.
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5.0 Conclusion and Outlook

Compound specific isotope analysis (CSIA) is now a well-established routine approach to
monitor the natural attenuation of traditional groundwater organic contaminants (e.g BTEX,
TCE). Assessing the degradation of chemical micro-pollutant (e.g pesticides, pharmaceuticals
and commercial care products) using CSIA has a promising potential. However, it still
remains a challenge because majority of the micro-pollutants are highly polar, have high
solubility in water and are present at low (sub-mg/l) concentration. To this end, to advance the
application of CSIA to investigate pesticide degradation, this thesis focused on glyphosate (V-
phosphomethylglycine) herbicide which has become the number one single herbicide
(Roundup) applied today in corn, soybeans and sugar beet cultivation. The recent
classification of glyphosate as probably carcinogenic to humans by the World Health
Organization’s cancer research unit and the frequent detection of AMPA and Glyphosate in
surface, groundwater motivates the research to understand their environmental fate. In
addition, the source of AMPA is still unresolved, because phosphonates chelating agents

(used as detergents, corrosion inhibitors) also form AMPA as the key metabolite.

Before this work started, stable isotope analysis methods to measure the stable isotope ratios
of glyphosate and AMPA had yet to be developed. This was because of the physical
properties of glyphosate and AMPA (high water solubility and polar nature) that makes
analytics a challenge. Even though Kujawinski et al 2013 had brought forward the first
LC/IRMS method to measure carbon isotope ratios of glyphosate and AMPA, and though the
method’s promise for product authentication was demonstrated, the approach was still limited
in its ability to distinguish different sources of glyphosate products. To this end, to exploit the
full potential of multiple element (“two-dimensional””) compound-specific isotope analysis for
source discrimination, an additional element was developed as demonstrated in chapter 2 of

this thesis.

We, therefore, developed the first compound-specific PN/MN analysis of glyphosate and
AMPA by a two-step derivatization in combination with GC/IRMS. We demonstrated that
buffering solutions at pH 10 was critical for obtaining accurate nitrogen isotope ratios. A
combination of ¢"°N and 8"°C analysis (i) enabled an improved distinction of commercial
glyphosate products and (ii) showed that glyphosate isotope values during degradation by

MnO; clearly fell outside the commercial product range ( for 6"N of the commercial samples
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was from +3.3 %o to -1.5 %o while 0"°C values ranged from -24.6 %o to -33.7 %o) . These
results highlighted the potential of combined carbon and nitrogen isotopes analysis to trace

sources and degradation of glyphosate.

Though, the first results on dual element (C, N) isotope analysis of glyphosate look promising
to distinguish sources and degradation pathways, additional research was still necessary
before the next step can be taken to investigate glyphosate and AMPA degradation in natural

systems. In particular, two questions were of central focus:

1. Can laboratory degradation studies demonstrate significant isotope fractionation

associated with biodegradation of glyphosate, the main degradation pathway in nature?

2. Can suitable enrichment methods be validated for sensitive isotope analysis of

glyphosate at low concentrations?

In order to close the first knowledge gap above, we conducted a reference laboratory
experiment. To this end, a bacterial strain (Ochrobactrum sp. FTEM) was isolated from a
vineyard in northern France which showed the ability to grow on glyphosate as the sole
phosphorus source. The evidence of transformation metabolite - sarcosine confirmed an
alternative degradation route - (C-P cleavage) sarcosine pathway. For the first time the
associated (°C/"*C & ""N/'*N) isotope fractionation during biodegradation of glyphosate have
been reported. Only a small but significant carbon isotope fractionation was observed ¢c = -
6%o0 + 0.5%0 which suggested that the intrinsic isotope fractionation may have been masked
due to mass transfer limitation. The carbon isotope shift was significant to leave an imprint of
degradation. On the other hand, small nitrogen isotope fractionation of ex = -0. 6%o0 £ 1.0%o
indicated a secondary nitrogen isotope effect. Additional experiments with bacteria strains
that degrade glyphosate to AMPA should be conducted. An alternative carbon source for
cultivation of the bacteria (we used high glutamate concentration 10 g/L) should be tested.
This is because glutamate interfered with the analysis of glyphosate. This would reduce its
interference during the analysis of glyphosate and transformation products. The best
alternative would be when glyphosate is used both as C-source and P-source. It is worth
noting here, that buffering the pH during derivatization of biodegradation samples is critical

otherwise precise nitrogen isotope ratios would be difficult to achieve.

