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Abstract

Aminopolyphosphonates (APPs) are widely used chelating agents in industrial and household
applications, with increasing environmental release raising concemns due to their reported
recalcitrance and potential transformation into controversial compounds like
aminomethylphosphonate (AMPA). Despite their widespread use, significant knowledge gaps
exist regarding the environmental fate and transformation pathways of APPs, particularly in the
presence of common environmental constituents like manganese oxides. The complex surface
processes involved in APP transformations and the lack of comprehensive analytical methods for
simultaneous quantification of APPs and their transformation products have hindered a full
understanding of their environmental impact. This thesis aims to address these knowledge gaps
by providing insights into the transformation products and mechanisms of manganese-driven APP
transformation, and in turn their potential environmental fate and implications, while also

addressing the analytical challenges associated with these investigations.

The first part of this work investigated the mechanism of iminodi{methylene phosphonate) (IDMFP)
oxidation by manganese dioxide (MnO). IDMP is a major transformation product of numerous
commercially used APPs and a precursor for AMPA. The research successfully determined the
transformation pathways and surface processes involved in IDMP oxidation by MnO2. Through
batch experiments at pH 6, part 1 revealed AMPA and phosphate as the main transformation
products, with a phosphorus mass balance of B0-92%. The proposed mechanism involves initial
C-P bond cleavage, formation of N-formyl-AMPA as a stable intermediate, followed by C-N bond
cleavage leading to AMPA formation. Notably, part one identified the formation of IDMP-Mn2*
surface bridging complexes as MnO: reduction progressed, resulting in the passivation of the
mineral surface for IDMP oxidation. Compound-specific stable carbon isotope analysis (carbon
C5IA) further supported this hypothesis, indicating that either sorption of IDMP to the mineral
surface or electron transfer from IDMP to Mn" could be the rate-limiting step, depending on the
Mn?* surface concentration. This research provided evidence for the potential contribution of
abiotic oxidative transformation of APPs by MnO: to elevated AMPA concentrations in the

environment.

The second part of this study addressed the analytical challenges in quantifying APPs and their
transformation products. Recognizing the need for a green, low-cost approach for simultaneous
quantification in laboratory experiments, a novel analytical method using ion chromatography (I1C)

coupled to integrated pulsed amperometric detection (IPAD) was developed. This method



successfully quantified six A(P)Ps, including AMPA, glyphosate, IDMP, aminotris(methylene
phosphonate) (ATMP), ethylenediamine tetra(methylene phosphonate) (EDTMF), and
diethylenetriamine penta(methylene phosphonate) (DTPMP), within a 35-minute runtime. The
method detection limits ranged from 0.014 pM for AMPA to 0.14 uM for DTPMP. A key advantage
of this approach is its environmental friendliness, eliminating the need for derivatization agents
and organic solvents while employing a low-energy detector. Although the detector's inherent
non-specific nature presents some limitations, the method offers a sustainable alternative to
existing techniques, facilitating more comprehensive studies of APP transformations in controlled

laboratory settings.

The third part, by combining insights and developments from part one and two, investigated the
manganese-driven oxidation of DTPMP, a widely used complexing agent in household and
industrial applications. DTPMP transformation in the presence of MnOz (with and without
dissolved Oz) and in the presence of Mn?* and Oz in buffered ultra-pure water (pH 6) and in sterile-
filtered wastewater (pH 8) was examined. A groundbreaking discovery was made, demonstrating
that glyphosate, a broad-spectrum herbicide, i1s a stable transformation product during this
process. Maximum glyphosate yields ranged from 0.03 to 0.42 mol-%, varying with reaction
conditions. Importantly, both glyphosate and AMPA concentrations were found to be stable well

beyond complete DTPMP transformation, even in the wastewater matrix.

The widespread occurrence of manganese in both natural environments and wastewater
treatment plants (WWTPs) underscores the potential significance of manganese-mediated
DTPMP transformation and subsequent glyphosate formation under environmentally relevant
conditions. These results lend support to recent hypotheses suggesting that municipal
wastewaters could be a previously unrecognized source of glyphosate in European surface
waters, with APPs as potential precursors, highlighting manganese as a potential key factor.
Although additional applied research is necessary to definitively establish the role of manganese
in glyphosate formation within technical and natural systems, this study challenges the traditional
understanding of herbicide application as the single source for glyphosate concentrations in the
environment. The results of this study suggest that the pathways of glyphosate introduction into

ecosystems may be more complex and diverse than previously thought.

Caollectively, this work significantly advances our understanding of APP transformation, provides
new analytical tools for their study, and reveals an unexpected pathway for the formation of the
controversially discussed contaminant glyphosate. Polyphosphonates, including APPs, are

generally described as chemically stable compounds due to their stable C-P bonds. The results



of this study together with recently published literature on APP transformation and behavior in
WWTPs strongly suggest revising those assumptions. In this context, the widely accepted
assumption that APPs are primarily removed from WWTPs through sorption processes should be
re-evaluated and subjected to further investigation. This work provides evidence suggesting that
AFPPs may undergo significant transformation within wastewater treatment systems and/or the
environment. Those findings might have important implications for environmental nsk

assessment, monitoring, and the regulation of APPs and their transformation products.



Kurzfassung

Aminopolyphosphonate (APPs) finden als Chelatbildner breite Anwendung in Industrie und
Haushalt. Ihre zunehmende Freisetzung in die Umwelt gibt jedoch Anlass zur Sorge, da sie als
persistent gelten und maoglicherweise zu kontrovers diskutieten Verbindungen wie
Aminomethylphosphonat (AMPA) umgewandelt werden kiinnen. Trotz ihres weitverbreiteten
Einsatzes bestehen erhebliche Wissenslicken hinsichtlich des Umweltverhaltens und der
Transformationswege von APPs, insbesondere in Gegenwart ubiquitdrer Umweltkomponenten
wie Manganoxide. Die komplexen Oberflachenprozesse bei APP-Transformationen und der
Mangel an umfassenden analytischen Methoden zur simultanen Quuantifizierung von APPs und
ihren Transformationsprodukten haben bisher ein vollstdndiges Verstandnis ihrer
Umweltauswirkungen verhindert. Diese Arbeit zielt darauf ab, diese Wissenslicken zu schlielfen
und Einblicke in die Transformationsprodukte, -mechanismen und magliche
Umweltauswirkungen von APPs sowie die damit verbundenen analytischen Herausforderungen

ZU gewinnen.

Der erste Teil dieser Arbeit untersuchte den Mechanismus der Oxidation wvon
Iminodi(methylenphosphonat) (IDMP) an Mangandioxid (MnOz). IDMP ist ein bedeutendes
Haupttransformationsprodukt zahlreicher kommerziell genutzter APPs und ein potenzieller
Vorldufer fur AMPA. Die Untersuchungen identifizierten erfolgreich die Umwandlungswege und
Oberflachenprozesse, die an der IDMP-Oxidation durch MnO- beteiligt sind. Batch-Experimente
bei pH 6 zeigten, dass AMPA und Phosphat die Haupttransformationsprodukte sind, mit einer
Phosphor-Massenbilanz von B0-92%_ Der vorgeschlagene Mechanismus umfasst die initiale C-
P-Bindungsspaltung, die Bildung von N-Formyl-AMPA als stabiles Zwischenprodukt und die
anschliefbende C-N-Bindungsspaltung, die zur AMPA-Bildung fihrt. Ein wichtiges Ergebnis war
die ldentifizierung von IDMP-Mn?*-Oberflachenbrickenkomplexen, die sich mit fortschreitender
MnO.-Reduktion bildeten und zur Passivierung der Mineraloberflache for die IDMP-Oxidation
fihrten. Die verbindungsspezifische Analyse stabiler Kohlenstoffisotope (Kohlenstoff-CSIA)
unterstiitzte diese Hypothese und deutete darauf hin, dass entweder die Sorption von IDMP an
die Mineraloberflache oder der Elektronentransfer wvon IDMP zu Mn"“ der
geschwindigkeitsbestimmende  Schritt sein  koénnte, abhdngigy wvon der Mn®-
Oberflachenkonzentration. Dieser Teil der Arbeit lieferte Hinweise auf den méglichen Beitrag der
abiotischen oxidativen Umwandlung von APPs durch MnO; zu erhdhten AMPA-Konzentrationen

in der Umwelt.



Der zweite Teill der Studie widmete sich den analytischen Herausforderungen bei der
Quantifizierung von APPs und ithren Transformationsprodukten. Angesichts der Notwendigkeit
eines umweltfreundlichen und kostenglinstigen Ansatzes zur simultanen Quantifizierung in
Laborexpenmenten wurde eine neuartige Analysemethode entwickelt. Diese Methode basiert auf
der Kopplung von lonenchromatographie (IC) mit integrierter gepulster amperometrischer
Detektion (IPAD). Mit diesem Verfahren konnten sechs A(P)Ps erfolgreich quantifiziert werden,
darunter AMPA, Glyphosat, IDMP, Aminotrisimethylenphosphonat) (ATMP), Ethylendiamin-
tetra(methylenphosphonat) (EDTMP) und  Diethylentriamin-penta(methylenphosphonat)
(DTPMP), innerhalb einer Laufzeit von 35 Minuten. Die Nachweisgrenzen der Methode lagen
zwischen 0,014 pM fiur AMPA und 0,14 uM fiar DTPMP. Ein wesentlicher Vorteil dieses Ansatzes
ist seine Umweltvertraglichkeit, da er ohne Denvatisierungsreagenzien und organische
Losungsmittel auskommt und einen energieeffizienten Detektor verwendet. Trotz gewisser
Einschrankungen aufgrund der inhdrenten Unspezifitit des Detektors bietet die Methode eine
nachhaltige Altemative zu bestehenden Techniken. Sie ermdglicht somit umfassendere

Untersuchungen von APP-Umwandlungen unter kontrollierten Laborbedingungen.

Der dritte Teil der Arbeit kombinierte die Erkenntnisse und Entwicklungen aus den vorherigen
Teilen und untersuchte die mangangesteuerte Oxidation von DTPMP, einem weitverbreiteten
Komplexbildner in Haushalts- und Industrieanwendungen. Die DTPMP-Transformation wurde in
Gegenwart von MnO2 (mit und ohne geldsten Oz) sowie in Anwesenheit von Mn?* und Oz, jeweils
in gepuffertem ultrareinem Wasser (pH 6) und in sterilfiltniertem Abwasser (pH 8) untersucht. Eine
bedeutende Entdeckung war der Nachweis, dass Glyphosat, ein Breitspektrumherbizid, als
stabiles Umwandlungsprodukt wahrend dieses Prozesses entsteht. Die maximalen Glyphosat-
Ausbeuten wvanierten je nach Reaktionsbedingungen zwischen 0,03 und 042 Mol-%.
Bemerkenswert war, dass sowohl die Glyphosat- als auch die AMPA-Konzentrationen auch nach

vollstandiger DTPMP-Umwandlung stabil blieben, selbst in der Abwassermatrix.

Das ubiquitdre Vorkommen wvon Mangan sowohl in natirlichen Umgebungen als auch in
Klaranlagen unterstreicht die potenzielle Bedeutung der manganvermittelten DTPMP-
Transformation und der daraus resultierenden Glyphosat-Bildung unter umweltrelevanten
Bedingungen. Diese Ergebnisse stitzen jingste Hypothesen, die darauf hindeuten, dass
kommunale Abwdasser eine bisher unerkannte Quelle fiar Glyphosat in  europdischen
Oberflachengewassemn darstellen kénnten, wobei APPs als potenzielle Vorldufer fungieren und
Mangan als mdglicher Schlisselfaktor identifiziert wird. Obwohl weitere anwendungsorientierte

Forschung erforderlich ist, um die Rolle von Mangan bei der Glyphosatbildung in technischen und



natirlichen Systemen abschliefend zu klaren, stellt diese Studie das traditionelle Verstandnis der
Herbizidanwendung als einzige Quelle fur Glyphosatkonzentrationen in der Umwelt in Frage. Die
Ergebnisse dieser Untersuchung deuten darauf hin, dass die Eintragswege von Glyphosat in

Okosysteme maglicherweise komplexer und vielfaltiger sind als bisher angenommen.

Insgesamt tragt diese Arbeit wesentlich zum Verstandnis der APP-Transformation bel, stellt neue
analytische Werkzeuge fir deren Untersuchung bereit und deckt einen unerwarteten
Bildungsweg fir den kontrovers diskutieten Schadstoff Glyphosat auf. Polyphosphonate,
einschliellich APPs, werden aufgrund ihrer stabilen C-P-Bindungen allgemein als chemisch
stabile Verbindungen beschrieben. Die Ergebnisse dieser Studie zusammen mit kirzlich
verdffentlichten Erkenntnissen zur APP-Transformation und zum Verhalten in Klaranlagen legen
jedoch nahe, diese Annahmen zu Oberdenken. In diesem Zusammenhang sollte die weithin
akzeptierte Annahme, dass APPs hauptsachlich durch Sorptionsprozesse aus Klaranlagen
entfernt werden, neu bewertet und weiteren Untersuchungen unterzogen werden. Diese Arbeit
liefert Hinweise darauf, dass APPs mdglicherweise signifikante Umwandlungen innerhalb von
Abwasserbehandlungssystemen und/oder in der Umwelt durchlaufen. Diese Erkenntnisse
kénnten bedeutende Auswirkungen auf die Umweltrisikobewertung, das Monitoring und die

Regulierung von APPs und ihren Transformationsprodukten haben.

Vi
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1 General Introduction

1 General Introduction

1.1 Polyphosphonates and Aminopolyphosphonates

1.1.1 General Introduction

Polyphosphonates including aminopolyphosphonates (APPs) are a class of organophosphorus
compounds characterized by the presence of more than one phosphonate (-C-PQ(OH)z) group
and, in the case of APPs, nitrogen atoms connecting those phosphonate moieties. Due to their
multiple phosphonate (and amine) groups, they exhibit multiple pKa values and therefore multiple
pH species. Polyphosphonates exhibit strong chelating properties for di- and trivalent metal
cations'? and are described to be highly chemically stable*#, making them valuable in a range of
industrial and household applications”. APP structures often resemble those of the well-known
aminopolycarboxylates, such as e.q. ethylenediaminetetraacetic acid (EDTA) and
ethylenediaminetetra(methylene phosphonic acid) (EDTMFP) (see Fig. 1.1). APP complexation
constants with metal cations are usually a little higher than for their carboxylic analogues, as for
example EDTMP shows log K values ranging from 9.3 for Mg®* (EDTA: 8.8) to 21.7 for Cu®*
(EDTA 18.8)3.

Aminopolyphosphonates Aminopolycarboxylates
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Figure 1.1 Fully deprotonated structures of the two APPs ethylenediaminetetra(methylene phosphonate) (EDTMP,
dieethylenetriaminepenta(imethylene phosphonate) (DTPMP) and their carboxylate equivalents
ethylenediaminetetraacetate (EDTA) and diethylenetriaminepentaacetate (DTPA).
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1.1.2 Use and Applications

Polyphosphonates have been used since the mid-20th century in various industrial and domestic
applications due to their excellent scale inhibition and metal ion sequestration properties!”2_ Early
applications included i) industrial water treatment, as e.g. the conditioning of cooling water or as
antiscalants in water boilers, ii) bleaching stabilization in the textile and paper industry by
inactivating metal ions catalyzing peroxide decomposition and iii) additives in industrial and
household detergents by chelating metal cations and reducing water hardness. Over time, their
use has expanded to iv) oil drilling (as scale and corrosion inhibitors), v) personal care (as
preservatives and stabilizers) and vi) medical products (as Ca?*-binders for bone disease
treatment)*”-812. Their strong chelating capabilities and sub-stoichiometric effectiveness
(threshold inhibition) allow for them to be used in quite low concentrations (0.1-5 %)*'%. They are
used as substitutes for polycarboxylates and polyphosphates in detergents and water
treatment”®, due to the reportedly high chemical stability due to the C-P bond*®'" and therefore
no contribution to eutrophication?. In the EU, phosphate-containing additives are banned from

household detergents since 2013 (laundry) resp. 2017 (dishwasher)™.

1.1.3 Quantitatively most relevant

Among the most commonly used polyphosphonates are 1-hydroxyethane-1,1-diphosphonic acid
(HEDP), and the APPs aminotns(methylene phosphonic acid) (ATMP),
ethylenediaminetetra(methylenephosphonic acid) (EDTMP) and
diethylenetriaminepenta(methylenephosphonic acid) (DTPMP)Y-2. Regional differences are
remarkable, with DTPMP being the main phosphonate additive in european detergents followed
by EDTMP, while HEDP is mostly used in the USA for industrial water treatment, such as scaling
inhibition in cooling water systems or boilers*”. Global phosphonate consumption increased from
56.000 t/a in 1998"-" to 94,000 t/a in 20127, with Europe accounting for =50 % of the global
phosphonate use”, which might be due to the ongoing use of polyphosphates in the US55,

1.1.4 Environmental Behavior and Fate

Entry into the environment and Environmental Concentrations

Polyphosphonates enter receiving waters either directly, e.g. from cooling water cycles where

phosphonate removal is not a standard yet, or indirectly via wastewater treatment plants

(WWTPs).
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Polyphosphonate concentrations in German wastewater effluents were detected between
1.1 pg/L (ATMP) and 34.1 pg/L (PBTC)'®. Additionally, polyphosphonate concentrations in the

sediment of the receiving river were found to be significantly increased after wastewater discharge

16,17

In the environment, polyphosphonates are mostly found adsorbed to particulate matter and
s0ils"-18'8 Trace level quantification of ATMP, EDTMP and DTPMP determined the phosphonate
loads of solid phases to be around 3 orders of magnitude higher than the respective liquid phases
from e.g. river samples'. Up to 6.2 mg/kg DTPMP and 0.7 mg/kg ATMP have been found in
suspended matter of german river water, while phosphonate concentrations in the aqueous phase
were usually below the detection limit (sub to low ug/L range)'®. Sorption of polyphosphonates
onto minerals seems to be enhanced further by the presence of metal-cations by altering the
mineral surface charge or even forming temary complexes®920. The detection of
polyphosphonates in a Rhine River sediment sample from 66 cm depth indicates that

polyphosphonates strongly sorb to sediment particles and accumulate there'.

Elimination and transformation in Wastewater Treatment Plants and the Environment

In wastewater treatment, polyphosphonates are described to be mainly removed by sorption onto
sewage sludge”2'-22. This is supported by the strong sorption onto mineral phases, as exemplary
investigated for goethite®, with Fe-(hydr)oxides being ubiquitously present in sewage sludge 2324,
Even in the presence of 20-fold excess of phosphate, ATMP sorption onto goethite (pH 7) was
Just diminished by 8 %, while EDTA in the same experiment desorbed almost completely?®.
Removal efficiencies of phosphonates from 60 % to =90 % were reported for different sludge
adsorption experiments (differing in starting concentrations, sludge and time), summed up by Rott
et al. (2018) to a general phosphonate removal efficiency of 80-95 % from WWTPs. While those
numbers apply to industrial and consumer wastewaters entering water treatment, removing
phosphonates from water conditioning and industrial processes is not a standard procedure yet.
Here, Rott et al. (2018)" estimated phosphonate removal rates around 30-60 %. Next to
adsorption onto sewage sludge, abiotic transformation probably plays an important role in
polyphosphonate removal in WWTPs. A study investigating the relevance of biotic versus abiotic
processes in sewage plant effluent and natural waters identified abiotic processes to be the main
driver of APP transformation even occurring in the dark, even though biotic processes enhance

further transformation and even mineralization of abiotic transformation products®. Accordingly,
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residues of polyphosphonates as well as transformation products are released into the

environment.

While the monophosphonates glyphosate (anthropogenic) and 2-aminoethylphosphonic acid (2-
AEP) (biogenic) are readily degraded microbially by C-P bond cleaving bacteria strains such as
eg. Pseudomonas sp.'®28 the biotic degradation of polyphosphonates is not so
straightforward-'2. This is probably due to size, multiple negative (and positive) charges and
complex speciations''. A few studies report biotransformation of polyphosphonates under P-
limiting conditions®2%7-2¥ but no mineralization due to pure biotic processes was reported so far
411.2.30 In WWTPs as in the environment biotransformation processes probably play — if at all —

a marginal role, as phosphonates will never present the exclusive P-source™.
Instead, a number of abiotic processes leading to transformation of APPs have been identified:

IDMP, ATMP, EDTMP and DTPMP have been found to be transformed by UV light (photolysis)®*-
*#_Photolysis of DTPMP was even found to be enhanced by the presence of bivalent metal cations

(Fe®*, Ca®*, Mg®*)*. A technical process leading to transformation of EDTMP is ozonation®.

Additionally, ATMP, EDTMP and DTPMP were shown to be transformed by manganese: By Mn?*
in the presence of O, and in the presence of MnOOH (with and without oxygen)*-32. While early
work reported ATMP, EDTMP and DTPMP degradation in the presence of Ca, Mg and Fell 38
MNowack & Stone (2000)* found Ca?*, Zn®* and Cu?* to hinder the transformation by Mn2*/O=. For

more details on manganese oxides please see subchapter 1.2.

1.1.5 Toxicity and Environmental Concerns

The acute toxicity of polyphophonates is generally reported to be very low*™® For aquatic
organisms acute toxicity usually occurs at concentrations =100 ppm *#, while no-effect levels as
high as 100 mg EDTMP/kg/day over 2 years has been determined for rats*'. Such high
concentrations do not occur in wastewater or nature™®'7. Despite this low acute toxicity, there
are indirect toxicity concerns for polyphosphonates due to their chelating properties: Inhibition of
algal growth probably by chelating important micronutrients was observed for HEDP, EDTMP and
DTPMP, with EDTMP being the most effective inhibitor*. On the other hand, polyphosphonates
could also protect aquatic organisms by effectively chelating heavy metals and inhibiting their
uptake. Concerns about heavy metal remobilization'? are probably unsubstantiated due to i) the

high polyphosphonate concentrations needed, which won't occur in natural environments and ii)
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the polyphosphonates high partitioning to sediments*”. Despite their use as polyphosphate
replacements to prevent eutrophication and their low usage numbers, polyphosphonate

contribution to eutrophication should not be underestimated” 0.

However, despite the low acute toxicity of APPs, there are significant environmental concerns
related to their transformation products (TPs). In all the above-mentioned transformation
processes the main quantified TPs are phosphate, IDMP and AMPA'-32353840 Additionally,
multiple minor TPs like N-formyl-IDMP#, ethylamino(bismethylenephosphonic acid) (EABMP)*?
and even N-(phosphonomethyl)glycine (glyphosate)*® were detected. Recent studies have
detected negative removal efficiencies of AMPA and glyphosate in WWTPs and elevated
concentrations after WWTP effluent discharge into surface waters*>#3. This suggests that APP

transformation, rather than direct glyphosate input, may contribute to these elevated levels.