In the case of abiotic degradation of glyphosate with manganese dioxide (MnQO,), the first
nitrogen enrichment factors were also reported. The nitrogen isotope fractionations were as

high as ey = -17%o0 +£0.5%o. Certainly, the strong nitrogen fractionation during abiotic
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degradation of glyphosate would leave a robust imprint of degradation in natural systems.
MnO, are ubiquitous in the environment and would contribute to the degradation of
glyphosate in the environment. It was however, surprising that glyphosate abiotic degradation
formed both AMPA and sarcosine. The exact mechanism involved during the abiotic
degradation of glyphosate is still unclear. Further experiments should be conducted to

understand the mechanism of glyphosate degradation on MnO, surface.

The amounts needed for precise nitrogen isotope analysis of glyphosate and AMPA (150 and
250 ng respectively) require a pre-enrichment method. Our first preliminary results on
glyphosate and AMPA enrichment with activated alumina offer promising potential. The high
adsorption capacity and surface density of the activated alumina means that a small amount of
alumina would be needed to pack on the modified column (0.5 g of alumina on the 1 ml
modified alumina column). The adsorption of glyphosate was pH dependent. Glyphosate was
better adsorbed at pH value that was lower than the PZC (point of zero charge) of alumina
surface because of its own charge and surface charge of alumina. On the other hand,
desorption of glyphosate was favored when the alumina surface charge was negatively
charged (desorption was most efficient at pH values above the PZC (point of zero charge)).
The small shift in carbon and nitrogen isotope ratios means that the extraction process causes
no fractionation. To improve glyphosate recoveries further optimizations (for example, the
adsorption and desorption flow rate, competing ions present in water) are required and this

would in theory lower the shift in the isotope ratios that was observed.

Overall, this research thesis has contributed towards the assessment of glyphosate and AMPA
degradation and first step to determine the source of AMPA (a frequent groundwater
contaminant which is also a key metabolite for phosphonates that are used in laundry

detergents). These are:

1) Nitrogen isotope analysis method was developed, optimized and validated for
glyphosate and AMPA analysis. The dual element plot (8" C verses 8> N isotope) was
capable of distinguishing the different commercial glyphosate products and abiotic
degradation of glyphosate. Chapter 2 of this thesis was published in Analytical Bioanalytical
Chemistry Journal

ii) The first carbon and nitrogen enrichment factors were determined during glyphosate
biodegradation (with Ochrobactrum sp strain FrEM 15651) and glyphosate abiotic

degradation with MnO,. This will be important in future studies for characterization of
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degradation processes and extent of degradation in natural systems when sensitive extraction
methods become available. Chapter 3 will be submitted to Environmental Science &
Technology Letters

i) A promising first extraction approach to enrich glyphosate and AMPA from water
using activated alumina packed columns for CSIA. Chapter 4 is in preparation as a Technical

Note

The source of AMPA and its fate in groundwater will be made possible when sensitive

enrichment becomes available in the future.

To this end, future studies are still needed to investigate (bio) degradation of glyphosate
which leads to the formation of AMPA (main degradation pathway). The associated isotopic
fractionation during AMPA formation during biodegradation could also be explored.
Evaluation of the changes of the isotopic ratios would give insights into the fate of AMPA in
groundwater as shown in Figure 5-2. AMPA is formed as a result of the cleavage of the C-N
bond which would show no changes in the Be/te isotope ratio. This is because AMPA stems
from the N atom at the non-reacting position of the substrate (glyphosate). On the other hand,
the other metabolite glyoxylate is expected to be preferentially enriched and possess more °C
isotope value during the reaction. However, two probable isotopic patterns are expected: (1) a
lighter Bc isotope signature for AMPA compared to initial substrate isotope ratio or (2) a
heavy Bc isotope signature for AMPA compared to initial substrate isotope ratio. In the
event, AMPA is further degraded the BC isotope signature of AMPA is expected to be
preferentially enriched. The enrichment of AMPA in heavy isotope directly provides a
plausible line of evidence of biodegradation. On the other hand, nitrogen isotope analysis
would show a significant nitrogen enrichment factor of the remaining substrate (glyphosate)
when rate limiting step involves the C-N bond cleavage. AMPA is expected to be depleted in
PN isotope value at the beginning of the reaction which becomes preferentially enriched in
S\ isotope values as the reaction progresses. However, it would be difficult to distinguish

AMPA further degradation using nitrogen isotope analysis (Figure 5-2 (b))
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Figure 5-2: (a) Environmental fate of glyphosate and AMPA. Glyphosate is strongly sorbed to
soil matter. (b) Expected isotope fractionation during glyphosate degradation and resulting
isotope signature of AMPA during its formation. (in this case AMPA degradation is not
considered)

Our first preliminary results show the potential of activated alumina to enrich glyphosate from
water. Further optimization test experiments on the influence of pH conditions are needed.
The possibility of desorbing glyphosate at high pH values with phosphate solution can be
explored in order to combine the effect of pH and competitive desorption. Lastly, the low
glyphosate environmental concentration (< 0.1 pg/L) requires the extraction of large volume
(several liters- 50L) of water. Therefore, the further optimization of the large volume

extraction of glyphosate using packed modified alumina columns should be conducted.
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STANDARD (-3.7 %o) IS REPRESENTED BY THE RED DASHED LINE. (C) 4”N VALUES OF
GLYPHOSATE (BLUE RECTANGLE) AND AMPA (RED DIAMONDS) VS. PEAK AMPLITUDES (M/Z 28)
FROM MEASUREMENTS OF IN-HOUSE LABORATORY STANDARDS IN CONCENTRATIONS BETWEEN
0.6 MM TO 13 MM AND 0.9 MM TO 20 MM, RESPECTIVELY. THE BLUE RECTANGLE AND RED
TRIANGLE REPRESENT THE N-ISOPROPYL METHYL ESTER DERIVATIVE OF GLYPHOSATE AND
AMPA, RESPECTIVELY. THE DASHED LINES REPRESENT THE RESPECTIVE STANDARD DEVIATIONS
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(SD) (BOTH 0.8 %o0). THE BOLD LINES INDICATE THE 95% CONFIDENCE INTERVAL. THE
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FIGURE 4-2: PANEL (A) PH SPECIATION OF GLYPHOSATE DURING ADSORPTION ON ACTIVATED
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ALUMINA. PANEL (B) A"”C AND A°N VALUES OF GLYPHOSATE DURING DESORPTION ON
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with LC-IRMS.
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Producers 10°52C SD (n=3) 10°6"°N | SD (n=4)
A 29.8 0.2 0.1 0.1
A 26.3 0.2 0.4 0.1
B 31.3 0.1 0.2 0.4
B 31.5 0.3 0.2 0.2
C 29.8 0.3 3.3 0.1
D -30.2 0.5 0.2 0.3
D 282 0.1 0.2 0.2
E -30.0 0.5 25 0.1
F 33.7 0.2 0.6 0.2
G 29.4 0.1 15 0.2
H 31.2 0.1 0.4 0.2
H 28.1 0.4 22 0.1
I 25.8 0.1 0.3 0.2
I 24.6 0.1 0.3 0.1
I 26.4 0.1 0.1 0.9
J 30.2 0.1 0.3 0.9
J -30.6 0.1 0.5 0.3
J 314 0,3 0.7 0.1
K 272 0.1 1.5 0.2
K 27.0 0.2 1.3 0.3
L -32.0 0.1 0.9 0.2
L 31.8 0.1 0.5 0.1
L 31.8 0.2 0.5 0.1
L 31.6 0.2 1.8 0.4
L 31.9 0.2 0.3 0.6
M 25.6 0.9 1.0 0.6
M 25.5 0.1 0.2 0.2
M -26.1 0.5 0.1 0.3

AIIL: Table SI. The 6"°N & 6"°C values of glyphosate from commercial herbicides samples.
The standard deviations given in the Table are the estimate of replicate sample
measurements, while those in Figures 2-7 and 2-8 in Chapter 2 correspond to the standard

deviation of the methods determined independently (in Figure 2-6 in Chapter 2)
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Producer

Trade name

R U Flash UP Plus

Clinic

Super UT 360

Freelancer

Gibson

Pratiko

Amegemax

Prologue 2

Round UP GT

Round UP

Round UP Gran

Vovox Direct

TR |=I=lzlQlmo|lg|a|m>

Bayer Garten

AII: Table SII. The trade names of measured commercial glyphosate products.