Environmental concerns related to these transformation products include 1) persistence of AMPA
in the environment** and ii) the formation of glyphosate*?, a controversial herbicide with ongoing

debates about its long-term effects and potential carcinogenicity®®.

Glyphosate

Glyphosate is a compound of major societal interest and therefore demands its own short
introduction to understand the implications of this work. While glyphosate belongs to the subgroup
of aminomonophosphonates and is therefore structurally related to the APPs, it is by far the most
used phosphonate in the world. Global glyphosate usage rose from 67,000 t in 1995 to 826,000 t
in 2014*%. Glyphosate — or N-phosphonomethylglycine — is the most widely used broadband
herbicide due to its unique mode of action (non-selective), its reported low acute toxicity and the
spread of glyphosate-tolerant genetically modified crops*—2°. Glyphosate is used for weed control
and exhaustive vegetation clearance in agriculture and private applications*#°. Glyphosate acts
via inhibition of the enzyme 5-enolpyruvyl-shikimate-3-phosphate synthase (EPSPS) of the

shikimate pathway, which probably kills plants by insufficient aromatic amino acid production®.

In the environment, glyphosate is mainly transformed microbially. There are two pathways leading
to different TPs: The oxidoreductase (AMPA) and the C-P lyase (sarcosine, glycine) pathway*®.
The dominance of one pathway or the other depends on the microbial cultures present in soil,
while Pseudomonas species (oxidoreductase) are considered the most important, leading to
AMPA as glyphosate’s main TP in the environment**#23'_ Typical half-lifes for i) glyphosate and
ii) AMPA in soils are given with i) 47 days*% resp._ ii) 121 days*, while the actual half-life varies

5
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a lot depending on soil physical, chemical and bioclogical properties*2.50.53-55_ By now, residues of
i) glyphosate and ii) AMPA are found in almost all soybeans from fields planted with glyphosate-

resistent soybeans, with mean concentrations of i) 3.3 and i) 5.7 mg/kg %-%.

Glyphosate’s acute toxicity for mammals (oral, dermal, inhalation) is generally low to very low®>"7,
especially compared to other pesticides*. For humans, ingestion of concentrated glyphosate
formulations can cause corrosive effects in the mucous membranes, but is generally associated
with only mild and transient features, severe toxicity just occurring at ingestion volume of =85 mL

of concentrated herbicide formulation®®.

However, toxicity, health and safety data on long-term exposure of glyphosate and AMPA are still
lacking, even though chronic, sub-chronic and reproductive toxicity might be far more important,
due to much lower effect levels and the frequent occurrence of glyphosate and AMPA in soil,
water and even foods***_ While a plethora of genotoxicity assays has been conducted in the past
decades, taking into account studies with different outcomes led to quite diverging assessments
by different authorities*: While the International Agency for Research on Cancer (IARC)
workgroup of the World Health Organization (WHO) declared glyphosate to be “probably
carcinogenic to humans®, based on sufficient evidence from animal research®®, the United
States Environmental Protection Agency (EPA) and the European Food Safety Authority (EFSA)
classified glyphosate as “not likely to be carcinogenic to humans at doses relevant for human
health risk assessmenf'® %2 Scientists analyzing the studies considered by the EPA and EFSA,
remark that most of these are registrant-conducted studies and that threshold values in the US
and Germany are based on outdated studies**?%. Just in 2023, the European Union approved

glyphosate usage for another 10 years®.

The debate surrounding the chronic toxicity and potential carcinogenicity of glyphosate and its
primary metabolite, AMPA, remains unresolved**®*. This ongoing controversy extends to APPs
(specifically DTPMP and EDTMP), as their transformation into glyphosate introduces an indirect

pathway for potential environmental and health risks.

1.2 Manganese Oxides

The transformation of APPs in the environment is influenced by various factors, with manganese
oxides potentially playing a significant role. As discussed in previous sections, APPs can undergo
transformation through several pathways, including photolysis, ozonation, and manganese-driven

oxidation.
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Manganese is the tenth most abundant element and the second most common heavy metal in
the Earth's crust after iron®. Manganese is non-uniformly distributed in the crust and therefore,
concentrations vary greatly®. In soils, manganese concentrations are described to typically range
from 450 mag/kg to 4,000 mg/kg, varying with pH and redox conditions-82_ Notably, manganese
is also present in engineered systems®. In sewage sludge concentrations ranging from 46 to
251 mg/kg Mn per dry mass have been reported in Poland® and 600-1,500 mg/kg Mn per dry

mass in Germany”. Manganese oxides have also been found in water pipelines®8.71,

1.2.1 Manganese Oxidation States and Redox

Manganese occurs in several oxidation states, ranging from Mn" to MnV", with Mn", Mn™ and Mn'
being the most common in natural systems™. The stability of these oxidation states depends on
environmental conditions: Mn" is most stable under reducing conditions and in acidic
environments, typically as the Mn®* ion. Mn" and Mn" oxides are more stable under oxidizing
conditions and at higher pH values 88887374 Mn!l js usually unstable in aqueous solution and
disproportionates to Mn" and Mn", but can be stabilized by ligands such as citrate,

pyrophosphate, and siderophores®.

The oxidation of Mn" to higher oxidation states can occur through both abiotic and biotic
processes. Chemical homogenous oxidation of Mn" to Mn" (one electron transfer) is
thermodynamically unfavourable at pH values <9747 Chemical oxidation of Mn" to Mn" (two
electron transfer) is thermodynamically feasible at pH values >3, but faces kinetic limitations at
pH values <9 due to the first electron transfer step (Mn" = Mn") %875 Bacterially mediated
oxidation of Mn" in the presence of O; has been found to achieve oxidation rates 10.000 to
100.000 times higher than the abiotic process® 777 Consequently, in natural and technical

environments, Mn" oxidation is largely catalyzed by microorganisms™78.

1.2.2 Microbial Manganese Oxidation

Microorganisms, including bacteria and fungi, play a crucial role in manganese oxidation. The
microbial oxidation of Mn" primarily yields Mn"VO, through two consecutive one-electron transfers,
with molecular oxygen serving as the electron acceptor™. The stoichiometry of this process can

be represented by the following equation™ -

1
Mn2* +502 + H,0 — MnO, + 2H*
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Microbial Mn" oxidation is facilitated by multicopper oxidase-like enzymes’®. The intermediate
Mn'" is thermodynamically unstable in aqueous media, but microorganisms produce organic
ligands, or exhibit enzymes or cellular structures that can bind and stabilize Mn" ™78 The reasons
for microbial Mn" oxidation are diverse, including energy generation, protection from reactive
oxygen species (ROS), and the production of reactive MnO. for breaking down large organic

materials into more accessible carbon sources™.

1.2.3 Distribution of Manganese Species in the Natural Water Bodies

In natural water bodies, the distribution of manganese species is closely tied to the vertical
stratification and redox conditions in different zones, including pH, salinity, Oz concentration,
temperature, light, and concentration of organic matter®®788-2_Generally, in the well-oxygenated
epilimnion (surface layer), manganese primarily exists as insoluble Mn' oxides, often in the form
of suspended particles or colloids®*2. Some Mn" species may also be present as intermediates
in oxidation processes®®#_ In the hypolimnion (bottom layer), especially under anoxic conditions,
soluble Mn" becomes the dominant form. Mn" accumulates in the water column during periods of
stratification, as Mn'" oxides are reduced, and can precipitate as e g. the carbonate salt®!-#2. Mn"!
complexed by organic ligands, may also exist to a high percentage of total Mn in suboxic zones®.
The sediment-water interface is a particularly dynamic zone for manganese cycling. Here, Mn™v
oxides in sediments can be reduced to Mn" under anoxic conditions, with Mn" diffusing upward
into the water column®-#. This vertical distribution of manganese species is not static but
undergoes seasonal changes due to lake tumover events, which mix the water column and

redistribute oxygen and manganese species throughout the lake-50.81.85

1.2.4 Structure and Properties of Manganese Oxides

The different stable oxidation states of manganese lead to the formation of various manganese
oxides (MnOx), such as manganite (MnOOH), hausmannite (Mn204), bimessite (MnOz), and
pyrolusite (MnQOs), with x ranging between 1.0 and 2.0. These oxides vary in their crystallography,
while the main building block of Mn oxides are MnOg octahedra, which can be edge-sharing or
corner-sharing. Mn oxides exhibit either layered or tunnel-like structures, with varying degrees of
long-range order and intercalation of foreign cations and water molecules®. Due to their capacity
for forming minerals with varying oxidation states and their cation and oxygen storage capacity in

the mineral lattice, MnO, can be re-oxidized by molecular oxygen after reduction and therefore
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act as electron mediators, which makes them effective catalysts. The crystalline structure, surface
morphology and microstructure as well as surface active oxygen species all contribute to the
catalytic performance and/or the reaction mechanism of MnO,_%72 For instance, bimessite — the
most common Mn oxide — is composed of layers of edge-sharing MnOg octahedra, forming
octahedral sheets similar to clay minerals®. Bimessite is known for its high specific surface area
and its contribution to a variety of redox and cation-exchange processes®. Biogenic Mn oxides
are mostly amorphous Mn™O.. While they exhibit a high degree of disorder, there are some
crystalline domains, often in a birnessite-like structure. Biogenic Mn oxides are associated with
higher proportions of Mn", higher surface areas and therefore higher reactivity compared to

abiotic Mn oxides™87_

1.2.5 Environmental Significance of Manganese Oxides

MnOx containing Mn" and Mn" are among the strongest environmental oxidants®-727588 gnd play
crucial roles in biogeochemical cycles™ ™. Their redox properties are influenced by factors such
as pH, oxygen concentration, cation concentration, and microbial activity. MnO, are known to sorb
and/or oxidize a wide range of organic compounds and sorb and therefore control the

concentration of heavy metals™%.

MNext to their relevance in natural biogeochemical cycles, MnO, are powerful oxidants capable of

transforming various anthropogenic organic compounds® including phenols®-#2  anilines®,

antibiotics®, and emerging contaminants like bisphenol A%, glyphosate®® - and AMPA®.

Furthermore, Mn oxides can catalytically activate oxidants such as hydrogen peroxide, ozone,
and persulfates, generating reactive oxygen species (ROS) that enhance the degradation of

recalcitrant pollutants®0-100-102_

The strong sorbing and oxidative properties of MnOx offer promising characteristics for their

application in wastewater treatment for metal cation and organic contaminant removal®.103.104

This versatility in environmental reactions and technological applications underscores the
importance of Mn oxides in both natural systems and engineered solutions for environmental

remediation.
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1.3 Analytical Challenges

APPs pose specifically difficult analytes: They possess multiple negative (and positive) charges,
strong chelating and sorption characteristics — therefore a plethora of different species — and show
no analytically useful functionalities like chromophoric groups, therefore few suitable analytical
methods are avaible*®'®_ All aminophosphonates — even the monophosponates — show multiple
pKa values for the phosphonate, amino and — in case of glyphosate — carboxyl groups (see Figure
A_1). The monophosphonates glyphosate and AMPA can therefore occur in the cation as well as
the zwitterionic form'. When using anion chromatography to separate aminomono- to
polyphosphonates, one needs to apply a sufficiently high pH to yield all compounds in their
anionic form, even glyphosate and AMPA'®'%_ For the mere analysis of polyphosphonates, it is
in general more advisable to use an acidic pH, to reduce the negative charges and therefore
reduce the affinity to metal cations and complex formation, which hamper the analysis'0é-108
Unsymmetrical peak shapes, double peaks and shoulders in published methods underline the

difficulty of chromatographic separation and detection of those analytes8.108.110

For the mere analysis of the monophosphonates AMPA and glyphosate, one can make use of
the primary resp. secondary amine function for derivatization''.1? (see LC-QQQ after FMOC

derivatization).

A variation of analysis methods with different benefits and limitations have been developed over
the past years. Several quantification methods have been employed in this work in order to fulfill
different needs/serve different purposes. To allow for smooth reading some methods will be

explained in more detail in the following section.

1.3.1 IC-PAD

IC coupled to amperometric detection takes on a special position in this work. On the one hand,
IDMP and AMPA have been quantified using this method throughout the work, on the other hand,
chapter 3 describes method development for six different amino(poly)phosphonates (A(P)Ps) on

this system.

The specialty of amperometric detection lies in its sensitivity and selectivity yet low energy
consumption. Compounds to be detectable with amperometric detection need to be electroactive
and sorb to the working electrode surface, so that they can be oxidized/reduced upon application
of a specific potential between working electrode (WE) and counter electrode CE) (except for
indirect “mode l1I” detection)'*. The detector geometry used in this work (Wall-Jet cell) is depicted

in Fig. 1.2. The partial reduction/oxidation of the analytes at the WE causes a current, which is

10
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proportional to the analyte concentration in a certain range'*. In case of aminophosphonates, it
is made use of the amine-function, so that a detector method (waveform) found useful for the
detection of amines and amino acids — integrated pulsed amperometric detection (iPAD)'* — is

deployed'2.115_ Details about pulsed amperometric detection will be given in chapter 3.

Sample

®

m—l  \\aste

Figure 1.2 Schematic depiction of the amperometric detector geometry (Wall-Jet cell) used within this work. Gold
served as the WE material, while Pt was used for the CE. As RE material either Pd or Ag/AgCl was used.

The use of solely agueous eluents, low energy consumption, sufficient detection limits and
relatively low acquisition costs made IC-PAD the workhorse for most AMPA and IDMP
quantifications within this thesis. Furthermore, it presented a promising tool for the simultaneous
quantification of aminomono- and polyphosphonates and was therefore chosen for method

development in chapter 3.

1.3.2 LC-QQQ after FMOC derivatization
In order to detect traces of AMPA and glyphosate, the trace level determination method for AMPA

and glyphosate involving denvatization at the (primary or secondary) amine function with 9-
fluorenylmethoxycarbonyl chloride (FMOC Cl) (see Fig. 1.3) has been employed. This trace-level
quantification method well described in literature1.112.118 gllows quantification of glyphosate and
AMPA in the low pg/L range, and after preconcentration even in the low ng/L range''. The
derivatized compounds glyphosate-FMOC and AMPA-FMOC are retained on the RP column,
while underivatized (e.g. tertiary amines or no amine containing) TPs are not retained and
therefore cannot hamper the quantification. The use of a triple quadruple (QQQ) mass
spectrometer allows for tandem mass spectrometry (MS/MS) experiments and therefore for the

unequivocal identification of compounds.

"
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Figure 1.3 Glyphosate derivatization using FMOC CI. Glyphosate and glyphosate-FMOC are depicted in their fully
deprotonated forms.

This analysis method was chosen for the transformation experiments conducted in chapter 4, as
AMPA and glyphosate needed to be i) unequivocally identified and i) quantified in low
concentrations in a highly concentrated matrix containing a plethora of other amine-containing

transformation products.

1.3.3 Molybdenum Blue Method for PO4* quantification

The Molbydenum Blue (MB) method is the most common method for phosphate quantification in
waters!7-119_ |t is based on the formation of a blue-coloured species around the phosphate

(phosphate molybdenum blue, PMB), which is then measured photometrically.

It is a two-step reaction: The first step is the formation of a Keggin ion around the analyte ion. In
case of phosphate as the analyte ion, the Keggin ion is the 12-molybdophosphoric acid (12-MPA)
involving Mo"' and PY (see (1)). In the next step, this Keggin ion is reduced and polymerises,
forming the blue PMB (see (2)"7. Photometric detection is mostly conducted at either 710 or

880 nm after reduction using ascorbic acid"7-18.

Pﬂ4_ + 12Mﬂ4_ + 2?H+ —3 ngﬂé{mﬂﬂg)lz + 12“20 (1}
H3PMol% 0,4 + reductant — [HyPMolY Mo} 04,]%~ (2)

The most widely used methods apply ammonium molybdate, antimony potassium tartrate and
sulfuric acid together with ascorbic acid as the reducing agent, even though the final
concentrations differ a little''-"1°_ Sulfuric acid is used for acidification, while antinomy is used for
accelerated reduction of the 12-MPA and stabilization of the PMB117-118.

12
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It should be mentioned that MB is also reported as a phosphonate detection method: After
chromatographic separation, the P-containing species are quantitatively oxidized to POs* and

then transformed to the PMB species®12%.

Interferences with organic acids forming a 5- or 6-membered coordination ring around Mo"' are
reported”12'. Most recently, strong interference in the presence of DTPMP excess was
observed'®. Therefore, the MB method was just applied for solutions containing IDMP and
monophophosnates. For POs* determination in the presence of DTPMP, an appropriate

quantification technique needed to be found.

1.3.4 IC-ICP-M5

Due to the discovery of phosphonate quantification issues by the molybdenum blue method (MB)
in the presence of higher APPs'2 — especially DTPMP — another quantification method was
sought for POs* quantification in excess DTPMP matrices. The analysis of POs* by means of IC
coupled to ICP-MS (QQQ) presented a suitable and sensitive quantification method. A separation
and quantification method for Gd-based contrast agents provided the basis for the phosphonate
method used'®. After atomization and ionization, P was reacted with Oz in the second quadrupole
and measured as the PO* adduct ion. Next to PO4*, other P-containing compounds of interest

have been identified and quantified in the reaction suspensions of chapter 4.

1.3.5 LC-IRMS (CSIA)

As the use of compound-specific stable isotope analysis (CSIA) by means of liquid-
chromatography (LC) coupled to isotope-ratio mass spectrometry (IRMS) is rather seldom, some

more details will be provided on this method.

C5IA is a useful tool to detect little changes in the isotopic composition of one element in one
compound (not spatially resclved). Therefore, the compounds need to be separated by
chromatography first, and then analyzed individually for their isotopic composition. Usually, due
to the instrument construction conceming oxidation reactor and mass analyzer, the isotope
analysis is limited to one element.’?* In this work, the isotope composition of carbon ('*C/'2C) was
investigated.

Following the method of Martin et al. (2020)'%®, the separation of the polar phosphonates was
achieved by means of anion exchange chromatography which was then coupled to the interface
and further to the IRMS (see Figure 3). After chromatographic separation, the compounds are

oxidized to COz using sodium persulfate and phosphoric acid at 99.9 °C. The COz gas is then
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1.3 Analytical Challenges

extracted and dried before it is transferred to the ion source. A sector field mass spectrometer
serves as the mass analyzer, using three faraday cups set to the mass/charge (m/z) ratios 44, 45
and 46 (see Figure 1.4).
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Figure 1.4 Schematic depiction of the LC-IRMS instrument used within chapter 1 of this work. The elute from the HPLC
part {blue) enters the interface (orange), where all carbonaceous material is oxidized to COz. The dried COz gas is then
passed on to the mass spectrometer (green), where it is analyzed for the '3C and *C content.

CSIA is a useful tool to analyze the environmental behavior of organic contaminants'?%1%_ The
basis for those investigations lies in the differential behavior of different isotopologues of one
compound during chemical or physical reactions'?®. To prove the degradation of an organic
contaminant contrary to sorption or leaching, one can make use of the kinetic isotope effect
(KIE)'?®. Typically, bonds involving the lighter isotope are broken more easily than bonds involving
the heavy isotope, which is then called “normal” KIE'?*'?2_ During a proceeding bond cleavage
reaction (irreversible), the heavy isotope is enriched in the precursor/parent compound. In
general, the isotope fraction caused by physical processes is insignificant compared to chemical
reactions'26.2  hence the isotopic composition of the remaining fraction provides information
about the nature of the occurmng processes. More accurately, the isotopic enrichment in the
remaining fraction can provide information about the difference in activation energies between
different isotopologues (see Figure 1.4). This, of course, is just applicable if the fractionating step

is not masked by a much slower or reversible not fractionating step in a multi-step reaction.128.12¢

Therefore, measuring the isotopic fractionation in the parent compound can provide insights into
the underlying transformation mechanism, e_.g. which bond is broken or which step is reversible

or rate-limiting'?®. Figure 1.5 schematically depicts a heterogenous three-step oxidation reaction
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1 General Introduction

involving sorption, electron transfer and bond cleavage as in the experiments conducted for this
thesis. While sorption is reversible, electron transfer and bond cleavage are irreversible. If there
is any isotope fractionation visible, it is caused by the bond cleavage step (step 3, imeversible),
as sorption and electron transfer do not involve carbon atoms (if isotope fractionation is not
masked by a slow previous step). Figure 1.5 holds two scenarios: 1) the activation energy for
electron transfer (step 2) is higher than for sorption (step 1) (black). Il) the activation energy for
electron transfer is lower than for sorption (blue), which will lead to a greater share of the
molecules proceeding via electron transfer than in I). Isotope fractionation from step 3 (bond
cleavage) will be mirrored in pool B, as step 2 and 3 are both irreversible. In scenario 1) sorbed
compounds in pool B will desorb again (step 1) and gather in pool A. This happens to a greater
extent than in scenario Il), where a higher percentage will react further via electron transfer (step
2) due to the lower activation energy (blue) for electron transfer. This means, that in scenario 1)
pool A (unsorbed parent compound) and pool B (sorbed parent compound, partly enriched in
heavy isotopes) are mixed. Thus, the measured isotope fractionation in pool A (aqueous) and B
(sorbed phase) holds information about the relative relationship between the activation energies

along the reaction path, not just the fractionating step.

surface electron baond
n complex tramsfer cleavage
formation
-
3 1
w
A Ir;
S
transformation
unreacted products
reagents

v

Reaction progress

Figure 1.5 Energy diagram of a three-step oxidation reaction of an organic compound on a mineral involving two
different scenarios (black and blue), which differ in their activation energy for the electron transfer.

For more details, it is referred to Elsner (2010)'2% and Hofstetter ef al. (2024)'%7.

1.3.6 Manganese Analysis

Manganese in solution was quantified by means of microwave plasma atomic emission
spectroscopy (MP-AES). Mn®* is a product of Mn"VO; reduction and is therefore released when
MnO: serves as an oxidant, which is why Mn?* release was used as a proxy for reaction progress

in previous studies'. However, Mn®* can in tumn sorb to the MnO2z mineral surface, either by
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1.4 Aims and Scope

electrostatic sorption or undergoing comproportionation with Mn™ forming Mn' 85.131.132 Hence,
the pure aqueous manganese concentration does not provide sufficient information on Mn release
and/or reduction*. Therefore, in this thesis sorption isotherms for Mn?* sorption onto MnOz have
been recorded and the experimental data was fitted using the Freundlich model'®. This
Freundlich isotherm then served as a foundation to calculate sorbed Mn and in tumn total Mn
release in chapter 2. Due to IDMP transformation and therefore Mn?* release, sorption isotherms
of Mn2* on MnO; cannot be recorded in the actual medium — hence, this approach presents an

approximation.

1.4 Aims and Scope

APPs have gained significant importance in various industrial and domestic applications over the
past decades”. Initially considered stable due to their C-P bond, recent research has revealed
that APPs are more susceptible to transformation than previously thought®234135_ This discovery,
coupled with the potential role of APPs in the formation of glyphosate and AMPA in WWTPs#243,
underscores the urgent need for a comprehensive understanding of their environmental fate and

transformation processes.

This thesis focuses on fundamental research into the environmental behavior and transformation
of APPs under controlled laboratory conditions, providing a foundation for future studies in more
complex environmental matrices. All experiments were conducted at environmentally relevant pH

levels (6 or 8) to ensure applicability to natural systems. Key aspects within the scope of this

research include:
1. Detailed elucidation of the IDMP oxidation mechanism on MnO- surfaces

2. Development and validation of a green analytical method for simultaneous quantification
of multiple A(P)Ps without the need of derivatisation

3. Exploration of glyphosate formation from DTPMP oxidation by MnO-

The overarching aim of this thesis is to elucidate manganese-driven transformation of APPs under
environmentally relevant conditions. This research seeks to contribute to a comprehensive
understanding of APP degradation pathways, improve analytical methods for their quantification,

and investigate the potential formation of glyphosate and AMPA as transformation products.
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1 General Introduction

The specific objectives and approaches of each part will be discussed below:

Despite extensive research on APP transformation, the exact mechanism of oxidative
transformation on manganese dioxide remains unclear. Understanding this process is crucial for
predicting the environmental fate of APPs and their transformation products. Chapter 2
addresses this knowledge gap, and elucidates the heterogenous oxidation of APPs on
manganese dioxide with the bisphosphonate IDMP as a model compound. IDMP reacts with
MnO: but does not react with Mn?*/Oz. This eliminates one complexity dimension present for
higher APPs* and allows the pure investigation of the heterogenous oxidation. Additionally, the
formation of TPs is limited compared to e.g. DTPMP and the complete transformation of IDMP on

MnO: proceeds in an adequate time range (100-400 h).

Chapter 2 aims to shed light on this multi-step reaction, which includes e.g. sorption, electron
transfer, bond cleavage, desorption and resorption of transformation products. Therefore, the
oxidation of IDMP on MnO: was investigated in 10 laboratory batch experiments, differing i) in the
type of MnO; used and ii) in the MnO; concentration. As sorption on and redox potential of MnO-
are pH-dependent, the experimental pH was controlled at 6 using MES buffer. The main analysis
tools employed were quantification of IDMP and its main TPs AMPA and POs*, as well as
quantification of released Mn?*. CSIA has been employed as a special tool to investigate the
succession of the different reaction steps and to explain differences in behavior when altering the

MnO:= concentration and/or when using a different mineral.

Current analytical methods for quantifying APPs and their TPs exhibit notable constraints in terms
of environmental sustainability and multi-analyte detection capabilities. These limitations impede
investigations of APP transformation and sorption in lign with the principles of green analytical
chemistry (GAC). To overcome these challenges, chapter 3 aims at developing a green
simultaneous quantification method for the six aminophosphonates AMPA, Glyphosate, IDMP,
ATMP, EDTMP and DTPMP. In the chapter 2, IDMP and AMPA concentrations were routinely
analyzed by IC-PAD. IC-PAD offers numerous advantages in terms of GAC, such as low energy
consumption, no need for derivatization, and the use of purely agueous eluents. Therefore, the
aim was to expand the previous AMPA/IDMP method to include glyphosate and APPs. An anion
exchange column already proven suitable for the separation of APPs (Dionex lonPac AS16)'®

was employed for this purpose.

17



1.4 Aims and Scope

The method aims to quantify APPs and selected TPs in laboratory batch experiments. Therefore,
contrary to requirements for ultra-trace environmental analysis methods, it was primarily focused
on simplicity, greenness, and low cost. Method validation focused on reproducibility, while
applicability was shown using a DTPMP transformation experiment on MnO.. Further, the
greenness of this method is compared to another recently published APFP quantification method
using a generic greenness metric system for analytical methods. A great deal of time went into

maintenance and regeneration of the IC system and column to assure robustness of the system.

Recent studies suggested that municipal wastewaters could be a previously unrecognized source
of glyphosate in surface waters, with APPs as potential precursors. However, the formation of
glyphosate from APPs under environmentally relevant conditions has not been demonstrated until
now. To address this critical knowledge gap, chapter 4 investigates the formation of AMPA and
glyphosate during DTPMP oxidation by MnO-. It builds upon the two previous studies, as it
combines the knowledge derived about IDMP oxidation on MnO:z in chapter 2 and applies the
APP quantification method described in chapter 3.

Chapter 4 elucidates if and under which conditions the formation of glyphosate from DTPMP via
manganese-driven oxidation is chemically possible. Several findings from literature and
chapter 2 indicated glyphosate formation from DTPMP using a strong oxidant being plausible,
thus it was explicitly searched for glyphosate as a minor TP using a trace-level quantification
method (LC-QQQ after FMOC-derivatization). The effect of 02 and MnO:z concentration on AMPA
and glyphosate formation was investigated, as well as glyphosate formation from DTPMP in the
presence of Mn?*/O2. Last but not least, the environmental relevance of manganese-driven
DTPMP oxidation was primarily assessed by repeating the experiments in a wastewater matrix.
Next to LC-QQ0Q, IC-PAD was employed for the quantification of DTPMP. IC-ICP-MS served for
the quantification of POs* and provided an overview of all P-containing products formed within an
experiment. The outcomes of this study shall serve — as for chapter 2 — as a basis for further

research in environmental and technical systems.
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Figure 1.6 Graphical abstract summarizing the major contents of this work.
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Scheme 2.1 Graphical abstract schematically summarizing the main findings and methodological approach of chapter
2.

2.1 Abstract

Aminopolyphosphonates (APPs) are strong chelating agents with growing use in industrial and
household applications. In this study we investigated the oxidation of the bisphosphonate
iminodi(methylene phosphonate) (IDMP) — a major transformation product (TP) of numerous
commercially used APPs and a potential precursor for aminomethylphosphonate (AMPA) — on
manganese dioxide (MnO-). Transformation batch experiments at pH 6 revealed AMPA and
phosphate as main TPs, with a phosphorous mass balance of 80 to 92 % throughout all
experiments. Our results suggest initial cleavage of the C—P bond and formation of the stable
intermediate N-formyl-AMPA. Next, C—N bond cleavage leads to the formation of AMPA, which
exhibits lower reactivity than IDMP. Reaction rates together with IDMP and Mn?* sorption data
indicate formation of IDMP-Mn?* surface bridging complexes with progressing MnO- reduction,
leading to the passivation of the mineral surface regarding IDMP oxidation. Compound-specific
stable carbon isotope analysis of IDMP in both sorbed and aqueous fractions further supported
this hypothesis. Depending on the extent of Mn®* surface concentration the isotope data indicated
either sorption of IDMP to the mineral surface or electron transfer from IDMP to Mn" to be the

rate-limiting step of the overall reaction.
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Our study shed further light on the complex surface processes during MnO- redox reactions and
revealed abiotic oxidative transformation of APPs by MnO: as a potential process contributing to

widespread elevated AMPA concentrations in the environment.

2.2 Introduction

Aminopolyphosphonates (APPs) are increasingly used as chelating agents in a wide range of
fields in industrial as well as household applications, such as scaling inhibition in membrane
filtration or cooling water systems and bleaching stabilization in bleaching liquors.! Since the
1980s, APPs serve as alternatives for polyphosphates and polycarboxylates such as
ethylenediaminetetraacetate (EDTA), which are controversially discussed due to adverse
environmental effects.’? Such concems including heavy metal remobilization, complexation of

trace nutrients or contribution to eutrophication, however, also exist for APPs 12

APPs appear to be poorly biodegradable but nevertheless are subject to significant elimination
during waste water treatment by sorption to sewage sludge.'*® Several abiotic transformation
processes such as oxidation by H2Os (i), ozonation (ii), photolysis (UV) (iii), oxidation by Mn2+/0;
(iv) or MnOOH (v)*'? are described for APPs leading to (potentially) persistent and (eco-)
toxicologically problematic transformation products (TPs) including phosphate (all),

aminomethylphosphonate (AMPA) (i, ii, iii) and iminodi{methylene phosphonate) (IDMP) (iii, v).%
12

MnQ, minerals are among the strongest naturally occurring oxidants and are widespread in soils
and sediments, primarily formed by microbial Mn"-oxidation."® They are known to oxidize a broad
range of organic substances such as phenols, anilines or different types of antibactenal agents,
and are further known as strong sorbents for metals and oxyanions, e.q., phosphates.'3.'4 Some
of those oxidation reactions have been investigated intensively regarding their mechanism (e.g.
for phenols), while others remain just partially understood. In general, oxidation of organic
compounds on manganese oxides involves surface complex formation (step 1) followed by
electron transfer (step 2) and a subsequent third step such as bond cleavage or
polymerization.'%'** However, thorough understanding of interfacial electron transfer processes
is challenging due to a lack of suitable methods and techniques.22 Hence, for many compounds

the rate-limiting steps are not identified, yet.

Regarding APP transformation in natural environments, oxidation on MnO, is considered a
relevant pathway.'®'"" Nowack & Stone'! investigated oxidation of the triphosphonate ATMP on
MnCOOH and identified phosphate and IDMP as major TPs. Because the sorbed phase has not
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2.2 Introduction

been investigated, factors such as the relevance of sorption/desorption or further rate-determining

steps remain unknown 132
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Figure 2.1 Structures of three aminophosphonates: aminotris{methylene phosphonate) (ATMP), iminodiimethylene
phosphonate) (IDMP) and aminomethylphosphonate (AMPA) in their dominant species at pH 6. For speciation
diagrams see Figure B.1.

In the presented work, we investigated the transformation of IDMP on MnC.. IDMP was chosen
as a model compound for higher APPs as it appears to be a key TP in the heterogeneous
transformation of higher aminopolyphosphonates by MnO, as demonstrated for ATMP'"" and
contains two phosphonate and one amine moiety (see Figure 2.1). Thus, based on the molecular
structure and transformation pathways described for other APPs, IDMP can be considered as a
possible precursor of AMPA. However, in contrast to AMPA or glyphosate'®'2, transformation of
IDMP in solution by Mn?*/Oz or at Mn (hydr)oxide minerals has not been reported yet. To shed
light on the heterogenous transformation mechanism we monitored the transformation of IDMP

and quantified IDMP and its main TPs in the agqueous as well as in the sorbed phase.

In addition to concentration analyses we conducted compound-specific stable carbon isotope
analysis (carbon CSIA) as a complementary technique to gain insights into the reaction
mechanism of IDMP oxidation on MnO2.1%20 Carbon CSIA of the sorbed analyte in a heterogenous
oxidation reaction has been performed for the first time. In general, the cleavage of a carbon bond
can lead to an enrichment of *C in the remaining substrate fraction (normal kinetic isotope effect,
KIE)."™ The extent of isotopic fractionation depends on the discrimination of '*C and '2C in the
bond cleavage step. However, isotope fractionation can also be masked if a step preceding bond
cleavage, such as sorption, is rate limiting or irreversible. Therefore, CISA can provide information
about the rate determining step (RDS) within a multistep reaction. A graphical depiction of the

kinetic isotope effect during C bond cleavage reactions can be found in the Sl (Figure B.2). For
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2 Transformation of Iminodi{methylene phosphonate) on Manganese Dioxide

detailed explanations of the isotope concept, we refer to Elsner'®, Aelion ef al2' and Jochmann &
Schmidt®.

To evaluate the role of MnO, minerals as potential sinks for IDMP and the related reaction
mechanism and transformation products, we investigated the transformation of IDMP on such
minerals in kinetic batch experiments at pH 6. We applied ion chromatography coupled to
electrochemical detection (IC-ECD) to quantify IDMP as well as AMPA and UV/vis spectrometry
(molybdenum blue method®?) to quantify phosphate. Carbon CSIA of the remaining fraction of
IDMP using liquid chromatography isotope ratio mass spectrometry (LC-IRMS) was applied to

further elucidate the multistep transformation reaction at the mineral-water interphase.

2.3 Materials and Methods

Chemicals

If not described differently, chemicals have been purchased from Merck (Darmstadt, Germany) in
the highest available punty (inorganic acids and bases in the respective commercial solute
concentrations). Sodium acetate (=299.5 %) was bought from Chemsolute (Renningen, Germany),
MES buffer (=99 %) at Carl Roth (Karsruhe, Germany), while IDMP (97 %) has been purchased
from Sigma Aldrich (Burlington (MA), USA).

The commercial MnOz (MNOzem) (ManganeseV-oxide, 298 %) was purchased from Carl Roth,
while synthetic MnOz (MnOzsyn) was synthesized via the approach published by Villegas et al >
(see Sl).

Design of transformation experiments

Each expernmental setup contained an IDMP starting concentration of 1 mM and 20 mM MES
buffer. The pH was adjusted to 6 using 1 M NaOH. Usage of MES buffer had no impact on sorption
and transformation of IDMP (Figure B.3). To start the reaction, varying amounts of MnO-
(MnO2icom or MNOzsn) were added to the reaction vessel. 0.3 to 6.0 g/L, resulting in molecular
MnQ4 IDMP ratios from 8:1 to 46:1 and in surface area concentrations from 97.8 to 7172 m3/L.

The experiments were conducted in 50 mL PP centrifugation tubes placed in an overhead shaker,

running at 26 rpm at room temperature (21 + 1 °C). All experiments were prepared in duplicates.
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2.3 Materials and Methods

At defined time points derived from pilot tests, a well suspended 4 mL aliquot of the suspension
was taken, centrifuged (15 min, 20 000 rcf) and filtered (0.2 uM PES syringe filter, BGB Analytik,
Lérrach, Germany). The reagents were desorbed from residue adapted from Paudel ef al.'?,
shaking the residues in 0.1 M NaOH for minimum 12 h. Subsequently, IDMP, AMPA and
phosphate were quantified in the aqueous and sorbed phase, separately, while manganese was

quantified solely in the aqueous phase. Samples were stored in the dark at 4 °C until analysis.

Concentration analysis of IDMP and its transformation products

IDMP and AMPA were quantified using a 930 Compact IC Flex ion chromatograph equipped with
a high-capacity anion-exchange column (Metrosep Carb 2, 100x4.0 mm) and an electrochemical
detector (all Metrohm, Herisau, Switzerland). The method included a flow gradient using 345 mM
sodium acetate and 15 mM NaCH as eluent and the detector running in pulsed amperometric
detection (PAD) mode (see Table S1). An exemplary chromatogram can be found in the 51 (Figure
B.4). Ortho-phosphate was quantified photometncally following the molybdenum blue method
after Murphy and Riley® measuring the complex at A = 710 nm in a concentration range between
0.2 and 10 mg/L POs*. Agueous manganese was quantified by microwave-plasma atomic
emission spectroscopy (MP-AES) using the measurement wavelength 403.307 nm (for further

information, see Sl).

Compound-specific stable carbon isotope analysis of IDMP

Stable carbon isotope ratios of IDMP were analyzed using liquid chromatography coupled to
isotope ratio mass spectrometry (LC-IRMS), similar to Martin ef al.®. The limit of precise isotope

analysis was determined to be 50 uyM IDMP (see Figure B.5).

Investigation of further TPs was conducted using LC-IRMS hyphenated to a high-resolution mass
spectrometer (LC-IRMS-HRMS) after Marks ef al.?*. All instruments and measurement conditions
for LC-IRMS and LC-IRMS-HRMS can be found in the Sl
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Calculations

Isotope enrichment factors £ were determined by linearizing the isotope data using the double
logarithmic Rayleigh distillation equation®™:
Ry . (82C,+1) .\
In (R_u) =In W = Ep In (a) =Er l]l(f)
R: stands for the isotope ratio ('*C/'2C) at timepoint t, which is then normalized to timepoint zero.
The relative concentration cy/cg is defined as the fraction f of the compound of interest still present

compared to timepoint zero. 5'*C values have not been normalized to an international reference

standard, as not the absolute values but the relative enrichment is of interest.

2.4 Results and Discussion

The transformation of IDMP on two types of MnO; at pH 6 was investigated in ten laboratory batch
experiments. To resemble conditions found in natural waters, expenments were conducted at an
environmentally relevant pH value of 6 using MES buffer, which did not interfere with sorption or
transformation of IDMP and the applied analytical methods, (for details see 5l, Figure B.3).
Among the wide range of known Mn oxide minerals, we selected two specimen that are of
environmentally relevance and cover a range of decisive surface properties. The chosen MnO-z
minerals (MnOzjeom, MNO2,y) were similar concerning Mn' content (see Sl) and impurities of other
cations (see Sl). Furthermore, they showed an amorphous structure (see Figure B.6 for XRD
diffractograms) and therefore provide good model minerals for naturally occurring MnQ, which
are often of low crystallinity®>. On the other hand, the two used minerals differed significantly
regarding their specific surface area (MNOzcom: 64.5 + 0.2 m?/g, MNOzsyn- 326 + 1 m?/g) and their
point of zero charge (pHrze, MNOzcom: 5.6 £ 0.1, MNOzsyn: 2.3 + 0.1), — two parameters
substantially defining their reactivity towards organic pollutants'. Thus, the two minerals allowed
us to correlate observed certain reactivity characteristics to specific mineral properties (i.e., pHrzc
and SSA) while ruling out potential effects of other mineral properties e.g. Mn" content or
impurities, which allowed us to investigate the significance of the latter properties regarding their

relevance on the minerals’ reactivity.
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To obtain insights into the reaction progress and mechanism, IDMP and its two main TPs AMPA
and POs* were analyzed in aqueous solution and on the mineral surface (sorbed phase).
Dissolved Mn?* formed during the reduction of Mn" minerals'>2%-* was also quantified but cannot
be used as parameter to monitor the progress of IDMP transformation due to significant sorption

of Mn?* to the mineral surface 3%

Concentration profiles of IDMP and its transformation products in the agueous and

mineral phase

In a typical expenment containing 1 mM IDMP and 1.7 g/L. MnO2com (ratio 1:20) IDMP was almost
completely transformed within 460 hours, with a decreasing transformation rate over the course
of the reaction (see Figure 2.2a). Simultaneously, total AMPA and phosphate concentrations
continuously increased. The calculated phosphorous mass balance (P MB) including IDMP,
AMPA and PO4* (aqueous and sorbed phase) ranging between 83 and 100 % throughout the
whole experiment, pinpoints AMPA and phosphate as the main TPs but also suggest the
formation of minor amounts of other phosphorous containing TPs. In samples of one selected
experiment (unbuffered, 1.7 g/l MnOuem), N-formyl-AMPA (F-AMPA) was identified and
quantified via high-resolution mass spectrometry (HRMS) #* (m/z [M+H*] 140.01029, Figure B.8
and B.9). The concentration of F-AMPA increased up to 76 pM after 360 h (88 % IDMPiranes),
accounting for 8 % of the total P MB. Despite this significant contribution of F-AMPA, the P MB is
not entirely closed, suggesting minor formation of further P-containing TPs, such as
hydroxymethylphosphonate (HMP) (see Figure B.9 and B.10). Furthermore, the concentration of
POs*it always exceeded the total AMPA concentration. While PO4* is formed stoichiometrically
(one PO4* for one degraded IDMP molecule), AMPA is formed sub-stoichiometrically, reaching
approximately 70 % of the amount of transformed IDMP at the end of the reaction. Observation
beyond the point of complete IDMP transformation revealed subsequent AMPA transformation

and further PO4* formation, albeit at a much slower rate than IDMP transformation (Figure B.11).
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Figure 2.2 Full data set of one IDMP transformation experiment (1 mM IDMP, 1.7 9/L MnOgicom, pH 6, 20 mM MES);
a) display of total concentrations (aqueous + sorbed phase) of IDMP, AMPA, phosphate and the phosphorous mass
halance (P MB); b) separate display of aqueous and sorbed phase of IDMP, AMPA and phosphate. Ermor bars (smaller
than data points if not visible) display absolute ermor of duplicates.

The separate analysis of sorbed and aqueous phase revealed the major fraction of IDMP, AMPA
and PO4* to be present in the aqueous solution (Figure 2.2b). Interestingly, while the aqueous
IDMP (IDMPag) concentration continuously decreased within the timeframe of the expernment (460
hours) the sorbed concentration of IDMP (IDMPss:) remained almost constant for 200 hours
(Csos/Co = 0.12 £ 0.01). The IDMF .o+ concentration started to decrease when IDMP., and IDMP.
equalized followed by a simultaneously decrease of the two phases in the further course of the
experiment. This quasi-steady state concentration of IDMP on the mineral (IDMPsorbmax) Was
observed in all experiments. For PO,* and AMPA, aqueous and — to a lesser extent — sorbed
concentrations continuously increased. In contrast to IDMP, no quasi-steady state concentrations
were observed for the two TPs. Further, also the sorbed POs* concentration always exceeded

the respective AMPA concentrations.

While IDMP transformation to AMPA and phosphate was observed in all experiments, varying TP

stoichiometries were calculated for varying mineral types and concentrations.

Dependency of TP formation on MnQ- type and amount

Batch experiments with the two different MnOz mineral preparations were conducted with different
mineral concentrations and subsequently different mineral surface areas. Accordingly, a typical
experiment containing 218 m%L mineral surface area is equivalent to 0.67 g/L of MnOzgyn or

3.4 g/L of MNnOzeom due to the different specific surface areas of the two minerals.
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In all ten conducted experiments the ratio of formed PO4* to transformed IDMP was almost
stoichiometric (86 to 106%), while the ratio of formed AMPA to transformed IDMP was always
sub-stoichiometric (62 to 87%) (Table 2.1). This observation indicates a stable intermediate
forming on the way from IDMP to AMPA, which likely is F-AMPA as shown in the experiment
without buffer. These findings imply that the proposed reaction mechanism by Nowack & Stone'®
for ATMP transformation at MnOOH with initial C—P and subsequent C—N bond cleavage
including the intermediate N-formyl-IDMP is also applicable for IDMP oxidation on manganese
dioxide, leading to F-AMPA formation. This is in accordance with the formation of F-IDMP and F-
AMPA during ATMP transformation by UV light and OH radicals as recently described by Marks

et al 12

Table 2.1 Molar ratios of the TPs formed (POs* om and AMP Awm) vs. transformed IDMP (IDMP'rans) together with the
phosphorous mass balance (P MB) in the ten IDMP transformation experiments conducted. Displayed are the ratios at
time points with maximum transformation of IDMP (IDMPianst) and negligible observable AMPA degradation. Emors
represent absolute errors between duplicates.