-2

5 10 15

20 25 30

Ratio 1s0-PCF: glyphosate

AII: Figure S1. The variation in 0"°N isotope values of commercial herbicide (blue

diamonds) with increasing iso-PCF: commercial herbicide ratios. The dashed pink line

represents the EA/IRMS "N value of glyphosate standard (-0.28 %o + 0.06 %o).
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AIl: Figure S2. The reproducibility of 8"°C values of glyphosate standards (squares) and
AMPA standards (diamonds) measured with LC/IRMS. Triangles are measurements of
commercial glyphosate products analyzed between the standard measurements. The solid
lines represent the standard deviation (SD) of glyphosate and AMPA (+0.34 %o,)
respectively. The dashed black lines represent the EA/IRMS 0N value of glyphosate and
AMPA standard (-28.99 %o £ 0.06 %o, -39.84 %0 £ 0.10 %o) respectively.
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AII: Figure S3 Chromatogram of glyphosate and AMPA standards (300 mgL'l, 345 mgL’l)
measured with LC/IRMS. The three first peaks represent CO, monitoring gas.

AII: Information on routine quality controls for IRMS measurements

Daily controls during the nitrogen and carbon analysis (GC/IRMS and LC/IRMS) included
monitoring of background masses (Argon m/z 40, carbon dioxide m/z 44, nitrogen m/z 28 and
water m/z 18) to exclude any leaks, repeated measurements of monitoring gas (“standard on-
offs”) and checks that monitoring gas measurements did not depend on the amount of sample
introduced within the measurement range (“linearity test”) (linearity better than 0.03 %oV
over a range from 0.2 to 14.3 V; SD of standard on-offs better than 0.04 %o) These tests were
performed before each sequence to check the daily instrument performance. Before and after
each run three monitoring gas pulses were introduced as an anchor to “calibrate” the analyte
isotope value between measurements. Sample measurements were bracketed with glyphosate

and AMPA laboratory reference standards.
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Materials

Glyphosate (99%, CAS No. 1071-83-6), ammonium acetate (99%), 1.0 M Iso-PCF (isopropyl
chloroformate) in hexane, 2.0 M TMSD (trimethyl silyl diazomethane) in ethyl ether, FMOC-
Cl (9-Fluorenylmethyl chloroformate 97% purity) as well as diethyl ether, methanol, ethyl
acetate, fert-butanol (with purities >99%) and sodium glutamate (with purities <99%) were
all purchased from Sigma-Aldrich (GmbH Steinheim, Germany). Sodium peroxodisulfate
(NaS,0g), potassium hydroxide (KOH), phosphoric acid (H3PO4) and monosodium
phosphate (KH,POy,) (all with purities >99% from Fluka; Steinheim; Germany) were used as
LC eluents and oxidation reagents. Glyphosate-FMOC (98.5%), AMPA-FMOC (97%)
standards were obtained from Dr. Ehrenstorfer (Augsburg, Germany). Stock glyphosate and
AMPA standards were prepared in MilliQ water (generated with a Millipore Advantage A10

system, Millipore, Molsheim, France).

The MS1 medium contained (in gLﬁl): NH,4CI, 2.0; MgSO4x7H,0, 0.2; K;,SOy4, 0.5; as well
as trace elements (in mgLﬁl): FeSO4x7H>0, 2.5; CaCl,x6H,0,10.0; CuSO4x5H,0, 2.0;
H3BO3, 006, ZHSO4X7H20,20.0; MHSO4XH20, 10, NiC12X6H20, 005, NagMoO4x2HgO,
0.3.

Derivatization reaction with FMOC-Cl

The quantification of glyphosate was performed on a LC/MS-MS (liquid chromatograph
coupled to a tandem mass spectrometer) after a derivatization step with FMOC-CI in alkaline
medium [151,82]. Briefly, 0.5 ml of 4 mM borate buffer were mixed with 3 ml of glyphosate
solution in 15 ml polypropylene centrifuge tubes. After that, 0.5 ml of 6.5 uM FMOC-CI
solution were added and the mixture was shaken on an overhead shaker. After 2 hrs of
reaction, 4 ml of dichloromethane (DCM) were added and the mixture was centrifuged at
3000 g for 10 minutes to separate DCM from water (immiscible). DCM is used to extract
excess FMOC-Cl which interferes with mass spectrometric measurements. A similar
treatment was done for glyphosate and AMPA laboratory standards which were used for

calibration.

LC/MS-MS measurements

The injection volume for LC/MS-MS was 20 uL. A Luna C18 column (5 pm, 30 mmX2 mm
i.d., PEEK-lined, Phenomenex, Germany) was used for analyte separation. The mobile phase
was composed of water buffered with 5 mM ammonium acetate at pH 9 (adjusted with

ammonia) (solvent A) and MeOH (solvent B). The LC gradient for the separation consisted of
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a linear increase of B from 10% to 25% between 0 and 3 min, an isocratic plateau from 3 to 6 min
(75% A: 25% B); again a linear increase 25% to 90% between 6 to 15 min and a final
isocratic plateau at 90% B from 15 to 18 min. Lastly, the column was re-equilibrated for 7
min, resulting in a total run time of 25 min. The flow rate was 0.2 mL min" and the column
temperature was 30 °C.

The target substances were detected with a triple quadrupole mass spectrometer, an API 2000
(Applied Biosystems, Foster City, CA, USA), which was operated with a HPLC system
consisting of a quaternary pump, a degasser and an autosampler (all Agilent 1100, Agilent
Technologies, Waldbronn, Germany). The instrument was equipped with electrospray
ionization and was calibrated using a 1,3,6-polytyrosine solution. Details of the substance-
specific ionization parameters for detection of FMOC-derivatized analytes and isotopically
labelled standards are shown in Table SI.

Table SI. Transitions parameters for glyphosate quantification and conformation

Precusurion Production Time

Analyte (m/z) (m/z) (sec) DP EP CE CXP CEP RO,
Glyphosate-FMOC 389.9 Q: 168 150 21 37 -14 -4 22 10
Glyphosate-FMOC 389.9 q: 150 150  -41 3 -34 0 22 10
Glyphosate-FMOC 167.8 q:150 150 -46 -9 -8 0 -12 11
Glyphosate-FMOC 167.8 q: 80.9 150  -46 -9 -20 0 -12 9
AMPA-FMOC 332.5 Q:109.9 15 6 55 -10 2 - -
AMPA-FMOC 109.8 q:81.1 150 21 -8 -16 0 - -
1,2 °C N Glyphosate-FMOC ~ 389.9 Q: 171 150 21 37  -14 -4 22 10

Q: transition used for quantification q: transition used for confirmation
DP:Declustering potential EP:Entrance potential CE:Collission energy CXP:Collission cell exit potential rod offset
CEP:Collission cell entrance potential RO;:collision cell

Derivatization of glyphosate and AMPA for nitrogen isotope analysis
The derivatization reaction of glyphosate involved a three-step procedure as described in

(Mogusu et al 2015). Briefly, the pH of 500 uL glyphosate sample was adjusted to 10 with a
borate/NaOH buffer system. Immediately after, 300 uL of 1.0 M isopropyl chloroformate
(iso-PCF) in hexane were added, and then vortexed for 10 minutes. Subsequently, the pH was
adjusted to 1-2 with 50 uL. 2 M HCI. The excess of derivatization agent was extracted with 3
ml ethyl ether and the organic layer was discarded. The aqueous solution was saturated with
sodium chloride and extracted twice with 20% tert-butanol in ethyl ether. Subsequently, 200
puL of methanol were added to the ethereal extract together with 50 uL of 2.0 M TMSD in

ether and the mixture was allowed to react at room temperature.
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Nitrogen isotope analysis by GC/IRMS

The GC/IRMS system consisted of a Trace GC ultra-gas chromatograph (Thermo Fisher
Scientific, Milan, Italy) linked to a Finnigan MAT 253 (Thermo Fisher Scientific, Bremen,
Germany) by a Finnigan GC combustion III interface (Thermo Fisher Scientific, Bremen,
Germany). The emission was set to 2 mA for nitrogen analysis. Helium (grade 5.0, supplied
by Linde, Germany) was used as carrier gas at a flow rate of 1.4 mL min'. The samples (1
puL of N-isopropyl carbonyl methyl ester derivative) were injected by a GC CombiPal
autosampler (CTCAnalytik, Zwingen, Switzerland) in splitless mode at a constant injector
temperature of 250°C. After 1 min, the split ratio was switched to 1:10. To enable separation
of glyphosate- and AMPA-derivatives from the interfering glutamate-derivative, an Rtx-5
Amine column (supplied by Restek, Germany) (30 m; 0.32 um inner diameter; Ipm film
thickness) was used with the following temperature program. The initial temperature of 80°C
was held for 1 min. Then the temperature was increased to 150°C at 10°C min™, held for 1
min and then ramped to 230°C at 3°C min™. The final temperature was held for 2 min

(Mogusu et al 2015).