Experiment POs torm IDMPianst |  AMPAsorm  IDMPraner P MB IDMPgranst
in % in % in % in %
6.0 gL MnO2ieom 94 =+ 2 62 +1 a0 +1 93 +1
4.0 gL MnOzzcom 86 =2 67+2 83 1 T5+2
3.4 g/ MnOzscom 1043 721 89+3 93+4
2.5 g/ MnOzscom 930 663 830 880
1.7 g/L MnOzzcom 104 =1 01 88+2 91 +1
2.2 gl MnOzsyn 90 =5 67+2 80+4 96+ 3
1.7 9/l MnOzsyn 1053 1 72 96 +0
1.0 g/l MnOzsyn 922 782 862 96+ 2
0.67 g/L MnOzgyn 96 =1 a7 =1 92+2 99 +1
0.3 gL MnOzsyn 94 1 882 921 65+0

For MnOzsyn, the ratio of formed AMPA to transformed IDMP steadily decreased with increasing
MnO: concentration, while POs*m IDMPyans remained stoichiometric. This dependency of the
AMPA&m IDMP g ratio on the available MnOay.,,, surface reflects an accumulation of transient

products and possibly varying reaction paths after the initial C—P bond cleavage, see below.

IDMP transformation kinetics

To evaluate experiments with different mineral surface areas regarding their IDMP reaction rates,

we calculated zero-order reaction rates k, (with x = type of mineral; initial MnO; concentration in
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g/L) for IDMPy in the quasi-steady state range (see Figure B.12). Table 2.2 compiles such rate

constants normalized to the surface concentration of the minerals (kynom).

For both minerals, Kynom Values increased disproportionately more than the provided mineral
surface area. For example, for a surface area of 109.7 m?/L (1.7 g/L MnO=com) the zero-order
reaction rate was calculated to be keom.1.7 = 1.4 uM/h, while doubling the surface area (219.3 m?/L;
3.4 g/L MnOzeom) lead to keomas = 5.3 pM/h, i.e., a 3.8-fold increase of the reaction rate. For the
synthetic MNOzsyn, the zero-order reaction rate was ksynosr = 4.0 pM/h at 218 4 m3/L (0.67 g/L).
For this mineral. However, an increase of the surface area by factor 2.5 (554.2 m%1.7 g/L
MnOz.,,) lead to an 18.8-fold increase of the reaction rate (ksyni7= 75.1 pM/h).
In summary, the kinetic data revealed i) higher concentrations of the same mineral lead to faster
transformation kinetics, ii) the increase in reaction rate differs for the two investigated minerals
(MNOs2ispn = MNOzeom) and 1) an increase in the surface area normalized zero-order reaction rate,
indicating that another parameter govems the transformation of IDMP at the mineral surface. To
elucidate how a mere concentration change can have such effects on the reaction kinetics,

different parameters will be correlated in the following sections.

Table 2.2 Maximum sorbed concentrations of IDMP in pmol/L (o compare with the aqueous fraction), zero-order
reaction rates (ky), zero-order reaction rates normalized to the MnO: surface concentration in m3/L {(Kgnom) and sorbed
concenfrations of Mn®*, calculated based on measured Mnsg and the respective sorption isotherm. Emors for
C{IDMP)soromax and Mn**gom represent the absolute deviations between duplicates. Zero order reaction rates were
calculated for c{IDMP)t in the quasi-steady-state area; erors of kx represent standard ermors of the linear fitting.

Experiment IDMPs ot max Kx {Dﬂ‘ order) Kx.norm (ﬂﬂ‘ order) Mn** sorn iN
in uM in pM/h in nmol/{m2 h) pmol/m?2
6.0 gL MnOzeom 27ig £ 2 38 +13 53T7=+78 275023
4.0 gL MnO2icom 228+3 92+10 356+39 292+090
3.4 gL MnOzeom 218+ 2 53+08 244+38 455+00
2.5 gL MnO zeom 163 + 16 55+12 M1+72 435+023
1.7 gL MnO zieom 131 +£2 14+02 123+18 498 + 065
2.2 g MnOzsyn T0+x4 1074+263 1498 + 36.7 168028
1.7 9/l MnOzsyn 1+3 751283 1355+150 188+022
1.0 g/l MNnOzsyn 110 £ 10 129+24 96+7.3 4120485
0.67 g/L MnOzgyn 153 +£3 40+09 183243 584 + 068
0.3 gL MnOzsyn 85+2 50+11 B1+11 447 +058
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Effect of mineral surface properties on IDMP sorption & reaction rate

Generally, it can be assumed that the amount of IDMP sorbed to the mineral surface and
consequently the reaction rate increases with increasing mineral loading due to an increase of
available surface sites. To verfy this hypothesis, we correlated the zero-order reaction rates
normalized to the surface concentration (K. n.m) with the quasi-steady state concentrations of
sorbed IDMP (IDMPegbmax iIn gmol/L) (Table 2.2). For MnOzeom, the behavior followed the general
assumption and IDMP som.max correlated positively with the mineral surface: In the expenment with
109.7 m?/L surface area (1.7 g/L MNOzeom) the IDMP o max Was observed at 131 + 2 pM, whereas
for a surface area of 258 m?/L (4.0 g/L MnOzicom) @an IDMPso.max cOncentration of 228 + 3 yM was

determined.

In the system containing MnOx.,,, however, an opposite trend was observed. While an increase
in the provided surface area resulted in higher reaction rates, the sorbed concentration of IDMP
decreased. For example, for 218.4 m%/L (0.67 g/L MnOzsyn) and 717.2 m%/L (2.2 g/L MnOzisyn) the
normalized zero-order rate constant increased by factor eight. In contrast, the maximum sorbed
IDMP concentration was 153 £ 3 pM (0.67 g/L. MnOzsyn) whereas only 70 + 4 yM IDMP sorbed to
2.2 g/lL MnOgyyn. Thus, the increase in reaction rate cannot be explained by a higher sorption
capacity for IDMP.

Comparing the sorption of IDMP on the two minerals, it is noticeable that the surface area of
Mn Oy, is six times higher than the surface area of MNOgjeom, but still, MNOay.,, expenments show
lower IDMPsorb.max values than MnOzeom experiments. Even though 3.4 g/l MnOzeem and 0.67 g/l
MnOwsyn exhibit the same surface area, the sorbed IDMFP concentrations differ by 43 % (228 + 3
MnOzeom vs 153 £ 3 pM MnOas,,). This observation can be explained by the more negatively
charged surface of MnOzsyn compared to MNOzicom due to its lower pHpzc (2.3 vs 5.6). This leads
to a higher affinity of MnOzjeem for negatively charged IDMP molecules at pH 6. Accordingly, the
calculated zero-order rate constant ky nom 1S 33 % higher for 3.4 g/L MNOyeem compared to 0.67 g/L
MnOzssyn.

Another driving factor appeared to be bivalent manganese (Mn®*), which is formed during the
reaction and can sorb to the mineral surface to a certain extent.'* As the breakdown of IDMP on
MnVO: to POs* (C—P) and AMPA (C-N bond cleavage) is associated with the transfer of two
electrons'-?¢, the formation of one Mn?* for one oxidized IDMP molecule can be assumed. The
sorbed Mn?*-concentration was calculated based on sorption isotherms for Mn®* on the two

different minerals (Figure B.13) using the measured concentrations for aqueous Mn?*.
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Normalizing this sorbed Mn2*-concentration to the surface area of the suspended minerals results

in the Mn?* concentrations per m? (Mn#*s/m?) shown in Table 2.2.

Mn?*./m? and the zero-order reaction rates k, ..m were inversely related, i.e., an increase in
kx.nom correlated with a decrease in Mn?*so/m?. This indicates a higher reactivity of the Mn?*-free
mineral, i.e, a passivation of the mineral surface by adsorption of Mn®* from the aqueous phase.
This is in line with previous studies, where sorption of Mn?*,; to MnO; surfaces resulted in a
decreased oxidation potential towards organic reductants % This was assigned to i) blocking of
active surface sites by Mn?* on the mineral or ii) reaction of Mn" with Mn" and therefore
competition for reactive surface sites and/or a decrease of the average oxidation state of Mn in
the MnO-. 3730 Tg further investigate this phenomenon, a control experiment (4.0 g/L MnOzicom)
containing a Mn?* (added as MnCl:) starting concentration of 1 mM was conducted. In line with
the results discussed earlier, a decrease in the reaction rate from 356 + 3.9 nmol/{m2 h) to 13.9
+ 2 0 nmol/(m? h) (with initial Mn®*) along with an increase in IDMPsom.max from 228 + 3 M to 478
+ 45 pM (with initial Mn?*) was observed. (A graphical display of Mn®*ww/m? vs zero-order rate

constant and IDMP o max Can be found in Figure B.14.)

The increase in IDMPsos max With increasing Mn*oe/m? and decreasing Kxnem was observed for
all MnOz.,, experiments (except 0.3 g/L). It seems plausible that the sorption of Mn?*,; shifts the
surface charge of the mineral to more positive values and therefore increases the sorption affinity
for the negatively charged IDMP. Martinez et al*' described Ca® to act as a bridge-cation
between FeOOH and ATMP. Even though Ca®* differs from Mn?* with respect to e_g., ionic radius
and charge density, it is conceivable that also Mn®* serves as a bridge-cation between MnO-: and
IDMP, as Mn®* was shown to form inner-sphere complexes with birnessite*. Additionally, we
found a strong positive correlation between sorbed Mn2* and IDMP sorption-capacity in
experiments where we loaded the mineral with different amounts of Mn®* prior to IDMP addition
(see Figure B.15). The formation of such temary IDMP-Mn®*-surface complexes, however, is
consistent with both, enhanced IDMFP sorption and hinderance of electron transfer from IDMP to

Mn" centers of the mineral.

Summarizing, the synthetic MnOx.,, showed a disproportionate increase in reaction rate with the
surface area provided, respectively a decreasing Mn®*sse/m?, and showed a considerably different
relationship concerning IDMPsob.max @and reaction rate compared to MNOzeom. Those differences
between the two minerals can partly be explained by the difference in pHpzc. Due to its higher
pHeze, MNO2ieom is less negatively charged at pH 6 and probably possesses a higher IDMP

sorption affinity than MnOzsyn. At the same time, the higher pHezc leads to a lower Mn?* sorption

47



2.4 Results and Discussion

affinity, compared to MNOasy,. If MR?* is now formed during the reaction, the stronger sorption to
the MnOzsy» mineral surface causes a more positive charge — which i) eases IDMP sorption but
also ii) passivates the surface over the course of the reaction. This explains why the observed
effect is more pronounced for MNOzgy, than for MNOsigom. On the other hand, Mn#*.,+/m? data
reveal similar values for the two minerals exhibiting the same surface concentrations. Thus, other
mineral characteristics like morphology and crystallography might also contribute to the observed
differences in mineral reactivity.'® To further elucidate the role of surface sites reactivities and
rate-limiting step in this multi-step reaction, carbon CSIA of IDMP has been applied as a

complementary technique.

Carbon isotope analysis of sorbed and dissolved IDMP reveals rate-limiting steps

In general, oxidation of organic compounds on manganese oxides involves surface complex
formation (step 1) followed by electron transfer (step 2) and subsequent bond cleavage (step
3).10.28.33 To further investigate the rate determining steps for the oxidation of IDMP at MnOz, we
analyzed "*C-enrichment of IDMP in the agqueous (5'*Caq) as well as in the sorbed (6'*Cson) phase,

separately (Figure 2.3).

For the oxidation of IDMP on MnO:z surfaces it is reasonable to assume that only the bond
cleavage (step 3) is associated with a (significant) carbon isotope fractionation, as no carbon atom
is involved in surface complex formation or electron transfer. This assumption is supported by
insignificant isotope fractionation of IDMP observed in sorption experiments with the redox inert
mineral Al,O; (ec < -1.0 %e, Figure B.16). Therefore, the two following scenarios can be resolved
based on the isotopic composition of IDMP in the agueous and solid phase. (I) Electron transfer
is rate-limiting: In this case comparable 8"*Csu» and 6'3*Caq values are expected, as fast (de-
Jsorption kinetics quickly establish an equilibrium between sorbed and agueous IDMP and hence
the isotopic imprint of IDMP transformed at the mineral surface is visible in the aqueous phase.
(1) (De-)sorption is rate-limiting: In this case a pronounced deviation of 5'*Csoe and 6'3Caq values
is expected, as the electron transfer is faster compared to desorption, preventing the
establishment of an equilibrium between the aqueous and sorbed IDMP pools. Here, a
pronounced *C enrichment in the sorbed phase is expected. A graphical depiction of those two

scenarios is provided in the Sl (Figure B.17).

For the three concentrations of MnOacom, similar 8'*C values and subsequently isotope

enrichment in the aqueous and the sorbed phase were observed (see Figure 2.3 a). The

48



2 Transformation of Iminodi{methylene phosphonate) on Manganese Dioxide

enrichment factors for all three MNOyjeom experiments ranged between -57 + 06 and 66 + 0.6
%o for the agueous (ec.ag) and between -5.1 + 0.7 and -5.6 + 0.6 %o for the sorbed phases (Ec.com,
see Table 52). Thus, isotope analysis revealed (de-)sorption to be faster than e- transfer for the

experiments conducted with the commercial MnOz; meeting scenario 1.
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Figure 2.3 Double logarithmic Rayleigh plots of agueous and sorbed IDMP phases of seven IDMP transformation
experiments: a) MnOzeom in concentrations of 1.7, 3.4 and 4.0 g/L, b) MnOwsyn in concentrations of 0.67, 1.0, 1.7 and
22 g/L {(a more detailed graphic can be found in Figure B.18). The §-values are plotted versus the total remaining
fraction of IDMP (Mt = Maq + Msore). Linear regressions are indicated by solid (aq) and dashed (sorb) lines, respectively.
Ermrors of the normalized isotopic composition represent the standard deviations of all six isotopic measurements
(triplicate analyses of duplicate experiments), while errors of the fraction represent the errors of IDMP quantification
hetween duplicates. The pink delta indicates the deviation between aqueous and sorbed phase.

For the expenment containing 0.67 g/L synthetic MnOayyy, 8'3C-values of IDMP in aqueous and
sorbed phase were still comparable (gcse(0.67) = -5.0 £ 0.4 %e and €caq(0.67) = -6.3 £ 0.4 %),
With increasing MnOzsy» concentrations, however, the 8'3C values of IDMP in the sorbed phase
significantly exceeded those in the aqueous phase, implying that *C enrichment in the sorbed
phase was much stronger. At 1.0 g/L MnOzsys the maximum difference between '*C enrichment
in the aqueous and the sorbed phase (Ad"Cr..) was 3.4 + 0.4 %, while at 2.0 g/L MnOgziyn
ABVC a further increased to 6.5 £ 0.3 %o (Figure 2_3b). The isotope data therefore indicates that
increasing MnOzsy surface areas lead to a shift of the rate-limiting step from electron transfer
(step 2) to surface complex formation (step 1). Therefore, the MnOx., gradual shifts from
scenario | (electron transfer is rate limiting) to scenario Il and subsequently (de-)sorption becomes

rate limiting.
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2.4 Results and Discussion

While 8"3C.. and 8'3C,, values differ particularly at the start of the transformation reaction
(AD"*Cmax), they converge over the course of the reaction. Thus, isotope enrichment factors of

IDMP in the sorbed fraction were much higher than those in the aqueous fraction (see Table S2).

Furthermore, for the MnOzsy, experiments the isotope data is in line with the quasi-steady state
sorbed IDMP concentrations, normalized zero-order rate constants and sorbed Mn?*. The more
the IDMP &"*C-values of sorbed and aqueous phase diverge (the higher A8"*C.0, the lower
IDMPsobmax, but the higher Mn?*sou/m? and kinom. Therefore, the isotope data supports the
hypothesis of MnO:z passivation (self-poisoning) by sorption of Mn?*. Free (Mn') surface sites not
occupied by Mn?* sorb IDMP and are highly reactive, resulting in a fast e~ transfer compared to
desorption. Attachment of Mn?* to Mn'" surface sites, however, increases IDMP sorption but e
transfer from IDMP to Mn" is hindered. Due to the fast conversion of IDMP on free Mn" sites and
comparably slow desorption, higher 2C enrichment is observed in the sorbed IDMP phase
compared to the aqueous phase. Those findings further strengthen the hypothesis of the ternary
bridging complex scenario. Figure 2 4 illustrates the interplay of sorption, surface speciation and
reactivity of the MnO; mineral-water interphase. The overall picture of progressive passivation of
the MnO: surface by sorbed Mn?* along with decreasing IDMP transformation rates is also
reflected and thus supported by the convergence of 8'*C..+ and 8'*C,, over the course of the

reaction (see Figure 2.3).
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Figure 2.4 Schematic depiction of the effects of decreasing mineral concentration on i) Mn2+ loading of the mineral
and therefore i) IDMP sorption onto high (h) and low (I) reactivity sites, iii) transformation kinetics and the difference in
813C values of IDMP in the sorbed vs the agueous phase



2 Transformation of Iminodi{methylene phosphonate) on Manganese Dioxide

2.5 Environmental Implications

Our work demonstrates that IDMP, a major transformation product of widely applied
aminopolyphosphonates, can rapidly be oxidized by manganese oxide minerals with AMPA as
major organic transformation product. AMPA — also known as a key metabolite of glyphosate® —
is regarded as environmentally persistent, enrnches in soils, and raises eco(toxico)logical

concerns_ 3539

Considering the high-volume production and emission of aminopolyphosphonates in Europe and
elsewhere'®, conversion of only a small fraction to AMPA by manganese minerals would result in
a significant amount of AMPA formed as transformation product. Thus, we describe here an
alternative process and source of AMPA potentially contributing to its widespread occurrence in
the environment. The heterogenous transformation of aminopolyphosphonates at MnO, minerals
potentially occurs in soils and sediments under dynamic redox conditions, where Mn" and Mn"
oxides are primarily formed by microbial activity.'* As biogenic MnO, are regarded to be even
more reactive than abiotically synthesized MnQ,'3, they bear an even higher potential for rapid
APP transformation than the synthetic MnOz minerals used in this study. Although microbial
degradation of higher APPs currently is considered to be insignificant, microbial activity dniving
environmental conditions towards formation and transformation of Mn-minerals may indirectly
contribute to the environmental fate of such compounds.

However, our study also revealed that the formation and adsorption of Mn?* can lead to
passivation of the mineral surface. This self-poisoning of manganese dioxides during redox
reactions, as well as possible further passivation by other divalent cations such as Ca® or Zn®*
can potentially increase APP sorption but retard or inhibit its oxidation. Therefore, further research
is needed to elucidate the role of environmental factors such as co-sorbents controlling APP

interaction with and oxidation by MnO2 minerals.
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Scheme 3.1 Graphical abstract describing the main results and methodological approach of chapter 3.

3.1 Abstract

Aminopolyphosphonates (APPs) are widely used as chelating agents, and their increasing
release into the environment has raised concerns due to their transformation into
aminomethylphosphonic acid (AMPA) and glyphosate, compounds of controversial
environmental impact. This transformation highlights the urgent need for detailed studies under
controlled conditions. Despite the availability of various methods for quantifying individual
aminopolyphosphonates and aminomonophosphonates, a green, low-cost approach for the
simultaneous quantification of APPs and their transformation products in laboratory experiments
has been lacking. In this study, we present a novel analytical method utilizing ion
chromatography (IC) coupled to integrated pulsed amperometric detection (IPAD) to
simultaneously quantify the six aminophosphonates AMPA, glyphosate, iminodiimethylene

phosphonate) (IDMP), aminotrismethylene(phosphonates) (ATMP), ethylenediamine

58



2 Green Quantification of Amino{poly)phosphonates using Amperometric Detection

tetra(methylene phosphonate) (EDTMP), and diethylenetriamine penta(methylene phosphonate)
(DTPMP). This method achieves separation within a 35-min run time and method detection limits
(MDLs) ranging from 0.014 yM for AMPA to 0.104 pM for DTPMP. The method’s applicability
was successfully shown by monitoring DTPMP, IDMP and AMPA during DTPMP transformation
on manganese dioxide. A key advantage of this method is its environmental friendliness
compared to existing aminophosphonate quantification technigues. Next to the simultaneous
analysis, it avoids the use of denvatization agents and organic solvents and employs an energy-
efficient detector. While the method’s limitations lie in the detector's inherent non-specific nature,

it offers a low-cost and sustainable alternative to existing methods.

3.2 Introduction

Aminopolyphosphonates

Aminopolyphosphonates (APPs) are strong chelating agents for di- and multivalent cations that
are used in many household and industrial applications. The most important APPs by quantity
are ethylenediamine tetra(methylene phosphonate) (EDTMP) and diethylenetriamine
penta(methylene phosphonate) (DTPMP)'. APPs are constituents of e.g., cleaning and
bleaching agents, and are used as scale inhibitors in water treatment 2. Global phosphonate
consumption was at 94,000 t in 2012 — with 49,000 t thereof in Europe as reported by the
European phosphonate association'?. The German “Industrial Association for Personal Care
and Detergents” (IKW)* stated the total German phosphonate use in washing, care and cleaning
products with 7,613 t/a in 2019.

While phosphonates (including aminophosphonates (APs)) are generally assumed to be mainly
removed from wastewater by adsorption onto sewage sludge'-®®, transformation of APPs under
conditions relevant for environmental and technical systems is well described in literature, too.
Studied reactions include i) oxidation of ATMP in the presence of Mn" and oxygen 7, ii) oxidation
of ATMP at MnOOH®®  iii) ozonation of EDTMP'®, and iv) UV photolysis of free and complexed
APPs11-15 The transformation products primarily include orthophosphate,
aminomethylphosphonic acid (AMPA) and iminodiimethylene phosphonate) (IDMP).
Furthermore, selected studies reported the minor formation of the controversially discussed
herbicide glyphosate from EDTMP or DTPMP (see Figure 3.1)'%18.
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Figure 3.1 Fully deprotonated structures of DTPMP, EDTMP and ATMP and their transformation products IDMP,
AMPA and — in case of EDTMP and DTPMP — glyphosate.

This suggests that household products may serve as a source of both glyphosate and AMPA, a
conclusion that has been reinforced by recent studies which showed that WWTPs are sources
of AMPA and glyphosate' 8. Those observations emphasize the need to further investigate
different APP transformation pathways. Such mechanistic studies call for well-designed

laboratory batch experiments.

Existing methods and greenness for polyphosphonate quantification

To investigate the transformation or sorption behavior of APPs in laboratory experiments, a
green, easy, and low-cost quantification method is essential for the simultaneous quantification

of APPs and their respective transformation products.

While green chemistry and atom economy are well-established tools in science and industry to
sustainably design products and processes'?! the importance of green analytical chemistry
has long been overlooked 22. In the last years, green analytical chemistry (GAC) is increasingly

gaining attention®®>?*. Despite the efforts of several scholars to develop evaluation systems, the
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differences in purpose and the difference of the analytical methods itself for a long time made it
quite difficult to derive exact “numbers of greenness™. In the following, we refer to the 12
principles of GAC by Pena-Pereira ef al. (2020)**, who designed a general metric system and
software to evaluate the greenness of analytical methods (AGREE).

Previous APFP quantification methods generally do not perform well in AGREE, as they often
require the use of a mass spectrometer (MS)*2*2%. These MS-based methods are energy-
intensive (and not cost-efficient), contravening principle 9 of GAC, "energy minimization." Less
expensive and less energy-intensive detectors can adequately monitor APP concentrations in,

for instance, laboratory samples with a controlled matrix composition.

In addition, certain established methods require a pre-column derivatization with toxic
compounds such as trimethylsilyldiazomethane or diazomethane®?. This process is time-
consuming, introduces potential error sources, and generates toxic waste, violating principle 6
"Derivatization should be avoided", principle 11 "Toxic reagents should be eliminated or
replaced”, and principle 1 "Direct analytical techniques should be applied to avoid sample
treatment." As an example of nontoxic derivatization for non-MS methods, Fe' is used for UV/Vis

absorption detection, applied either post-column®® or pre-column??’.

In general, APPs present significant analytical challenges, given their multiple negative charges,
complex formation with bi- and multivalent cations®*—*2, and lack of chromophores or reactive
groups 2. Thus, IC methods using alkaline eluents without pre-column derivatization often exhibit

suboptimal peak shapes, sometimes attributed to impurities in the phosphonate chemicals3?-2+.35,

A compilation of published and validated APP quantification methods and their key parameters
can be found in the 51 (Table C.1).

AMPA and Glyphosate Quantification Methods

The individual quantification of glyphosate and AMPA can be carried out with a variety of
methods. Broadly used examples are i) the use of liquid chromatography (LC) coupled to MS
after derivatization with fluorenylmethyloxycarbonyl (FMOC) chloride®-* fluorescence detection
after derivatization and separation using FMOC4? or fluorescence detection after IC separation
with post-column derivatization using o-phthaldialdehyde and Thiofluor®*'. Described
guantification methods without the need for derivatization are for example IC coupled to
amperometric detection*2, capillary electrophoresis coupled to MS (CE-MS)*3, or hydrophilic
interaction chromatography (HILIC) coupled to MS41344
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None of the methods published so far described the simultaneous quantification of glyphosate,
AMPA, and IDMP together with ATMP, EDTMP and DTPMP, which contrasts principle 8
“Multianalyte or multiparameter methods are preferred versus methods using one analyte at a

time"24,

Amperometric Detection

Electrochemical/amperometric techniques are promising in regards of greenness and specifically
for the minimization of hazardous chemical usage'. For APs, amperometric detection is
favorable in terms of low energy consumption but high sensitivity and selectivity**. The essential
requirement for substances to be detectable via amperometry is their electroactivity, either given
by aromaticity or the presence of oxidizable or reducible functional groups. For APs, this criterion
is met by the presence of oxidizable hydroxyl and amino groups*®. This allows for selective
monitoring of APs and their electroactive transformation products. Compounds without
electroactive groups, e.q. phosphate or methylene phosphonate, show no response and

therefore cannot interfere with APP quantification®”.

Amperometric detectors compnise a three-electrode arrangement with a working electrode (WE),
a counter electrode (CE), and a reference electrode (RE). The electrochemical reaction takes
place at the WE, which is usually made of platinum or gold. In DC amperometry, a constant
working potential is applied, by which the analytes are oxidized/reduced, and the resulting current
is measured. However, for analytes precipitating or strongly sorbing at the electrode, constant
working potential amperometry is not applicable due to baseline dnft, increased background
noise and a constantly changing electrode surface resulting in a changing response 48
Developments regarding the applied potential sequence (waveform) led to “pulsed amperometric
detection” (PAD), usually involving a gold WE*:. In contrast to amperometry with a constant
working potential, PAD involves the repetitive application of a short potential sequence, typically
lasting <1 second, including a high oxidation and a low reducing potential. This potential
sequence impedes electrode fouling or in other words “facilitates electrochemical cleaning” of
the electrode surface in preparation for the next measurement interval. For further details on

PAD waveforms, see the Supporting Information.

Especially, developments in the field of amino acid detection using integrated pulsed
amperometric detection (IPAD)*#7 and an IC-IPAD application note for glyphosate and AMPA
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with detection limits (LODs) below 2 pg/L*34® suggested the suitability of IPAD for the

guantification of APPs in aqueous solutions.

Integrated PAD (IPAD)

IPAD is a variant of PAD. The waveforms developed for IPAD allow the simultaneous oxidation
of the electrode surface and the analyte, also known as “mode Il detection™**_. The different
potentials applied in IPAD are explained in Table C.2. IPAD is predominantly used for the
detection of amino acids, amines, and organic sulfur compounds. Their oxidation on metal
electrodes is catalyzed by metal oxide formation*®. While in pulsed amperometry the Faraday
current is measured at a fixed oxidation potential, the integration part of the potential waveform
in IPAD can have the form of a tiangle or trapez (see Figure C.1 b), i.e_, it is generally alternated
between a high and a low potential*®. While the surface oxide formation is necessary to catalyze
analyte oxidation, the oxide formation produces a current itself — leading to high background

currents.

In addition, concentration gradients are also the origin for high background currents caused by

changes in the background electrolyte concentration throughout the gradient run®347.

When IPAD is employed, baseline disturbances caused by pH gradients, ionic strength
vanations, and metal oxide formation are minimized. Because the oxidation of the electrode
surface is a reversible process, while the oxidation of analytes is not, the resulting signal is mainly
characterized by the contribution of the analyte oxidation. When integrating the current yield

during the cycle, the net signal for the respective analyte is obtained?®#748.50_

The oxidative detection of amino acids using IPAD is reported to be most effective on gold
electrodes at strong alkaline pH*5#. This provided the rationale for coupling anion-exchange
chromatography with amperometric detection using a gold WE, employing eluents in the pH
range of 11-13. Despite the sensitivity of this method to trace amounts of metal cations in the
system due to strong complex formation with higher APPs, the alkaline pH range was chosen to

simultaneously analyze aminomono, -bi-, and -polyhosphonates.
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Aim of this work

In summary, existing methods for the quantification of APPs have significant limitations
concerning their greenness and especially the number of analytes that can be analyzed in a
single chromatographic run. To address these shortcomings a green and low-cost method for
the simultaneous quantification of six APPs was developed. We describe here the systematic
development and evaluation of an IC-IPAD quantification method, offering a cost-efficient, green
and sensitive approach. The applicability of the method will be demonstrated by monitoring the

above-mentioned analytes in a DTPMP transformation experiment.

3.3 Experimental Section

Chemicals

DTPMP (a) and EDTMP (b) have been purchased as solid acids from Zschimmer and Schwarz
(Lahnstein, Germany) under the names “Cublen D 900 GR" (a) and “Cublen ELC 950" (b) (CAS:
15827-60-8 (a) and 1429-50-1 (b)). To ascertain the purity of the purchased substances, *'P-
{'"H}-NMR measurements were conducted, showing a purity of =98.6 % for DTPMP and 96.6 %
for EDTMP (nuclear magnetic resonance spectroscopy (NMR) measurements and results are
described in the Supporting Information, Figures C.2, C.3 and C.4). Glyphosate (=98.0 %,
analytical standard), AMPA (99 %, analytical standard), IDMP (=97 %) and ATMP (=97.0 %), 2-
aminoethylphosphonic acid (2-AEP, 99 %), methylphosphonic acid (MPA, 99 %), editronic acid
(HEDP, =95 %), phosphonoacetic acid (PAA, 98 %), and phenylphosphonic acid (PPA, 98 %)
were purchased as solids from Sigma Aldrich (St Louis, MO, USA).

Sodium hydroxide (NaOH) for eluent preparation and analyte desorption from the manganese
dioxide was purchased as a 49-51 % solution from Supelco (Merck, Darmstadt, Germany), while
sodium acetate (NaOAc) was purchased from Chemsolute (Renningen, Germany). MES buffer

(¥99%) and MnO: (manganese“oxide) for the DTPMP transformation experiments were

purchased from Carl Roth (Karlsruhe, Germany).

The cation-exchange resin in proton form (Dowex™ 50W X8 200-400, 21.7 eg/L) used to treat

the experimental samples was purchased from Roth (Karlsruhe, Germany).

The water used has been purified by an ultrapure water purification system (Bamstead, GenPure
Pro, Thermo Fisher Scientific, Waltham (MA), USA) down to a conductivity below 0.06 pS/cm.
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Instrumentation

A 930 Compact IC Flex ion chromatograph (Metrohm, Herisau, Switzerland) was used, equipped
with a high-capacity anion-exchange column (Dionex™ lonPac™ AS16, 2x250 mm), a suitable
guard column (Dionex™ lonPac™ AS16, 2x50 mm) and a metal-free trap column (Dionex™
MEC 500, all from Thermo Fisher Scientific, Waltham (MA), USA). Some tests have also been
carmmied out using the anion-exchange column Metrosep A Supp 18 (4x150 mm, Metrohm) with
the respective guard column (4x5 mm). The column temperature was set to 30 °C. The MFC

500, if used, was inserted between the pulse damper and the six-port injection valve.

The amperometric detector cell with a Wall-Jet geometry was equipped with a gold working
electrode, platinum counter electrode and a palladium or Ag/AgCl reference electrode (all
Metrohm, see Figure C.5). All columns, the detector and electrodes have been used in the
commercial state without any modifications. The detector temperature was set to 35 °C. The
dosing units for i) sample uptake and ii) concentration gradient were both an “800 Dosino”

(Metrohm), with 1) 2 mL and i) 5 mL cylinder volume.

To prevent COz dissolution into the eluents, an overpressure of 0.4 bar Nz was applied to both
eluent bottles (gas-tight plastic bottles, Metrohm). The concentration gradient was achieved by
an HPLC pump and a dosing unit comparable to a syringe pump (dosino). The dosino doses a
defined amount of eluent B into a mixing piece, where it is mixed with eluent A. The eluent mixture
is then conveyed by the HPLC pump. In order to prevent CO; to dissolve in eluent B while the
liquid is trapped in the dosino, the dosino is emptied completely at the start of each run and then
filled just with the amount needed for one run (3 mL). For IC Maintenance, please see the

Supporting Information.

In this work, all chromatograms are displayed in Ampere on the y-axis, although IPAD is often
displayed in Coulomb. To convert from nA to nC, the value in nA can be multiplied by the

integration time in seconds, which is 0.380 s in the optimized method presented in this work.

Maintenance

Due to the highly concentrated eluents and resulting salt precipitations, the HPLC pump head
(although a chemically inert PEEK pump head) was rinsed weekly with deionized water (flow

rate of 2 mL/min for at least 15 min), disassembled, and manually cleaned every 2-3 months.
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Bi- and multivalent cations need to be removed from the IC system and column. Therefore, the
system including the analytical column was rinsed fortnightty wusing 005 M
ethylenediaminetetra(acetic acid) (EDTA, =97 %, p.a., Roth (Karlsruhe, Germany)) at pH 6.5 to
chelate and remove Fe (flow rate 0.5 mL/min, 1.5 hours). Additionally, great attention must be
paid to the metal parts in the system which can corrode even if they are not in contact with the
eluent, because the smallest leaks (e.qg., from scratches due to salt precipitation) allow Fe to
enter the IC system and hamper the quantification of ATMP, EDTMP, and DTPMP. Therefore,
the MFC 500 (metal-free trap column) is placed directly after the pulse damper, to trap any Fe
that may leak from the pump head or the pulse damper. Fortnightly, the MFC 500 was
regenerated with 20 mL 1.5 M HNOz and then rinsed with eluent A for 30 min.

Cyclovoltammograms

The cyclovoltammograms have been recorded with the amperometric detector (Wall-Jet Cell) of
the IC as described above, equipped with a gold working electrode, platinum counter electrode
and palladium reference electrode. The detector temperature was set to 35 °C. The sweep was
perfomed from a minimum of -0.35 V to a maximum of +0.75 V with a sweep rate of 0.1 V/s and
a range of 20 mA (cycle length: 22 s). The respective phosphonate was present at a
concentration of 0.5 mM in a background solution of 0.1 M NaCH. The average of three

consecutive sweeps was taken.

Method validation

To validate the analytical performance, calibration standards of all APs were prepared in
ultrapure water. For EDTMP and DTPMP the pH was adjusted to a value of 2 5 in order to
dissolve them. Due to observed analyte transformation at room temperature and under light, the
standards were stored at —18 “C in the dark until analysis. The calibration ranged from 0.05 pM
to 20 uM for each compound. For two standards (1 pM and 10 uM), ten replicates were
measured consecutively to show repeatability. In order to validate the repeatability of the

calibration, four calibration measurements have been performed on different days.

The method detection limits (MDLs) for all compounds were determined using the MDL
procedure described by the US environmental protection agency (US EPA, Revision 2, 2016)7'.
At an S/N ratio of ~5, the respective standards have been prepared in deionized water and

measured eight times (n = 8) consecutively, hence the MDL could be calculated using the singe-
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tailed Student’s t-value with a confidence level of 99 % and the standard deviation of the eight

replicates.

Design of DTPMP transformation experiments

The experiments have been conducted in 50-mL centnfugation tubes (polypropylene, Fisher
Scientific, Waltham, MA, USA) in an anaerobic glovebox (N: atmosphere) from MBRAUN
(Garching, Germany). First, DTPMP stock solution, MES buffer solution, and ultrapure water
have been purged with Nz for one hour and were then transferred to the glovebox together with
the solid MnO.. Afterwards, DTPMP, MES buffer, and water were mixed to yield concentrations
of 1 mM DTPMP and 20 mM MES. After taking the timepoint zero aliquot, MnOz (1 g/L) has been
added to start the reaction. The sampling procedure described in Réhnelt ef al.'® was followed.
In the end, there were two phases for each sampling point — the aqueous and the sorbed phase.
The analytes were desorbed from the MnO: residue, using 0.1 M NaOH and 0.1 M NaHzPO4 in
the ultrasonic bath for 30 minutes. After the desorption step, the desorbed analytes were in an
aqueous phase again and are thus given in the unit uM, too. Samples were stored in the dark at
-20 °C until analysis. Prior to analysis, samples were defrosted, diluted 1:50, and treated with

cation-exchange resin.

The aqueous and sorbed phases were quantified separately and the analyte concentrations

summed after analysis (Cwt = Cag +Csor).

3.4 Results and Discussion

Chromatographic separation

The separation of all six analytes (AMPA, Glyphosate, IDMP, ATMP, EDTMP and DTPMP) on
the Dionex™ lonPac™ AS16 column requires a concentration gradient, as already shown for
some polyphosphonates with NaOH gradients®*. This column is hydroxide-selective, i.e_, it has
been designed to be used with hydroxide mobile phases, thus previous methods describe the
use of pure hydroxide eluents for the separation of e.g. perchlorate® and polyphosphates™. Yet,
with the analytical setup used in this study no satisfactory separation could be achieved with
eluents consisting purely of NaOH. In addition, pure NaCH eluents up to a concentration of
120 mM result in a high background signal and comparably low sensitivity for IDMP, EDTMP,

and DTPMP (see Figure C.6). Therefore, sodium acetate (NaOAc) was tested as an alternative,
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as it has proven to be particularly suitable for eluting the more strongly retained analytes in ion

chromatography of amino acids®. Furthermore, NaOAc is not electroactive and thus compatible
with integrated pulsed amperometric detection.

Hence, eluent B was amended with NaOAc as the main eluting agent. Initial experiments have
been carmed out with a combined NaOH and NaOAc concentration gradient However,
increasing the NaOH concentration from 15 to 50 mM during the chromatographic run, a
significant baseline shift due to the change in pH was observed. By applying a NaOAc
concentration gradient while keeping the NaOH concentration constant at 15 mM, the baseline
shift could be eliminated. Additionally, a significant increase in the analyte response of ATMP,
EDTMP and DTPMP could be achieved. Figure C.¥ shows a comparison of the analyte response
using a pure NaOAc gradient (0-400 mM) with constant NaOH concentration (15 mM) (B) and a
combined NaCH (15-50 mM) and NaOAc (0-400 mM) gradient (A).

The optimized chromatogram was achieved by 15 mM NaOH (eluent A) and 15 mM NaOH plus
400 mM NaOAc (eluent B) and the gradient profile shown in Figure 3.2. This chromatographic
setup led to the elution order AMPA < glyphosate < IDMP < ATMP < EDTMP < DTPMP.
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Figure 3.2 Optimized separation of a 10 pM multi-phosphonate standard using optimized chromatographic and
amperometric parameters, shown after blank subtraction. Column: Thermo Scientific Dionex AS16 (2x5 + 2x250 mm)
at 30 °C; MFC 500 inserted between pulse damper and six-port injection valve; eluents A: 15 mM NaOH, B: 15 mM
NaOH + 400 mM NaOAc; flow rate: 0.3 mL/min; gradient profile: 0-6 min 0 % B, 6-18 min 10-100 % B, 18-21 min
100 % B, 21.1-22 min 0 % B, post run: 9 min with 100 % eluent A at 0.6 mL/min; detection: amperometric detector
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with gold WE, Pt CE and Ag/AgCl RE, 35 °C; waveform: see Figure 3.5 3); injection volume: 50 pyL; 10 pM of: 1 =
AMPA, 2 = glyphosate, 3 = IDMP, 4 = ATMFP, 5 = EDTMP, 6 = DTPMP.

An inherent problem of NaOH eluents — manually prepared from NaOH concentrates — are
carbonate impurities®®. At low hydroxide concentrations, divalent carbonate ions accumulate at
the stationary phase of an anion exchanger, thus reducing the anion-exchange capacity of the
column over time, which results in a general RT decrease and a change in the elution order
between IDMP and ATMP (Figure C.8). Since analytes are identified via RT assignment, it is
crucial to avoid carbon dioxide contamination in the eluent as much as possible to produce stable
retention times. Therefore, several measures were taken to prevent CO; contamination, such as
e.g., Naoverpressure in the eluent bottles (see Experimental Section). With those measures in
place reproducible RTs were obtained, with standard deviations =0.16 min (for DTPMP) and a
maximum relative standard deviation of 1.3 % for AMPA within 38 hours (see Figure C.9).
However, over a longer period of time a trend toward shorter RTs for all analytes was observed,
which was compensated by the continuous measurement of external standards after six to ten
sample runs (check standards). When strong retention time shifts were observed and two
compounds were not separated to baseline anymore, the column was regenerated with freshly
prepared NaOH (c = 300 mM) at a flow rate of 0.5 mL/min for 12 hours.

APPs form strong complexes with bi- and multivalent metal cations, such as copper and iron32.
Therefore, bi- and multivalent cations need to be eliminated from the IC system and column._ If
metals are not eliminated, EDTMP and DTPMP show unreproducible chromatographic behavior,
in the form of e_g., two peaks or no peak in the chromatogram and/or distorted peak shapes and
therefore their quantification is impaired. If e.g., Fe is present in the system, different Fe
complexes can be formed depending on the analytes and analyte concentrations present in the
standard/sample. Figure 3.3 depicts chromatograms of EDTMP and DTPMP influenced by Fe in
the IC system. To achieve metal elimination, the system and column have been rinsed regularly
with 0.05 M EDTA and a metal-trap column has been inserted between pulse damper and six-

port injection valve (see Experimental Section, Maintenance).
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Figure 3.3 Chromatograms of EDTMP and DTPMP standards in a system with iron contamination. a) A: 10 yM
DTPMP, B: 10 uyM EDTMP, C: 20 uyM EDTMP, D: 20 uM, DTPMP; b) A- 10 uM DTPMP, B: 10 pM EDTMP, E: 10 uM
EDTMP + 10 uM DTPMP. Chromatographic conditions: column: Thermo Scientific Dionex AS16 (2x5 + 2x250 mm) at
30 °C; eluents A: 15 mM NaOH, B: 50 mM NaOH + 400 mM NaOAc; flowr ate: 0.3 mL/min; gradient profile: 0-6 min
0 % B, 6-14 min 10-30 % B, 14-18 min 30-100 % B, 18-19 min 100 % B, 20.1-22 min 0 % B, post run: 8 min with
100 % eluent A at 0.6 mL/min; detection: amperomeiric detector with gold WE, Pt CE, and AgfAgCl RE, 35 °C;
waveform: see Figure 5 3); injection volume: 50 pL.

Electrochemical Detection

After the chromatographic separation, the detection parameters were optimized. A gold working
electrode (WE) was chosen because of the strong adsorptive interaction between amines and
the gold surface due to its unsaturated d-orbitals*”. Platinum was chosen as counter electrode
(CE, here: cathode) material due to its inert character. For the reference electrode (RE),

palladium has been chosen as a starting point2.

However, the majority of the aminophosphonate analytes under investigation are not readily
oxidized between -0.3 and +0.75V utilizing DC amperometry at the gold electrode (see
cyclovoltammograms in Figure C.10). Except for AMPA, the voltammograms of all other analytes
(0.5 mM each) cannot be distinguished from the voltammogram of the background electrolyte
(0.1 M NaOH). The peak in the positive scan in the cyclovoltammogram of 0.1 M NaOH
commesponds to the formation of surface oxide at the gold electrode, while the peak in the negative

scan corresponds to the reduction of surface oxide®8.%8.

Hence, APPs cannot be detected by applying the classical waveforms for pulsed amperometric

detection (see Figure 3.5 (1) and 3.5 (2)) that was originally developed for the detection of
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carbohydrates*®. On the other hand, the free electrons of the amine group in APPs can be

oxidized utilizing IPAD waveforms on a gold working electrode.