EA/IRMS
Carbon and nitrogen isotope ratios of reference materials of glyphosate and AMPA

(“working standards™) were characterized by an elemental analyzer - isotope ratio mass
spectrometer (EA-IRMS) consisting of a EuroEA (EuroVector, Milano, Italy) coupled to a
FinniganTM MAT253 IRMS (Thermo Fisher Scientific, Bremen, Germany) by a
FinniganTM ConFlow III interface (Thermo Fisher Scientific, Bremen, Germany). The
materials were calibrated against the reference materials USGS 40, USGS 41 and IAEA 600
provided by the International Atomic Agency (IAEA, Vienna, Austria). The 8"°C and 3"°N
isotope values were reported in per mille relative to PeeDee Belemnite (V-PDB) and air,
respectively, according to equations S1-S2
R(Pcrc),, . —R(PCI? C)yp

13 sample
5 Cxample,VPBD = R(13C/12 C)VPBD (Sl)

15 R(ISZV/]4 N)sumple - R(ISN/M N)N7—A1R
5 N.\'amplz;Nz—AIR = 15 14 - (Sz)
R(N/I7N)y ar
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Figure S1: Speciation and pKa values of glyphosate, glutamate, AMPA and sarcosine. The
vertical arrow shows the optimum pH (3.1) for the separation of the compounds (glyphosate,
glutamate, AMPA and sarcosine) using a phosphate buffer (2.5 mM NaH,PO, buffer adjusted

at pH 3.1).
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2.5 mM NaH,PO, Buffer pH 2.8
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Figure S2: LC-IRMS chromatogram of glyphosate, AMPA and glutamate on a Primesep

100 column. Panels A and B show the separation of glyphosate, AMPA and glutamate using
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2.5 mM NaH,PO, buffer at pH 3.1 and pH 2.8, respectively. Panel C shows the separation of
glyphosate and glutamate biodegradation samples on a Hypercarb column according to the
method of Kujawinski et al 2013). Panel D shows the chromatographic separation according
to our modified method with a mixed- mode Primesep 100 column with 2.5 mM NaH,PO,

buffer at pH 3.1

Practical challenges during separation on LC/IRMS

Even though the modified method with a Primsep 100 column achieved a good separation of
glyphosate and glutamate at high concentrations (10 gL™') we caution that the following
practical challenges may be encountered when analyzing high concentrations of carbon-
containing compounds with sodium peroxodisulfate in large excess (0.84 M). 1) The high
concentration of glutamate created a high CO, background after wet oxidation (compound
conversion to CO;) with sodium peroxodisulfate (0.84 M). This created a constant high CO,
background, and in one run oversaturated the solution with CO; to such an extent that the
overpressure damaged the separation unit (see Figure S1 panel C). In addition, the high
background of oxygen also damaged the IRMS ion source, which had to be changed. 2) At
the interface, capillaries were often clogged because of the high concentration (0.84 M) of
sodium peroxodisulfate. To avoid these problems, introducing a fraction collection
(separation) step to remove the high glutamate background before LC/IRMS measurements

and using a lower concentration of (0.42 M) of sodium peroxodisulfate is recommendable.
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Figure S3: 3'"°C isotope values of glyphosate (blue rectangle), AMPA (red triangle),
sarcosine (green diamond) and glutamate (black circles) versus peak amplitudes (m/z = 44)
from measurements of in-house laboratory standards by LC/IRMS on a Primesep 100 column
in concentrations between 0.35 mM to 6 mM , 0.5 mM to 9 mM, 0.6mM to 6 mM and 0.35
mM to 6 mM respectively. The dashed lines represent the respective standard deviations (SD)
(= 0.3%o0, = 0.4%o0, = 0.5%0 and + 0.7%o respectively). The bold lines indicate measured EA-

IRMS values.
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Figure S4: Panel (a) e isotope values of glyphosate (blue rectangle), AMPA (red crosses)
and sarcosine (green trangles) during abiotic degradation with MnO,_ Panel (b) 8N isotope
values of glyphosate (blue rectangle), AMPA (red crosses) and sarcosine (green trangles)

during abiotic degradation with MnO,,

A=8"N/3"C =
enzyme € carbon [%00] € nitrogen [%o] € nizmgen/8 carbon AKIE  pon  AKIEjirogen
Abiotic degradation - -3.7+£0.3 -17.2+£0.3 4.6 £0.03 1.011 1.017
(MnO,)
Ochrobactrum sp. FtEM C-P -5.5+03 -0.6 £0.7 0.1 +£0.06 1.016 1.000

Lyase

Table S2: Evaluation of the AKIE carbon and nitrogen for abiotic and (bio) degradation of
glyphosate
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Figure SS5: Phylogenetic position of the strain FrEM within Ochrobactrum species.