Choice of the type of reference electrode

First, a Pd RE was utilized as it was already successfully used for IC-IPAD analysis of glyphosate
and AMPA*24%_However, it did not tumn out to be suitable for APP analysis as peak areas strongly
increased for all six analytes (up to +80 % for EDTMP) within 32 hours. As an example, Figure
3.4a illustrates the peak area increase over time for 10 pM glyphosate. Insufficient cleaning of
the working electrode was ruled out, as this would lead to a decrease in sensitivity. Therefore, it
was hypothesized that the instable signal was caused by the sorption of APPs onto the reference
electrode, altering the oxidation potential from the set value. To minimize the sorption of APPs
an Ag/AgCl RE has been tested as described for EDTMP and DTPMP?* and carbohydrates™.
Using an Ag/AgCl instead of a Pd RE and applying the identical potential sequence, peak areas

were significantly more stable (see Figure 3.4 b).
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Figure 3.4 Normalized peak areas of glyphosate (10 pM) over time for different reference electrodes (RE) and
potential waveforms. The used waveforms (1, 2 and 3) are depicted in Figure 3.5. a) Pd RE and waveform 1, b)
AglAgCl RE and waveform 1, ¢) Ag/AgCl RE and waveform 2, d) Ag/AgCl RE and waveform 3. Chromatographic
parameters: column: Metrohm Metrosep A Supp18 (4x5 + 4x150mm), 30 °C; eluents: A 20 mMNaOH, B 50 mM NaOH
+ 400 mM MNaOAc, gradient profile: 0-3 min 5% B, 3-16 min 5-36% B, 16.1-18 min 50% B, 18.1-25min 0% B.
Detection: amperometric detector with gold WE and Pt CE; RE and waveform as denoted; detector temperature: 35
°C; injection volume: 50 pL.
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Figure 3.5 Waveforms used for the measurements presented in Figure 3.4: 1) PAD with E1 =+0.15 ¥V, Ea = +0.55 V,
Ez =-0.1V and integration time of 200 ms, 2) PAD with E; = +0.15V, Ez = +0.65 V, E3 =-0.1 V and integration time
of 100 ms, 3) IPAD withE1 =000V, E2 =+0.27V, Ea=-1.0V, Es = +0.60 ¥V and integration time of 380 ms; the exact
potential sequence of 3) is presented in Table C.4.

Effect of IPAD wave forms

IPAD is the method of choice for detecting amino compounds, including amino acids, due to the
necessity of mode Il detection*t. Using IPAD together with the Ag/AgCl RE resulted in constant
peak areas with marginal increases within 15 hours (see Figures 3.4d and 3.5 3). Additionally,
the advantages of IPAD include lower background signal, a lower gradient-induced background
increase when applying a concentration gradient, and increased analyte signals (peak areas)
compared to tested PAD waveforms (see Figures 3.5 1 and 2). Chromatograms recorded using
PAD compared to IPAD are depicted in Figure C.11.

To prepare the WE surface for the next oxidation reaction, a series of reduction and oxidation
potentials are applied after every cycle like in standard PAD mode. The optimized IPAD
waveform with a maximum detection potential (Ez) of 0.27 V and an integration time of 750 ms
is shown in Figure 3.5 3). This sequence resulted in low background signal, a high signal-to-
noise ratio, symmetric peak shapes (see Figure 3.2), and low method detection limits (MDLs)
(see "Method validation”).

IPAD waveforms are described in literature to be very effective for amino compounds, but not
showing a great response for alcohols or carbohydrates®®. In order to assess which TPs can be
detected using IC-IPAD, the phosphonate compounds 2-aminoethylphosphonic acid (2-AEP),
etidronic acid (HEDF), methylphosphonic acid (MPA), phosphonoacetic acid (PAA), and
phenylphosphonic acid (PPA) were tested. While two of them did not show any response at the
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before-mentioned detector (MPA, PAA), three of them showed a response (PPA, 2-AEP, HEDP),
but one order of magnitude lower than the AMPA response: while 10 pM AMPA resulted in a
peak area of approximately 260 nA*min, 20 uM HEDP (resp. 2-AEP, PPA) yield less than 10 %
of that (HEDP: 23 nA*min, 2-AEP: 27 nA*min, PPA: 7 nA* min, see Figure 3.6).

Thus, the chosen detection method will primarily detect amino compounds with small signals for
compounds bearing hydroxide groups or phenyl groups. The comparably low response of 2-

AEP, which exhibits a pimary amine function, needs further investigation.
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Figure 3.6 Chromatograms of seven different phosphonates. 20 uM of each compound: 1 = AMPA (a) and glyphosate
(b), 2= Z-aminoethylphosphonic acid (2-AEP), 3 = 1-hydroxyethylidene-1,1-diphosphonic acid (HEDP), 4 =
methylphosphonic acid (MPA), 5 = phosphonoacetic, acid (PAA), 6 = phenylphosphonic acid (PPA). Chromatographic
conditions: column: Thermo Scientific Dionex AS16 (2x5 + 2x250 mm) at 30 °C; eluenis A: 15 mM NaOH, B: 50 mM
MNaOH + 400 mM NaOAc; flow rate: 0.3 mL/min; gradient profile: 0-5 min 10 % B, 510 min 10-30 % B, 10.1-15 min
0 % B; detection: amperometric detector with gold WE, Pt CE and Ag/AgCIl RE, 35 °C; waveform: see Figure 3.5 3)
with Ez=025V.

Method validation

All APs were calibrated in the range of 0.05 — 20 yM. Calibration curves were measured four
times over three days to assess repeatability. Applying linear regression, the coefficient of
determination (r?) showed values of =0.9960 for all six compounds. Over three days, the slopes
of the linear calibration curves increased significantly, most pronounced for EDTMP and DTPMP,

which is to be expected as the electrode surface is continuously altered throughout a
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measurement sequence. This underlines the need for continuous injection of check standards
and/or new system calibration. However, the consistent high lineanty of the single calibration

curves proves the suitability of the method for external calibration.

To verify the repeatability of consecutively measured samples, the 1 uM and the 10 pM standard
were measured eight times sequentially. The relative standard deviations (or) of the peak areas
of those consecutive measurements were =5 % (1 pM) and =3 % (10 uM), respectively. The MDL
was calculated according to the US EPA (Revision 2, 2016) using standards of the respective
analyte with an S/N ratio of ~5.

Those analytical key figures are presented in Table 3.1. The peak width at half height was
=0.13 min (glyphosate) for the 20 yM multi-standard. To assess the method's analytical
performance metrics, they will be compared with the figures of ment of other non-M5-based APP

quantification technigues listed in Table C.1.

Table 3.1 Analytical figures of merit of the optimized IC-IPAD method. or denotes the relative standard deviation (n =
8) of the peak areas at the given concentration, r* is the coefficient of determination for the linear regression of one
standard curve in the given concentration range. MDL denotes the method detection limit.

AMPA Glyph IDMP ATMP EDTMP  DTPMP
Or (1 HM) in % 22 19 25 49 26 49
or (10 pM) in % 1.0 08 1.0 1.7 0.3 23

r2 (0.05-20 pM) 0.9996 0.9991 0.9991 0.9997 0.9929 0.9987
MDL in pM 0.014 0.064 0.049 0.065 0.062 0.104

Mowack (1997) reported detection limits (LODs) of 0.05 pM for ATMP and EDTMP, and 0.1 pM
for DTPMP using pre-column Fe'" complexation and UV/vis detection. Weiss & Hagele (1987)2
stated quantification limits (LOGCs) in the lowest ppm range for ATMP, EDTMP, and DTPMP
(single digit yM range). Tewari & van Stroe-Bieze (1997)*, using amperometric detection,
described their method as easily applicable to 25 mg/L (43.7 uM DTPMP), without stating explicit
LODs.

The MDLs achieved in this study are comparable to those reported by Nowack (1997)*, despite
the use of a larger injection volume (200 pL) and broader DTPMP peaks (=5 min width at 5 pM).
Compared to the value provided by Tewari & van Stroe-Bieze (1997)*, our method achieves

MDLs approximately 100 times lower.
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It is worth noting that these previous studies did not investigate method repeatability, which is
crucial given the challenges associated with APP quantification®-5"-%%_ Qur detailed examination
of repeatability and system maintenance provides valuable information for researchers in the
APP field. The pnmary advantage of our method, however, lies in its green approach and
simultaneous analysis of aminomono- and polyphosphonates, which will be discussed in

subsequent sections.

Greenness

To evaluate the greenness of the presented method in comparison to other published methods,
the “Analytical GREEnness Metric Approach and Software” (AGREE)* has been used, which
was recently employed (in an adapted version) in a number of studies®™®_ This approach is
based on the 12 principles of GAC and provides a score from zero (not green) to one (maximum
green). Some aspects are briefly explained and conceptualized in the Supporting Information to

ensure transparency of the comparison.

For this comparison, the IC-ESI-MS quantification method published by Armbruster ef al. in
2019% and the LC-UV/vis method published by Nowack in 1997 served as references. These
methods were chosen, as both describe the analysis of the three APPs ATMP, EDTMP and
DTPMP. The IC-ESI-MS method represents a novel approach using mass spectrometry without
denvatization. This allows for a comparison with a state-of-the-art technique. The LC-UVivis
method employs pre-column derivatization (complexation with Fe"), but no use of a mass
spectrometer. By selecting these two methods, we can evaluate the greenness of our new I1C-
IPAD method against both a modern mass spectrometry-based technique and a simpler

approach based on Fe"-APP complex formation.

The IC-IPAD method (Figure 3.7a) outperforms the other two methods (Figure 3.7 b and c) in
several aspects. Regarding energy usage (principle 9), IC-IPAD consumes only about
0.035 kWh per sample, compared to over 1.5 kWh for IC-ESI-MS?*. In terms of waste and toxic
reagents (principles 7 and 11), the IC-IPAD method avoids the use of organic solvents like
methanol or acetonitrile and the use of the ion-pair reagent tetrabutylammonium (TBA), which
are used in the other methods®®*. The sample preparation for the LC-UV/vis method requires a
multi-step protocol, comprising cation exchange, Fe'""APP complexation, sequestration of
excess Fe' with NTA, and subsequent addition of a carbonate/TBA buffer. This elaborate

procedure is time-intensive and contravenes the principles of integrating analytical processes
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(principle 4) and avoiding derivatization (principle 6). In contrast, the IC-IPAD method employs a
less complex sample preparation protocol (solely cation exchange) and eschews the utilization

of denvatization procedures.

Finally, the IC-IPAD method can simultaneously analyze six aminophosphonates, compared to

three in the other methods (principle 8).

While the IC-ESI-MS method provides additional compound-specific information, this is not
always necessary depending on the research requirements. The IC-IPAD method offers a good
balance between analytical perfformance and greenness, making it particularly suitable for

routine analysis of laboratory samples with known matrices.

It is important to note that the selection of an appropriate quantification method should be based
on the specific research needs, and existing methods should be evaluated for potential

improvements in greenness while considering these requirements.
) 1] ? g

Sy aa &y

Figure 3.7 Greenness evaluation diagrams derived by the AGREE metric system and program from Pena-Pereira et
al. (2020)** for a) the IC-IPAD method presented in this work, b) the IC-ESI-MS method published by Armbruster et
al. (2019)%8 and c) the LC-UVvis method published by Nowack (1997)30.

a)

B
2\

Application example: DTPMP oxidation by manganese dioxide

To demonstrate the suitability of the method described for laboratory APP transformation studies,
DTPMP and its major electroactive TPs were quantified in the course of DTPMP oxidation by
manganese dioxide. Measured concentrations over the course of the sequence were corrected
using continuously measured check standards (1 pM, see Figure C.12 and Table C.5 for the

cormrection function).
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Each sample was measured in triplicates. Figure 3.8 shows DTPMP transformation alongside
the formation of TPs over time. While DTPMP concentrations decreased continuously, known
(IDMP, AMPA) and unknown compounds appeared in the chromatogram, the latter were labeled
with letters (see Figure 3.8, 24 .5 h). While some of the TPs (AMPA, IDMP) just increased, others
decreased in concentration over the course of the experiment (D, E after 0.7 h) and, therefore,
seem to represent intermediate products. For better depiction of the low concentrated analyte
peaks, see Figure C.13. DTPMP is almost completely transformed after 3 hours. The similarity
of the 3-hour and 24 5-hour samples demonstrates that the transformation products remain

stable, with minimal changes occurring between these timepoints.

1 2 3 4 5 6
6000 |,
A ‘I
. B | E
s00 = o M _E S
|'
|
4‘]00 ' _,-,|| )
o e L — 30h
=
: |
>
» 3000 4 -.II
% I D S A\ N W — 16h

2000 - S ,__J A ;‘\_A“ 0.7 h

. ._p-ll. N GI4 h
1000 S
0 i 00h
1 ¥ I v I | v 1
55 121 147 16,6 19.220.7
Time in min

Figure 3.8 Stacked chromatograms of five different sampling points from the DTPMP transformation experiment
(aqueous phase) with MnO2 shown after blank subtraction. The respective time in hours is denoted next to each
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chromatogram. The numbers denote the following compounds: 1 = AMPA, 2 = Glyphosate, 3 = IDMP, 4 = ATMP, 5=
EDTMP, 6 = DTPMP. The asterisk denotes the injection peak. Unknown TPs formed are labeled with letters. Optimized
chromatographic and amperometric parameters as described in the caption of Figures 3.2 and 3.5 3) were employed.

IDMP and AMPA were identified by RT assignment and standard addition (see Figure C.14 &
15). However, the identification via standard addition is not a definite identification and thus
needs to be verified by either plausibility and/or by identification methods such as IC-MS/MS.
IDMP and AMPA are well-described as APP transformation products in literature™21% and are
thus plausible and expected. In addition, AMPA has been identified using LC-MS/MS©. Contrary,
the positive result of the ATMP standard addition (Figure C.15) illustrates the deficiency of this
approach as the formation of ATMP (which would require a C-P bond formation) can be excluded
in the conducted expenment. Thus, this peak represents a different compound coeluting with

ATMP, probably also exhibiting 3-4 phosphonate groups.
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Figure 3.9 Total concentration profiles of DTPMP, IDMP, and AMPA normalized to the initial DTPMP concentration
during DTPMP oxidation by MnOz using 0.1 g/L MnOz at pH 6 in an anoxic environment. *P tot® represents the
phosphorus mass balance, which includes total P from all quantified compounds. Error bars represent standard
deviations of triple measurements. Optimized chromatographic and amperometric parameters as described in the
caption of Figures 3.2 and 3.5 3) were employed.

Finally, the concentration profiles of the identified compounds DTPMP, IDMP, and AMPA versus

time were plotted. Figure 3.9 shows the total concentrations (agueous + sorbed) of the three
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compounds and the weighted phosphorus mass balance (Pi). The highest standard deviation
was found for IDMP after 24.5 h (o = 10.54 uM, or = 1.1 %). The weighted Pix including DTPMP,
IDMP, and AMPA amounts to 37.1 0.5 % at the end of the experiment.

Thus, the developed method 1) gives a good overview of the formed (electroactive)
transformation products and i) allows the accurate quantification of TPs using external
calibration with standards.

Other unknown transformation products showing a signal on the detector (A-E) could tentatively
be identified by the respective standards and ultimately by high-resolution mass spectrometry
(HRMS). For the determination of orthophosphate and other non-electroactive compounds

different analytical methods are required.

3.5 Conclusion

The IC-IPAD method developed in this study represents a cost-effective and green method for
the simultaneous gquantification and monitoring of APPs and their transformation products in
transformation studies. The method is suitable for the intended application of APP quantification
in laboratory experments and allows the monitoring of the environmentally relevant
transformation products AMPA, glyphosate, and IDMP. This was demonstrated for a DTPMP
transformation experiment with MnOz. MDLs between 0.014 pM (AMPA) and 0.104 pM (DTPMP)
were achieved, while external calibration showed excellent linearty from 0.05 to 20 yM. This new
method is supenor in terms of environmental friendliness due to low energy consumption,
elimination of any denivatization reactions and organic solvents in the mobile phase, and better
simultaneous quantification of six analytes. However, unambiguous identification of unknown
analytes and differentiation of coeluting compounds is not possible with this method due to the
inherent limitations of the detection employed. If structural elucidation is required, the separation
system could be hyphenated with tandem HRMS using a membrane suppressor system, while
guantification could be performed using the method presented here. Future integration of green
APP extraction methods could enhance the method's sensitivity in complex environmental

matrices, potentially extending its application range to natural samples.
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4.1 Abstract

We demonstrate that the broad-spectrum herbicide glyphosate is a stable transformation product
of diethylenetriamine penta(methylenephosphonate) (DTPMP), a chelating agent widely used in
household and industrial applications. Glyphosate was formed at near-neutral pH in buffered
ultrapure water and sterile-fitered wastewater, but only in the presence of manganese. Dissolved
Mn?* and O or suspended MnO; (with and without dissolved O3) led to glyphosate, that remained
stable even after complete DTPMP transformation. Maximum glyphosate yields varied with
reaction conditions and ranged from 0.03 to 0.42 mol-%. The ubiquitous presence of manganese
in natural and engineered systems underscores the potential importance of Mn-driven DTPMP
transformation as a previously overlooked source of glyphosate in aquatic systems. While further
research is needed to evaluate the factors controlling the product spectrum and glyphosate yields
from DTPMP transformation in technical and natural settings, our results challenge the current
paradigm that herbicide application is the sole source of environmental glyphosate contamination.
Consequently, current strategies and approaches to protect water resources from glyphosate

contamination need to be reconsidered and expanded.

4.2 Introduction

The aminomonophosphonate glyphosate is the most widely used herbicide worldwide. It is a
non-selective herbicide, mostly used to kill weeds that compete with crops. Its utilization has
significantly increased following the introduction of genetically modified herbicide-tolerant crops,
which allowed for extended glyphosate application periods'2. According to the US National
Pesticide Information Center (NPIC) the typical half-life of glyphosate is relatively short (1.5
months)? but highly variable in soils ranging from few days to several years*’. Environmental

persistence of glyphosate is reflected by its frequent detection in ground and surface waters®13
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The major transformation product (TP) of glyphosate in the environment is

aminomethylphosphonate (AMPA), which exhibits a longer half-life than glyphosate™'!.

Glyphosate pollution of water bodies so far has exclusively been attributed to herbicide
applications™. Yet, a recent study revealed negative removal rates for glyphosate and AMPA in
municipal wastewater treatment plants'®, while another study highlighted municipal wastewaters
as a significant source for glyphosate and AMPA in surface waters in Europe’. As the high and
rather constant loads of glyphosate and AMPA in wastewater effluents over the year are not
compatible with herbicide applications, a different source was suspected’?.
Aminopolyphosphonates (APPs), which are widely used in laundry detergents in the EU'®, are
known precursors of aminomethylphosphonate (AMPA)'™2'. Since the basic structure of
glyphosate is already present in certain APPs (see Fig. 4.1), APPs are suspected precursors for
glyphosate, too'22,

Phosphonate consumption (APPs as well as N-free analogues) in Europe was 49,000 metric tons
per year in 2012'®. Detergents and bleaches are major applications for phosphonates. 7,613
metric tons were used in household detergent and cleaning applications in Germany in 2019%.
The three commercially most relevant APPs are aminotris{methylene phosphonate) (ATMP),
ethylenediaminetetra{methylene phosphonate) (EDTMP) and diethylenetriamine
penta(methylene phosphonate) (DTPMP)'.

While the predominant removal process for DTPMP and other polyphosphonates in wastewater
treatment plants (WWTPs) is commonly attributed to sorption onto sewage sludge'82425 recent
studies underscore the need to critically examine also the transformation pathways of these

compounds#13.

Transformation of APPs (photolysis, Mn?*/02, MnOOH) with AMPA, iminodi(methylene
phosphonate) (IDMP) and phosphate as major TPs (see Fig. 4.1) is well documented in the
literature'™9-2%-28_ However, evidence for glyphosate formation is limited to ozonation of EDTMP
in drinking water and is lacking under environmentally relevant conditions. The formation of
glyphosate from APPs requires the presence of an ethylene moiety on the nitrogen atom of the
APP molecule, whose terminal carbon can ultimately be oxidized to a carboxylic acid. Among the
high-volume APPs, only EDTMP and DTPMP exhibit this structural feature, the latter one being

quantitatively the most significant®®.

Klinger et al. 2 proposed a reaction scheme for the formation of glyphosate from EDTMP by

ozone, a strong oxidant widely used in water treatment. The authors proposed an aldehyde as an
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intermediate after a C-N bond cleavage within the ethylene moiety and further oxidation of this

aldehyde to the carboxylic acid required for the formation of glyphosate #®

Besides ozone, manganese oxide minerals (MnQ,) are strong oxidizing agents that are important
not only in technical systems but also in the environment®. They are often formed by microbial
oxidation of dissolved Mn", leading to amorphous structures with high surface areas®®*'.
Manganese minerals are ubiguitous, not only present in scils and sediments but also in
substantial concentrations in sewage sludge®. The significance of manganese for the oxidation
of ATMP and other APPs including DTPMP has early been recognised by Nowack & Stone?"-22.32,
Recently, the transformation of IDMP by manganese dioxide was investigated in detail revealing
AMPA and POs* as main TPs?®. The transient formation of N-formyl-AMPA (F-AMPA) suggests
oxidation of the terminal carbon of an N-methyl-AMPA intermediate to an aldehyde after C—P
bond cleavage of IDMP. In analogy to the oxidation of EDTPM by ozone, further oxidation of this
terminal carbon might lead to the carboxylic acid — in this case with a methylene moiety as IDMP

is the precursor.

Therefore, it is conceivable that manganese oxide minerals or dissolved manganese may lead to
glyphosate formation from APPs bearing an ethylene moiety (see Fig. 4.1) in technical and

environmental systems.
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Figure 4.1 Schematic representation of the formation of phosphate, AMPA, IDMP and glyphosate (proposed) from
DTPMP. Phosphate can form via one C-P bond cleavage (iv), IDMP is formed via one C-N bond cleavage (i), while
AMPA is formed via two C-N bond cleavages (i, ii). We propose one pathway for the formation of glyphosate from
DTPMP via two C-N bond cleavages (1, iii) and oxidation of the terminal C first to the aldehyde (v) and then o the
carboxylic acid (vi). The symmetry of the DTPMP molecule, which contains five phosphonate groups, allows multiple
equivalent bond cleavages fo lead to the same resuliant product. For clarity, only one representative option for each
potential cleavage is illustrated. All compounds are depicted in their fully deprotonated forms.

Here, we present the results of systematic laboratory expernments on the formation of glyphosate
and AMPA as TPs of DTPMP oxidation by manganese dioxide and dissolved manganese and
oxygen. The study was designed to capture relevant environmental conditions regarding pH and

the presence or absence of dissolved oxygen.

93



4.3 Results & Discussion

4.3 Results & Discussion

We report the results of laboratory batch experiments designed to elucidate the effects of MnO2z
mineral concentrations (0.1 g/L vs. 1 g/L), dissolved Mn®* (1 mM) and the presence or absence
of Oz (atmosphere/21 vol -% Oz vs Nz atmosphere) on the transformation of 1 mM DTPMP. The
experiments were carried out in punfied water (buffered at pH 6) as well as in sterile-filtered
wastewater (pH 8) as matrix. The pH values were monitored and are depicted in Figure D.1.
Control experiments without manganese oxides or dissolved Mn?* generally showed no reactivity

towards DTPMP (see Supplementary Figure D_2).
DTPMP transformation by manganese at pH 6

In aqueous solution buffered at pH 6, DTPMP was completely transformed by MnQO; within
= 24 h under all conditions studied (see Fig. 4.2). With 1.0 g/L. MnO- under oxic conditions (fastest
reaction kinetics), complete DTPMP transformation was observed after 20 min, while for 0.1 g/L
MnQ; under anoxic conditions (slowest reaction kinetics) complete DTPMP transformation was
observed after 24 hours. Under oxic conditions with 1 mM Mn?* the slowest transformation
kinetics of DTPMP were observed and complete DTPMP transformation was reached only after
=130 hours (see Fig. D.3).
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Figure 4.2 Total (agueous and sorbed) DTPMP concentrations quantified using IC-PAD as a function of time and
pseudo-first order fits (see Table 4.1) for all four experiments with MnO= in agueous MES buffer (pH 6) a) 1.0 g/L MnO=
oxic condifions, b) 0.1 /L MnOz oxic conditions, ¢) 1.0 g/L MnOz anoxic conditions, d) 0.1 g/L MnO2z anoxic conditions.
Error bars represent absolute emors between experimental duplicates.
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To evaluate the DTPMP transformation kinetics, pseudo Ot-order rate constants were determined
as no higher reaction order adequately described the kinetics across all four MnO:z expernments.
These constants were derived by linear regression considering the time intervals described in

Table 4.1. This approach allowed for a comparative kinetic analysis of the four MnO; expernments.

In the absence of dissolved oxygen, the transformation of DTPMP followed a pseudo-0* order
rate law with R? values of =0.98. The presence of dissolved oxygen accelerated the reaction and
changed the rate law as indicated by the deviation from pseudo-0™ order kinetics (R? = 0.85).
Both MnQO: concentration and the presence of (O; concentrations enhanced DTPMP
transformation kinetics, with the fastest rates for 1.0 g/L MnOz under oxic conditions, followed by
1.0 g/L MnO- under anoxic conditions. Both experiments (oxic and anoxic) containing 0.1 g/L
MnO: exhibited slower reaction kinetics than 1.0 g/L, while the reaction containing 0.1 g/L under
anoxic conditions showed the slowest reaction. Normalization of the reaction rate constants to
the specific surface area (knom) provided further insights into the role of oxygen and available
surface area. knom-values showed that the oxic experiments were faster compared to their anoxic

counterparts.

The rate enhancing role of oxygen may be related to multiple processes involving different redox
states of manganese as reported in literature. Under oxic conditions, Mn?* (formed by the
reduction of Mn"™ 2230) is known to catalyze DTPMP (and ATMP, EDTMP) oxidation by O,
(Mn2¢/03) in homogeneous solution?2-3. However, the much slower reaction kinetics of DTPMP in
homogeneous solution (1 mM Mn?* and Oz) compared to the heterogeneous systems found in
this study clearly show that the strongly enhancing role of O3 in MnO; experiments must be due
to processes other than mere Mn?*/0z interaction, probably involving the formation of Mn" on the

mineral surface.

Manganese minerals with elevated Mn"' content appear to be more reactive oxidants *-353¢_|n
heterogeneous systems containing Mn?* and MnOz, Mn" can be formed by comproportionation
and be associated with the mineral surface or reside in solution®. Furthermore, MnO:= can
catalyze the oxidation of Mn" by O; to Mn"™ 37_ Finally, MnO- itself may act as a direct oxidant but

also as a catalyst in connection with Oz 3.

Previous research on IDMP transformation using the same sample of MnO,; demonstrated that
roughly two electrons are accepted by MnO:z per transformation of one IDMP molecule?. Thus,
the electron-accepting capacity of 0.1 g/L MnO2, which corresponds to 1.1 mM MnO2, cannot

explain the complete transformation of 1 mM DTPMP to smaller transformation products, which
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are partially further oxidized. Moreover, as normalized reaction rate constants both under oxic
and anoxic conditions were higher for low mineral concentrations (0.1 g/L vs. 1.0 g/L) a catalytic

role of MnOz next to its direct oxidation activity is evident.

Table 4.1 Pseudo-0" order reaction rate constants (k) and those reaction rate constants normalized to the surface area
{¥nom) for DTPMP transformation in the four experiments with MnOz in MES buffer. The standard emors of the linear
regression are given as +x. R? is the regression coefficient of the linear regression from the start of the experiment until
complete DTPMP transformation (24 h excluded for 0.1 g/L anoxic due fo low data point density). The linear section
indicates the time intervalftimepoints included in the inear regression.

c(MnO;) 10gilL 01glL 10gilL 01glL
02 oxic oxic anoxic anoxic
k in pM/h 2729 + 800 650 + 106 946 + 26 133+3
Knorm in
pmol/{(m?*h) 42 +12 101+ 16 147104 206+05
R? 0.842 0.859 0.996 0.988
Linear section in h 0-0.35 015 0-0.67 0-6.0

Formation of TPs from DTPMP

During DTPMP transformation, the formation of various phosphorus-containing TPs was
monitored in the aqueous phase using ion chromatography (IC) coupled to inductive-coupled
plasma mass spectrometry (ICP-MS). Figure 4.3 shows an exemplary chromatogram (1 g/L
MnOsz, anoxic conditions, reaction time of 2 h, aqueous phase) next to a mix-standard of 30 ppb
P (0.97 yM) per compound. The main TPs identified based on retention times and reference
compounds in all experiments were IDMP and phosphate, consistent with previous studies18-18.28
Based on the initial DTPMP concentration, IDMP formation reached up to 97 mol-% (0.1 g/L
MnOs, anoxic  conditions), while POs* formation peaked at 153 mol%
(1.0 g/L MnOz, oxic conditions). Regarding phosphate, the maximum molar yield amounts to
500 mol-%, due to DTPMP’s five phosphonate moieties. DTPMP, IDMP, and POs* concentrations

over time in the aqueous phase are depicted in Supplementary Figure D 4.
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In the exemplary chromatogram shown in Figure 4.3, a double peak is visible at the retention time
of AMPA (83.0s), while a triple peak is observed around the retention time of glyphosate
(167.5 s). Both peaks, even if considered to be the respective compounds, were below the
instrumental LODs (0.9 ppb P for AMPA and 1.7 ppb P for glyphosate) and therefore represent
an almost negligible fraction within the TP spectrum. Thus, it is not surprising that the formation
of glyphosate has so far been mostly overlooked.

To verify glyphosate and AMPA formation during DTPMP transformation, we used FMOC
derivatization and subsequent quantification by means of reversed-phase high-performance liquid
chromatography (RP-HFLC) coupled to a trple-quadrupole (QQQC) mass spectrometer, an
established trace analysis method for glyphosate and AMPA®41.
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Figure 4.3 Phosphorus-selective IC-ICP-MS chromatogram of the aqueous fraction of duplicate A of the experiment
containing 1.0 /L MnOz under anoxic condifions, reaction fime 2 h (red, see Fig. 4.2 c), overlayed by the chromatogram
of a standard mix including the denoted compounds (black, 30 ppb P per compound). The sample was diluted 1:1000
to match the calibration range. Abbreviations for standard compounds not described in the text: 2-AEP = 2-
aminoethylphosphonate, MPA = methylphosphonate, PAA = phosphonoacetfic acid.

Glyphosate and AMPA formation from DTPMP

The formation of glyphosate as well as AMPA was observed in all experiments with MnO: (see
Fig. 4.4). While AMPA is the main TP of glyphosate in the environment™''#2 the main path for
AMPA formation from DTPMP is via two C—N bond cleavages (see Fig. 4.1).

Glyphosate and AMPA yields were calculated in mol-% based on the analyzed initial DTPMP

concentration. The maximum molar yields for the experiments conducted at pH 6 within the

a7



4.3 Results & Discussion

timespans presented in Figure 4.4 were 0.16 mol-% (1.6 uM) for glyphosate and 10.13 mol-%
(95 pM) for AMPA_ Clearly, the concentration of oxygen and MnO: affected the glyphosate and

AMPA formation kinetics and maximum observable yields.
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Figure 4.4 Total DTPMP (black), glyphosate (red) and AMPA (blue) concentrations during DTPMP oxidation by MnOz
in four different experiments in MES buffer (pH 6). DTPMP was quantified using IC-IPAD (see Fig. 4.2), AMPA and
glyphosate using LC-QQQ. a) 1.0 g/L MnOz oxic, b) 0.1 g/L MnOz oxic, ¢} 1.0 g/L MnOz anoxic, d) 0.1 g/L MnOz anoxic.
Error bars represent absolute emors between experimental duplicates.

Both compounds formed fastest in the presence of 1.0 g/L MnO2 under oxic conditions (Fig. 4 4a)
reaching their maximum concentration after 1 hour. A similar maximum concentration of
glyphosate was reached with 0.1 g/L MnO- under oxic conditions but only after approximately 28
hours compared to 1 hour (Fig. 4.4b).

With 0.1 g/L MnO:z under anoxic conditions (Fig. 4.4d) no AMPA was observed within the first four
hours. After 6 hours, AMPA was detected in comparably low concentrations around 12 pM
increasing up to 98 uM after 24 hours, while a maximum glyphosate yield of 0.3 uyM was detected
after 24 hours.
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4 Glyphosate is a Transformation Product of a widely used APP Complexing Agent

Continued glyphosate and AMPA formation after complete DTPMP consumption (see Fig. 4.4 a,
b and c) suggests the presence of intermediates that are further transformed to glyphosate and/or
AMPA_ The presence of such intermediates is further supported by a lag phase before glyphosate
and AMPA formation, as observed for 0.1 g/L MnO3 under oxic conditions (Fig. 4 4 b). Glyphosate
and AMPA concentrations only rose after 1.5 and 1 hour, respectively, even though DTPMFP was

almost completely transformed at that time.

The maximum concentrations of AMPA and glyphosate formed differed between the four
experiments (see Table 4.2). Under anoxic conditions, significantly lower glyphosate yields (0.03
and 0.06 mol-%) compared to oxic conditions (both 0.16 mol-%) were observed, either due to
lower glyphosate formation or rapid subsequent transformation. However, for AMPA this trend is
not discernible (see Table 4.2), potentially due to the numerous reaction pathways leading to
AMPA.

To elucidate the significance of heterogeneous (MnOz) and homogeneous (Mn?*/02) oxidation
reactions on product formation, an experiment with 1 mM DTPMP and 1 mM dissolved Mn®*
(MnClz) was conducted under oxic conditions (buffered at pH 6). Neither glyphosate nor AMPA
formation was observed within the first 24 hours (see Fig. 4.5 a). After 137 hours (approximately
5.5 days), however, 6.3 + 0.2 mol-% AMPA and 0.06 + 0.01 mol-% glyphosate were quantified.
AMPA and glyphosate concentrations stayed almost constant until 185 h yielding 6.8 + 0.7 mol-
% (AMPA) and 0.07 + 0.00 mol-% (glyphosate). The oxidation of glyphosate and AMPA on
manganese oxides has been extensively studied and both compounds can be oxidized by MnO,
4348 Thus, further investigations are required to better understand the stability and further

transformation of glyphosate and AMPA in consecutive reactions.

To account for longer reaction times, the experiment for the most reactive system (1 g/L MnO,,
oxic) was repeated but now sampled over 96 hours (see Supplementary Fig. D.5). AMPA
concentrations increased until the end of the experiment and reached a maximum of 206 pM (24
mol-%) after 96 hours (4 days). Glyphosate was detected up to a maximum of 1.1 pM (0.1 maol-

%), but no clear trend in concentrations could be deduced.

This experiment demonstrates that AMPA and glyphosate — even in the most reactive suspension
after 4 days — are not completely transformed. This is remarkable, as the oxidation of glyphosate
and AMPA on manganese oxides has been extensively studied and both compounds can be
oxidized by MnO,, +**6_Thus, further investigations are required to better understand the stability

and further transformation of glyphosate and AMPA in consecutive reactions. The accumulation
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of TPs during the experiment creates a complex matrix that may impede the reaction between
AMPA or glyphosate and MnO-. These TPs potentially occupy the mineral surface, reducing the
active sites available for further reactions. Two scenarios are consistent with these findings: (i)
the built-up of a TP matrix hinders glyphosate and AMPA transformation by diminishing the
reactivity of MnO: through sorption, or (ii) the rate of glyphosate and AMPA formation exceeds

their transformation rate in parallel reactions.

Formation of glyphosate and AMPA from DTPMP in wastewater matrix

To address the environmental relevance of the observations in pure water, expenments
containing 1 g/L MnO; and 1 mM Mn?* were conducted in wastewater (pH 8, sterile filirated; see
the Methods section for details on the wastewater sample). In control experiments with unspiked
wastewater with and without MnO= or Mn?*, negligible glyphosate and AMPA concentrations were
occasionally detected (see Fig. D.6). Dissolved manganese in the wastewater sample was below
the detection limit (<0.04 mg/L).

DTPMPF transformation kinetics with 1.0 g/L MnOz in the wastewater matrix were slower than in
MES buffer at pH 6 (see Fig. D.7 a versus b) in line with a lower oxidation potential of manganese
oxides at higher pH*¥#% as well as increased electrostatic repulsion between DTPMP and the
mineral surface (point of zero charge of 5.6)**. Furthermore, differences between the
experiments with MES buffer and wastewater are likely due to the complex wastewater-matrix
containing organics (such as other complexing agents) and cations (e.g., calcium), which were
reported to influence APP transformation and sorption'®*. Glyphosate and AMPA yields with
1 g/L MnO- in wastewater were up to 0.06 mol-% (glyphosate) and 10.3 mol-% (AMPA) after
168 hours. However, in wastewater spiked with 1 mM Mn®*, DTPMP transformation kinetics were
faster and had higher glyphosate and AMPA yields compared to MES-buffered pure waterat pH 6
(see Fig. D.5.) In wastewater spiked with 1 mM Mn?*, the highest glyphosate yield (0.42 mol-%)
of all expenments conducted in this study was observed (see Table 4.2), albeit only after 240 h.
Possibly, the reaction kinetics are faster at pH 8 due to stronger complex formation of Mn" and
DTPMP, such as shown for ATMPZ. At higher pH, less protons compete with metal ions present
in solution and DTPMP is more negatively charged®. Furthermore, Mn" complexes might play a
role at higher pH. While the stability of Mn" complexes varies depending on the ligand, certain
ligands including desferrioxamine B show higher stability of Mn'" complexes at pH values between
7 and 1152
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Figure 4.5 DTPMP (black), glyphosate (red) and AMPA (blue) concentrations during oxidation of 1 mM DTPMP by
1 mM Mn** in the experiments containing a) pure 20 mM MES buffer (pH 6) and b) wastewater (pH 8) as matrices.

DTPMP was quantified using IC-IPAD, glyphosate and AMPA were quantified using LC-QQQ. Emor bars represent
absolute emrors between expernmental duplicates.
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Table 4.2 Maximum total AMPA and glyphosate yields given in mol-% of the initial quantified DTPMP concentration at
the denoted timepoints. Errors for AMPA and glyphosate yields represent absolute emors between duplicates. MES
denotes experiments in aqueous 20 mM MES buffer at pH 6, while W'W stands for sterile-filkered wastewater at pH 8.
The timepoint denotes the time of maximum observed AMPA resp. glyphosate formation.

¢(MnOz) ¢(Mn¥)in O Matrix AMPAmax in  Timepoint Glymax in Timpoint

in g/L mM mol-% inh mol-% inh
1.0 - oxic MES 10.1+0.2 3.5 0.16 £ 0.02 1.0
0.1 - oxic MES 45+02 3.0 0.16 £+ 0.01 28
1.0 - anoxic  MES 50+10 6.0 0.06 + 0.00 24
0.1 - anoxic  MES 10.1+0.5 24 0.03 +£0.00 24
1.0 - oxic ww 103+03 168 0.06 + 0.01 168

- 1.0 oxic MES 67107 185 0.07 £ 0.00 185

- 1.0 oxic ww 2i1+05 240 042 +0.01 240

4.4 Conclusion

Polyphosphonates as replacements for polyphosphates and polycarboxylates in detergents,
laundry products and other applications have been considered critical due to their persistence.
However, they have been accepted in applications because they were not considered
toxicologically relevant. Despite their reportedly high recalcitrance aftributed to the high stability
of the C—P bond®*°*%° APPs can be transformed in the presence of manganese, which occurs
ubiquitously in WWTPs, soils & sediments, yielding phosphate, IDMP and AMPA as major
products.

Our study demonstrates that manganese potentially plays a key role in converting the widely used
complexing agent DTPMP in a multi-step reaction to the herbicide glyphosate. The reaction
proceeds at circumneutral pH at MnO; minerals both in the absence and presence of dissolved
oxygen but also in homogeneous solution in the presence of Mn?*/0z, even in wastewater. Under
all conditions studied, AMPA and glyphosate were transformation products, AMPA up to 27_1 mol-
% and glyphosate up to 0.42 mol-%. Both the kinetics and yield of DTPMP transformation
products were heavily influenced by the reaction conditions (MnOz concentration and presence

of Oz and pH/matrix). Once DTPMP was completely transformed, the concentrations of
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glyphosate and AMPA remained constant or even increased within 1 to 10 days of kinetic
experiments. The persistence of glyphosate and AMPA towards the end of the experiment in the
presence of excess MnO: is remarkable as both compounds can be oxidized by unreacted MnO-

minerals+2-48

The comparatively high glyphosate yield of the experiment containing 1 mM Mn?®* in wastewater
under oxic conditions, relative to all other expenments, underlines the relevance of both MnC,
and agueous Mn?* in environmental and technical systems. This finding underlines the relevance
of manganese-driven oxidation reactions in glyphosate and AMPA formation from DTPMP. The
distribution between Mn" and Mn"/Mn" species in the environment is known to depend on various
conditions such as pH, microbial activity, and O: levels®=7_ Our results demonstrate that both
Mn'/Oz and Mn" can lead to glyphosate and AMPA formation, suggesting that these processes

may occur under a wide range of environmental conditions.

Overall, this study provides expenmental evidence for conversion of a widely used non-toxic
commodity compound into a highly debated pesticide’?**® under environmentally relevant
reaction conditions. While we could demonstrate that the reaction is chemically feasible in the
laboratory, future research should elucidate in detail how environmental conditions affect
glyphosate formation from DTPMP and related APPs, the formation and identification of key

intermediates and field studies including yields in wastewater treatment plants.

In addition, our findings may also provide clues for revisiting APP biotransformation studies. All
bacteral growth media used in published APP biotransformation studies contain dissolved
manganese”*5-%_ Thus, manganese-driven oxidation may occur in parallel with or instead of
biotransformation of DTPMP and other APPs. Martin et al (2022)* showed that even at a molar
ratio of 1:100 (Mn:ATMF), ATMP was completely degraded within 30 hours. Thus, it is
conceivable that in biotransformation studies under oxic conditions in the presence of dissolved
Mn?*, microorganisms may utilize chemical transformation products of APPs, such as phosphate,
IDMP, or AMPA, as a phosphorus source rather than or in addition to directly metabolizing the
target APPs.

Overall, our work offers a scientific basis to rationalize recent and unexpected findings of elevated
glyphosate concentrations in European WWTP effluents'>'? and suggests that manganese may
play a crucial role in this phenomenon, potentially serving as a key factor in understanding the

underlying processes.
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Chemicals

All chemicals were purchased from Merck (Darmstadt, Germany) in the highest available purity,
if not described differently. The manganese dioxide (Manganese™oxide, 298%; MnO2, Batch No.
168267405) was has been purchased from Carl Roth (Karlsruhe, Germany). MnCl; tetrahydrate
(p.a., 299%) was purchased from Merck (Darmstadt, Germany) The MnOz specifications can be
found in "Methods — Mineral Characterization® and the Supplementary Information. DTPMP was
purchased as solid acid from Zschimmer and Schwarz (Lahnstein, Germany) under the name
“Cublen D 900 GR” (CAS: 15827-60-8). In order to ascertain the purity of the DTPMP, a *'P-{'H}-
NMR measurement was conducted, showing a purity of =98.6 % regarding P (nuclear magnetic
resonance spectroscopy (NMR) measurements, for details, see below). Glyphosate PESTANAL
(=98.0 %), AMPA (99%), IDMP (=97 %), ATMP (=97.0 %), 2-aminoethylphosphonic acid (99 %),
methylphosphonic acid (99 %) and phosphonoacetic acid (98 %) solids were purchased from
Sigma Aldrich (5t Louis, MO, USA). EDTMP was purchased as solid acid from Zschimmer and
Schwarz (Lahnstein, Germany) under the name “Cublen ELC 950". The purity of EDTMP was
determined to be =986 % regarding P using *P-{'H}-NMR (see below). Isotope-labelled
glyphosate (i) and AMPA (ii) were purchased from LGC Standards Ltd. (Teddington, England) (i}
and HPC Standards GmbH (Cunnersdorf, Germany) (ii). Phosphate standard solution (1000 mg/L
PO4* in H;0) for preparation of IC-ICP-MS phosphonate standards was purchased from Merck

(Darmstadt, Germany).

Sodium hydroxide for IC-IPAD eluent preparation and analyte desorption from the manganese
dioxide was purchased as a 49-51% aqueous solution from Supelco (Merck, Darmstadt,
Germany), NaH:PO4 (p.a., 299%) for analyte desorption from Roth (Karlsruhe, Germany) and
sodium acetate trihydrate for IC-IPAD eluent preparation from Chemsolute (Renningen,
Germany). 2-(N-morpholino)ethanesulfonic acid (MES) buffer (=99%) for the DTPMP
transformation experiments was purchased from Carl Roth. Sodium acetate for IC-IPAD eluent

preparation was delivered by Chemsolute (Renningen, Germany).

The cation exchange resin in proton form (Dowex 50 W X 8, 100-200 mesh, 21.7 eqg/L) used to

remove dissolved manganese was purchased from Carl Roth.

The water used for the experiments and IC-PAD measurements was purfied by an ultrapure
water purification system (Barnstead, GenPure Pro, Thermo Scientific, Waltham, MA, USA) down
to a conductivity below 0.06 yS/cm. For IC-ICP-MS analysis (dilutions and eluent preparation),
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doubly distilled water from an Aquatron A4000D system (Barloworld Scientific, Nemours, France)

was used.

Fluorenylmethoxycarbonyl chloride (FMOC Cl, 98 %) and sodium tetraborate decahydrate
(borate, p.a.) used for the denvatization of glyphosate and AMPA were purchased from Car Roth
resp. Honeywell/Fluka (Charlotte, NC, USA). Dichloromethane (DCM, HPLC grade) for washing
the derivatized samples was bought from Fisher Scientific (Waltham, MA, USA). For LC analysis
with a triple quadrupole mass spectrometer (LC-QQQ) the eluent was prepared using LC/MS-
grade acetonitrile (ACN, 299.9%) from Honeywell/Riedel-de Haén (Seelze, Germany), LC/MS
grade water (Fisher Scientific, Loughborough, UK) and NH4Ac (p.a., 298%) from Sigma Aldrich
(St Louis, MO, USA).