Neighbour-joining tree based on partial 16S rRNA sequence. The bar indicates 0.005

substitutions per nucleotide.

Figure S6: Micrograph of Ochrobactrum sp FrEM 15651 cells by light microscope

(Axioskop Plus2, ZEISS, Germany (x100 resolution- oil emulsion), AxioVision 4.1
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Attempts of glyphosate degradation with Ochrobactrum anthropi GPK3

Preliminary biodegradation experiments were conducted with two pure strains Ochrobactrum
antropia GPK 3 and Achromobacter sp. The bacterial strains were kindly shared by Dr.
Alexey A. Leontievsky from G.K. Skryabin Institute of Biochemistry and Physiology of
Microorganisms, Russian Academy of Sciences. We carefully cultured the pure strains with
the protocol provided to us. Unfortunately, attempts to use the pure strains to degrade
glyphosate were unsuccessful. In the first attempt, the Ochrobactrum antropia GPK 3 strain
degraded half of the glyphosate and then the glyphosate concentration remained unchanged.
Surprisingly, the bacterial biomass increased (cell growth) over time (monitored by Optical
density OD 560nm) indicating growth on glutamate without further breakdown of glyphosate.
This observation (growth of Ochrobactrum antropia GPK 3 without breakdown of
glyphosate) was reproduced in five independent cultivation experiments. Biodegradation
experiments with Achromobacter sp showed a similar observation. Figure S6 shows the
biodegradation of glyphosate and the bacteria growth curve. To check for strain
contamination over time, we conducted 16S RNA gene sequencing. The amplified DNA gene
sequence showed that the strains were Ochrobactrum antropia GPK 3 and Achromobacter
sp. Therefore, we concluded that the bacterial strain grew on glutamate (carbon source) even
without the need of glyphosate. The reason may be that it was able to use trace phosphate
sources (cleaning detergents for our laboratory glass ware) that might have been present and

were difficult to eliminate.

In response to these unsuccessful degradation experiments with the strains provided,
Ochrobactrum sp. strain FrTEM was subsequently isolated from agricultural soil as described
in the manuscript. With this new isolate, the degradation experiments of the study were

conducted.
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Figure S7: Panel A Degradation of glyphosate by Ochrobactrum antropia GPK 3 when
grown in MS1 medium containing 3 mM glyphosate as the only phosphorous source. Panel
B Measured bacterial growth (OD 560 nm) over time. Panel C Degradation of glyphosate by
Achromobacter sp when grown in MS1 medium containing 1.5 mM glyphosate as the only

phosphorous source. Panel D Measured bacterial growth (OD 560 nm) over time.
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Graphic Art
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AIIl Figure S8: Schematic representation of Pesticides released into the environment
subjected to various physical, chemical and biological processes. Processes that determine the
fate of pesticides in the environment.
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Appendix IV: Chapter 4- SI

Supporting Information

Extraction of Glyphosate and AMPA from Water with Activated Alumina:

Parameter Optimization and Preliminary Isotope Measurements

Emmanuel O. Mogusu and Martin Elsner

Contents

AIV: Figure S1: carbon isotope effect at equilibrium concentration during the sorption

glyphosate on activated alumina, goethite and quartz

AIV: Figure S2: Elution of adsorbed glyphosate on alumina with potassium dihydrogen

phosphate, ammonium carbonate and ammonium hydroxide

AIV: Table S1. Transitions parameters measured for glyphosate quantification and
conformation

AIV: Figure S3. Chromatogram of direct glyphosate standard (at 100 ugL™") measured by
LC/MS-MS

AIV: Table SII. Transitions parameters measured for glyphosate quantification and
conformation

AIV Figure S4: chromatogram of glyphosate-FMOC first blue peak (13.4 min) and AMPA-
FMOC 2" light blue peak (14.9 min) at 1 mgL"' concentration

AIV: Figure SS. Langmuir adsorption isotherm model for activated alumina and goethite

AIV: Figure S6. Picture of the glyphosate extraction setup with packed activated alumina
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AIV: Figure S1: Panel (a) carbon isotope effect at equilibrium concentration during the
sorption glyphosate on activated alumina Panel (b) carbon isotope effect during the sorption
glyphosate on goethite and Panel (c¢) carbon isotope effect during the sorption glyphosate on
quartz. The dashed lines represent the standard glyphosate carbon isotope values measure

with EA-IRMS.
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AIV: Figure S2: Panel (a) Elution of adsorbed glyphosate on alumina with potassium
dihydrogen phosphate. Panel (b) Elution of adsorbed glyphosate on alumina with ammonium
carbonate and Panel (c¢) Elution of adsorbed glyphosate on alumina with ammonium

hydroxide.
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Derivatization of glyphosate with FMOC-CI

The quantification of glyphosate was performed on a LC/MS-MS (liquid chromatograph
coupled to a tandem mass spectrometer) after a derivatization step with FMOC-CI in alkaline
medium [151,82]. Briefly, 0.5 ml of 4 mM borate buffer were mixed with 3 ml of glyphosate
solution in 15 ml polypropylene centrifuge tubes. After that, 0.5 ml of 6.5 uM FMOC-CI
solution were added and the mixture was shaken on an overhead shaker. After 2 hrs of
reaction, 4 ml of dichloromethane (DCM) were added and the mixture was centrifuged at
3000 g for 10 minutes to separate DCM from water (immiscible). DCM is used to extract
excess FMOC-Cl which interferes with mass spectrometric measurements. A similar

treatment was done for glyphosate laboratory standards which were used for calibration.

Precusur ion Product ion
Analyte m/z m/z ime (se DP EP CE CXP  CEP
Glyphosate 170 Q:87.9 150 146 11 13 14 10
Glyphosate 170 q:59.95 150 50 8 11.8 25
Glyphosate 170 q:42 150 50 10 11.8 37

Q: transition used for quantification q: transition used for confirmation
DP:Declustering potential EP:Entrance potential CE:Collission energy CXP:Collission cell exit potential rod offset
CEP:Collission cell entrance potential

AIV: Table S1. Transitions parameters measured for glyphosate quantification and

conformation
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AIV: Figure S3. Chromatogram of direct glyphosate standard at 100 pgL™" (Quy, = 87.9)
measured by LC/MS-MS

Precusurion Production Time

Analyte (m/z) (mfz) (sec) DP EP CE CXP CEP RO,
Glyphosate-FMOC 389.9 Q: 168 150 21 37 -4 -4 22 10
Glyphosate-FMOC 389.9 q: 150 150 -41 3 -34 0 22 10
Glyphosate-FMOC 167.8 q:150 150 -46 -9 -8 0 -12 11
Glyphosate-FMOC 167.8 q:80.9 150  -46 9 20 0 -12 9
AMPA-FMOC 332.5 Q: 109.9 15 6 55 -10 2 - -
AMPA-FMOC 109.8 q:81.1 150 21 -8 -16 0 - -
1,2 °C PN Glyphosate-FMOC ~ 389.9 Q: 171 150 21 37  -14 -4 22 10

Q: transition used for quantification q: transition used for confirmation
DP:Declustering potential EP:Entrance potential CE:Collission energy CXP:Collission cell exit potential rod offset
CEP:Collission cell entrance potential RO;:collision cell

AIV: Table SII. Transitions parameters measured for glyphosate quantification and

conformation
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ATV Figure S4: chromatogram of glyphosate-FMOC first blue peak at 13.4 min (Q n/, =
168) and AMPA-FMOC 2™ light blue peak at 14.9 min (Q n, = 150) at 1 mgL

concentration

Isotopic mass balance calculations
Carbon isotope mass balance

In Figure 4-5 (a), the non adsorbed glyphosate fraction was approx. 0.2 that corresponded to
carbon isotope ratio of -27%o. The input carbon isotope ratio was -28.9 %o. Using equation 4-
3, the 8"C values of adsorbed glyphosate would be -29.3 %o which corresponds to a decrease by
0.4%o.

§13¢0 = 5 3cAx FA4 § 13cNAy pNA
Nitrogen isotope mass balance

In a similar way, the non adsorbed glyphosate fraction was approx. 0.2 that corresponded to
carbon isotope ratio of 5%o. The input carbon isotope ratio was -0.3 %o. The 3"°N values of

adsorbed glyphosate would be -1.6 %o which corresponds to a decrease by 0.8%o.
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AIV: Figure SS. Panel (a) Langmuir adsorption isotherm model for activated alumina Panel

(b) Langmuir adsorption isotherm model for goethite

AIV: Figure S6. Picture of the glyphosate extraction setup with packed activated alumina
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