Nitric acid (HNO3, 65%, for analysis) for IC-ICP-MS measurements was purchased from Thermo
Fisher Scientific (Bremen, Germany) and purfied with a DST-1000 acid purification system from
Savillex (Eden Prairie, MN, USA). For IC-ICP-MS eluent preparation, aqueous ammonia solution
(25-27 %, for trace analysis) was purchased from VWR International LLC (Radnor, PA, USA) and
diethylenetriaminepentaacetic acid (DTPA) from Honeywell/Fluka (Charlotte, NC, USA). The 1C-
ICP-MS post-column internal standard (1000 pg/L indium in 2% aqueous HNOs) was purchased
from Sigma-Aldrich (5t. Louis, MO, USA).

Deuterium oxide (D20, 99.9 atom% D) for NMR measurements was obtained from Sigma- Aldrich
(Steinheim, Germany).

Design of DTPMP transformation experiments

The experiments (duplicates with one control) were conducted in 50 mL centrifugation tubes
(polypropylene, Fisher Scientific, Waltham, MA, USA) in the presence of ambient air or in the
glovebox (N2 atmosphere, ¢{02) < 10 ppm) (Unilab from MBRAUN, Garching, Germany) at room
temperature (21+1 °C). For the glovebox experiments, DTPMP stock solution, MES buffer
solution and deionized water were purged with N2z for one hour under rapid stimng before transfer
into the glovebox. Then, DTPMP, MES buffer and water were mixed to yield concentrations of
1 mM DTPMP and 20 mM MES. After mixing, the first aliquot of 5 mL was taken as t; sample.
Then, solid MnO:z was added, to reach a concentration of 0.1 or 1.0 g/L. The reaction suspensions
were shaken in an overhead-shaker at a speed of 25 rpm. At defined time points derived from

pilot tests, a well suspended 4 mL aliquot of the suspension was taken, centrifuged (15 min,
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20,000 rcf), and filtered (0.2 uyM PES syringe filter, BGE Analytik, Lérrach, Germany)?. To desorb
residual analytes from the mineral pellet after centrifugation and sampling the supematant
(agueous phase), the mineral pellet was treated with 0.1 M NaOH and 0.1 M NaHzPOs4 in the
ultrasonic bath for 30 minutes®. To account for possible parallel homogenous Mn'-catalyzed
oxidation by O: initiated by formed Mn?*, an additional experiment with 1 mM MnClz (no MnQO-)
under oxic conditions was conducted. The experiments using 1.0 g/L MnOz and 1 mM Mn?* /O,

as oxidant/catalyst were repeated in wastewater (pH 8).

The homogeneous reactions were quenched by the addition of cation exchange resin to the

aliquot taken from the reaction solution to bind Mn?*.

Samples were stored in the dark at -20 °C until analysis. Prior to analysis, samples were thawed,
treated with cation exchange resin (if not done before freezing) and diluted for the respective

measurement purpose.

The wastewater was sampled at 10 am on September 9, 2024 from the municipal wastewater
treatment plant in Lustnau (Tdbingen, SW Germany), after the screen and grit chamber, but
before the primary settling tank. The wastewater was then filtered with different filter systems: [)
coffee filter (Melitta, Minden, Germany), IlI) folded filters 595 % (Whatman Int. Ltd,
Buckinghamshire, UK), Ill) glass fibre round filters GF 55 (Schleicher & Schuell, Dassel,
Germany) and finally IV) sterile S-PAK 0.22 pm filters (Merck, Darmstadt, Germany). This filtered
wastewater was used undiluted as matrix for the experiments. The initial pH of the wastewater
was 8. The changes in pH development over time are shown in Fig. D.1. Detailed information

regarding the composition of the wastewater is provided below.

Quantification of DTPMP

Quantification of DTPMP was performed according to the IC-IPAD (ion chromatography coupled
to integrated amperometric detection) method published by Réhnelt et al. (2025)%°. A 930
Compact IC Flex ion chromatograph (Metrohm, Henisau, Switzerland) was used, equipped with
an anion exchange column (Dionex lonPac AS16, 2x250 mm, Thermo Fisher Scientific, Waltham,
United States), a suitable guard column (Dionex lonPac AG16, 2x50 mm) and an amperometric
detector (Wall-Jet Cell, Metrohm). The Wall-Jet cell was equipped with a gold working electrode,
a Pt auxiliary electrode and an Ag/AgCl reference electrode (all Metrohm). The detector method
potential vs. time profile is depicted in Supplementary Fig. D.8. The dosing units for 1) sample
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uptake and ii) concentration gradient were both of the type "800 Dosino” (Metrohm), with i) 2 mL

and i) 5 mL cylinder volume.

To prevent CO; dissolution into the eluents, an overpressure of 0.5 bar N2 was applied to both
eluent bottles (gas-tight plastic bottles, Metrohm). 15 mM NaOH served as eluent A, while 50 mM
NaOH with 400 mM sodium acetate served as eluent B. The gradient profile is depicted in
Supplementary Table D.1.

Quantification was performed by external calibration (0.01-20 pM)and normalization to

repeatedly injected control standards.

Total DTPMP concentrations were analyzed by combining sorbed and aqueous fractions prior to

measuring.

Quantification of AMPA and glyphosate

AMPA and glyphosate were quantified using reversed phase (RP) liquid chromatography (LC)
coupled to triple quadrupole mass spectrometry (QQQ-MS) after denivatization using FMOC
chloride®*'. The sample was diluted 1:2 (glyphosate) respectively 1:100 (AMPA) with ultrapure
water and the respective isotope-labelled standard was added to reach a final concentration of
50 pg/L. Then, 10-15 mg of the cation exchange resin were added to 1 mL of the diluted sample
and shaken for 30 min. After sedimentation of the resin, 900 pL of the supematant were sampled
and mixed with 200 pL 80 mM borate buffer and 200 pyL 40 mM FMOC chloride in acetonitrile.
The sample, which turned milky immediately, was let to rest for 30 min. Afterwards, the clear
aqueous phase was washed twice using 2 mL DCM, each. The now derivatized samples were
stored in the dark at 4 "C until measurement. Repeated measurements showed the stability of

the derivatized samples over several months.

The liquid chromatography (1290 Infinity 1l, Agilent, Santa Clara, CA, USA) was coupled to a triple
quadrupole (QQ0Q) mass spectrometer (6470 LC/TQ, Agilent, Stadt/LAND), equipped with an AJS
source. A reversed phase column (Agilent Poroshell 120 EC-C18 2.7 pym, 2.1 x 100 mm + 2.1 x
5 mm pre-column) was used to separate the derivatized compounds. The denvatized analytes

were measured in positive ionization mode with a cell accelerator voltage of 5 V.

2.5 mM aqueous ammonium acetate (A) and acetonitrile (B) served as mobile phases. The

concentration gradient profile is provided in Supplementary Table D.2. A sample of 1 pL was
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injected together with 0.2 pL internal standard (200 pg/L glufosinate-FMOC). The column was
heated to 40 °C and the flow rate was set to 0.3 mL/min. The MS parameters and fragment ions

used for quantification can be found in Supplementary Table D.3.

Limits of detection (LOD) and quantification (LOQ) were calculated for each measurement
sequence based on the standard deviation of the linear response and the slope of the calibration
curve (5-200 pg/L (glyphosate), 5-500 pg/L (AMPA), ISTD 50 pg/L each) following the
International Council for Harmonisation (ICH) Q2(R1) guideline®. Table D.4 provides the

LOD/LOQ values derived for every measurement sequence.

The aqueous and sorbed fractions were analyzed separately, with the sorbed fractions

representing a minor part of the investigated compounds (see Supplementary Fig. D.9).

Quantification of phosphorus-containing TPs using IC-ICP-MS

For the detection of all phosphorus-containing compounds, a prepFAST IC system (Elemental
Scientific, Omaha, NE, USA) was connected to an iCAP TQ inductively coupled plasma mass

spectrometer (ICP-M5) (Thermo Fisher Scientific, Bremen, Germany).

The prepFAST IC system was equipped with an anion exchange column CF-Cr-01
(50 * 4 mm) (Elemental Scientific, Omaha, NE, USA) and the injection volume was set to 50 pL.
The chromatographic separation was performed with a flow rate of 1000 pL/min and a post-
column intermal standard flow rate of 100 pL/min indium in 2% nitic acid (1 pagfl).
300 pg/L DTPA in water (pH 9.2) served as eluent A, while eluent B consisted of 150 mM
ammonium nitrate with 300 pg/L DTPA in water (pH 9.2). For the chromatographic separation, a
five-step gradient was employed, which is described in Supplementary Table D.5.

Analysis was conducted in QQQ mode with oxygen as a reaction gas. Phosphorus was detected
as FP1BO* and indium as "5In* with individual dwell times of 100 ms. Quantification was
performed by extemnal calibration. Unknown TPs were quantified using the calibration function of
the nearest polyphosphonate standard. The LOD was determined by the 3o crtena, and the LOG

was determined by the 100 criteria respectively.

Due to the desorption protocol using 0.1 M NaHzFO4 as competitive sorbent, with this method,

Just the agueous phase of the heterogenous expenments could be analyzed.
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Nuclear Magnetic Resonance Spectroscopy (NMR)

To assure the purity of the DTPMP (EDTMP) purchased commercially, a *P-{'"H-NMR
measurement was conducted (NMR department, Chemistry Department, University of Tabingen).
FP_-NMR-spectroscopy is a suitable analytical tool to characterize the purity of phosphonates, due
to the 100% natural abundance of *'P and the wide range of chemical shifts and high sensitivity
of the method 5

10 mg DTPMP (EDTMP) and 600 pL of deuterated water (D20) were mixed and vortexed for 5 s.
Afterwards, 600 yL were transferred to an NMR glass tube. The measurement was performed on
a Bruker AMX 600 MHz NMR. spectrometer (Bruker, Billenica, MA, USA), operating at 242 94 MHz
for phosphorous observation with a zgpg30 pulse program. The acquisition parameters used for
this experiment with 1D sequence with power-gated decoupling and a 30 ° flip angle were as
follows: number of scans: 64, spectral width: 96153.84 Hz, offset (O1): -12146.85 Hz, acquisition
time: 0.34 seconds, relaxation delay (d1): 2.00 s. The spectrum was quantitatively evaluated

using the Bruker Top Spin 4.1.4 software.

DTPMP: in the *'P-{"H}-NMR-spectrum (Fig. D.10), two main signals with an intensity ratio of 1:4
can be seen, which represent the phosphonate-group in the middle of DTPMP (& (ppm]): 12.94)
and the four phosphonate groups of DTPMP attached to the outer amine-moieties (& (ppm): 9.23).
Impurities are marked with an asterisk. The sum of all signal-integrals is normalized to 100.
Impurities of DTPMP contributed with 1.37 %. Thus, the punty of the DTPMP regarding the P

content was =98 6 %.

EDTMP: In the ¥'P-{'H}-NMR-spectrum of EDTMP, shown in Fig. D.11, we can see one signal
attributed to EDTMP representing all chemically equivalent phosphonate-groups (& (ppm): 8.76).
Impurities are marked with an asterisk. The sum of all signal-integrals is normalized to 100.
Impurities containing phosphorous of the analyzed EDTMP amount to only 3.40 %. The used
EDTMP in the expernments is therefore of high purty with 96.6%.

Mineral Characterization

The point of zero charge (pHgzc) of the manganese dioxide was determinedtobe pH 56 £ 0.1 by
zeta potential measurements. The X-ray diffractogram (see Fig. D.12) showed a mostly

amorphous structure, interspersed with some crystalline domains (pyrolusite, akhtensite). The
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specific surface area (SSA) was determined to be 64.5 + 0.2 m2/g using the Brunauer-Emmett-
Teller (BET) method. Measurement details as well as further specifications can be found in the

Supplementary Information.

Wastewater Characterization

The wastewater sample taken from the WWTP in Lustnau (Tlbingen, Germany) on September 9,
2024, had a pH value of 7.94. The dissolved organic carbon (DOC) measured as non-purgeable
organic carbon (NPOC), was determined to be 11.6 mg/L. Dissolved iron and manganese
concentrations were both below the detection limit of 0.04 mg/L (Mn) and 0.02 mg/L (Fe).
Supplementary Table D.6 summarizes the results of the wastewater sample characterization
using IC with conductivity detection and MP-AES (for analytical methods see the Supplementary
Information). Supplementary Table D.7 contains additional information on a 24h-mixed
wastewater sample monitored by the WWTP Lustnau. The sampling point for the latter lies after
the screen but before the grit chamber. Due to heavy rainfall the day and night before wastewater
sampling the wastewater volume treated in the WWTP in Lustnau (Tdbingen, Germany) on

September 9, 2024, amounted to ~80 000 m*d compared to 25 000 — 30 000 m¥*d on an average
dry day.
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5.1 Conclusion

5.1.1 Short Summary of Main Findings

This thesis presents significant contributions to our understanding of APPs and their
environmental fate together with new approach for APP quantification. Chapter 2 elucidated the
oxidation of IDMP on manganese dioxide. Next to revealing AMPA and phosphate as the main
transformation products of IDMP, the combination of concentration data and CSIA results
underlined the role of different surface complexes and the inhibiting effect of formed Mn®* by
sorbing to the mineral surface. Following this, chapter 3 presents the development and validation
of a novel, environmentally friendly analytical method using IC-IPAD for simultaneous
quantification of six amino(poly)phosphonates (A(P)Ps). This method enables the concurrent
monitoring of higher molecular weight APPs, such as DTPMP, alongside their mono- and
biphosphonate transformation products like IDMP and AMPA, thereby consolidating multiple
analytical procedures previously required for comprehensive A{(P)P analysis into a single, efficient
approach. Finally, chapter 4 uses the newly developed analytical method and previously derived
knowledge about IDMP transformation, to investigate the manganese-driven oxidation of DTPMP.
It was demonstrated that glyphosate, a broad-spectrum herbicide, and AMPA are stable
transformation products, thus manganese-driven oxidation of DTPMP was revealed as a
previously unrecognized pathway for potential glyphosate formation in the environment and

technical systems.

The three parts of this thesis collectively fulfill the general aims of this work by elucidating
transformation pathways, developing new analytical tools, and revealing unexpected sources of
controversial environmental contaminants. However, new research questions and fields of

research have opened up through the results of this thesis and other recent works on APPs.

5.1.2 Critical contextualization within the scientific framework

In general, polyphosphonates — including APPs — are reported to be chemically stable, which
is attributed to the stability of the C-P bond'*. Consistent with this, sorption to sewage sludge
is considered the primary elimination route for APPs in WWTPs38,
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However, recent research revealed APPs to be not so stable after all: Kuhn et al. (2018 + 2020)7-2
as well as Marks ef al. (2023a and b)*'? showed UV-induced transformation of EDTMP, DTPMP
and ATMP. The transformation products usually comprised — inter alia — the respective
phosphonate reduced by one methylphosphonate group (e.g., IDMP forms from ATMF). Nowack
& Stone (2000)" already showed ATMP, EDTMP and DTPMP to be transformed by Mn?*/O-. This
work now provides even more information on the manganese-dnven oxidation of DTPMP and its
TPs and proves that transformation and glyphosate formation is even possible in a wastewater
matrix. IDMP, AMPA and POs* — as also shown in this work — are widely known and proven TPs
of APP transformation™®.'>-** while this work and Klinger ef al. (1998)"° added glyphosate as a
minor TP to the portfolio. Chapter 2 of this work showed IDMP to be readily transformed to AMPA
and POs* by manganese dioxide. AMPA and glyphosate are also shown to be efficiently
transformed by Mn oxides'®'?_ Hence, it is scientific consensus that ATMP, EDTMP and DTPMP
can all be chemically degraded to smaller aminophosphonates and ultimately to phosphate. Rott
ef al. (2020)?° investigated the partitioning of amine-free and amine-containing polyphosphonates
(PPs) between the aqueous and sorbed phase in rivers. The study found lower concentrations of
AFPPs compared to the amine-free PPs PBTC and HEDP in all environmental compartments,
despite their higher use volumes. This suggests that APPs may be less stable or more prone to
degradation in the environment compared to PBTC and HEDP2C. The authors noted that the lower
concentrations of APPs could be due to their higher biodegradability or transformation processes

occurring in WWTPs or the environment.

Two very recent studies on glyphosate and AMPA concentrations in wastewater treatment plant
(WWTP) influents, effluents and receiving waters revealed two crucial insights: i) WWTP effluents
appear to be the main source for glyphosate and AMPA in surface waters?' and ii) negative
removal rates for AMPA and glyphosate were found in WWTPs — which implies they are formed
or released within the WWTPs'. As stated above, glyphosate and AMPA are proven TPs of
APPs.

These discoveries raise considerable doubt on the long-accepted assumption that sorption to

sewage sludge represents the main elimination route for APPs in WWTPs%2

Those concemns are further supported by the fact that studies investigating sorption of APPs to
sewage sludge neglected the analysis of i) the sorbed phase and/or ii) transformation
products®2* The absence of analytes in the aqueous phase was taken as proof for sorption,

without confirming that the analytes are sorbed on the sludge or mineral. The deduction “As
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phosphonates are not biodegradable, the elimination must be due to sorption processes™* must

therefore be strongly contradicted.

Engelbart & Bieger ef al. (2024)% showed the transformation of *C-labelled DTPMP in sewage
sludge, together with the formation of corresponding *C-glyphosate and "C-AMPA. This now
unequivocally proves glyphosate and AMPA formation from DTPMP in sewage sludge and rules
out the possibility of mere desorption causing their negative removal rates in WWTPs. Although
it seems plausible from the current state of research that manganese is the missing link for
DTPMP transformation in sewage sludge and glyphosate formation thereof, this still needs to be
proven beyond doubt, as sewage sludge is a quite complex matrix with a plethora of potential

reactants.

Another important field to which this work provides valuable insights is the reported
biotransformation of APPs. Biotransformation of natural and synthetic monophosphonates
including glyphosate is a widely studied and elucidated field*?%%"_ Biotransformation of APPs on
the contrary have not been studied as extensively. Prior to the 2000's, some studies on the
biotransformation of APPs have been conducted®>28_ Following a brief hiatus, publications on this
topic resumed from 2017 onwards®-3*2. In general, APPs are regarded to be not readily

biodegradable®?.

The role of manganese-driven APP oxidation has been investigated in this and previous work-32,
Martin ef al. 2022* could show, that even at a molar Mn?*:ATMP ratio of 1:100, ATMP is
completely transformed by Mn2*/0O; after 30 hours. Chapter 4 of this work showed that DTPMP
can be effectively transformed by MnO:z or Mn?*/O2 even in a wastewater matrix. Careful
examination of published biotransformation studies revealed that all were conducted under
aerobic conditions and all bactenal growth media contained manganese: MnCl; was contained in
the trace element solution SL-8 used by Riedel ef al. (2023, 2024a and 2024b)*2 in the Bg11
medium used by Drzyzga & Lipok (2017)%*, the AAP-medium used by Steber & Wierich (1986
and 1987)*%* and the trace metal solution used by Schowanek & Verstraete (1990)°. The studies
of Riedel ef al. (2023, 2024a, 2024b)*™* miss negative (abiotic) controls involving the respective
APP and non-inoculated bacterial growth medium. Thus, in these studies the abiotic
transformation of APPs in the microcosms in addition to or instead of biotransformation cannot be
ruled out. Steber & Wierich (1987)% (i), Schowanek & Verstraete (1990)? (ii) as well as Drzyzga
& Lipok (2017)® (iii) conducted such abiotic controls. They observed abiotic ATMP (i, ii and iii)
and DTPMP (ii and iii) transformation in non-inoculated growth media within a couple of days.
Steber & Wierich (1987)% could even show ATMP degradation in pure natural water. The recent

121



5.1 Conclusion

study by Engelbart & Bieger ef al. (2024)25 examining DTPMP transformation in sewage sludge
additionally did not observe enhanced DTPMP transformation rates in sludge containing viable
microbial communities compared to azide-treated sludge (the azide-treatment suppresses
microbial activity).

However, bacterial growth was observed in all cited biotransformation studies, when the
respective APP presented the only initial P-source. The early work of Steber & Wierich (1987)%®
provides important insights: Biodegradation experiments using *C-labelled ATMP and monitoring
of the *CO: evolution revealed that COz was in fact produced from ATMP.

The results of this thesis and recently published findings together with the missing and the
conducted abiotic controls give rise to significant doubt that biotransformation of APPs was in fact
monitored. It seems rather conceivable that the microbes used P-containing TPs from abiotic

transformation — e.g. PO4* — as their phosphorus sources.

Consequently, it appears advisable to critically evaluate, revise or, if necessary, repeat studies
on APP sorption onto sewage sludge, APP biotransformation, and earlier investigations into APP
processes in WWTPs.

In order to do that, the APP quantification method developed in chapter 3 provides a useful tool.
Analysis of APPs is challenging, therefore, the available methods for APP analysis without
derivatization are still scarce (see chapter 3). Even though aspects of green analytical chemistry
(GAC) have gained increasing attention over the past two decades®®, these principles are still
not incorporated into recent method development processes®”3# This can sometimes be
attributed to higher priorities (e_g., trace analysis) or merely the availability of specific devices and

processes.

The IC-PAD method described in chapter 3 does offer a green and low-cost alternative for the
quantification of AMPA, glyphosate, IDMP, ATMP, EDTMP and DTPMP down to <1 uM. APP
concentrations in wastewater influents have been determined between <0.05-2 pM5, while
wastewater effluent concentrations were detected between 1.1 and 2.7 pg/L (2-6 nM)*. Hence,
for monitoring APP concentrations in real samples previous enrichment would be necessary.
However, the method was initially developed for the green and low-cost quantification of
laboratory samples, where concentrations are adjustable. The elucidated inconsistencies in
previous APP research as well as glyphosate being a TP emphasize the need for controlled
laboratory experiments investigating transformation and sorption of APPs. The biggest advantage

of this method is the simultaneous analysis of the mono- and bisphosphonates in one run together
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with the APPs. Until now, separate analytical methods needed to be applied®—#2. The applicability
of the IC-PAD method has been demonstrated in chapter 3 and chapter 4.

The revelation of glyphosate as a (minor) TP of manganese-driven DTPMP oxidation is
perhaps the most striking discovery of this thesis. While chapter 4 of this work demonstrated that
the formation of glyphosate is chemically feasible under environmentally relevant conditions, a
recent study has actually shown the transformation of DTPMP and the formation of glyphosate in
sewage sludge?®. Those findings challenge the conventional view of glyphosate sources in the
environment, which typically focused on agricultural runoff**4*4%_ Now, the substances DTPMP
(and EDTMP), previously classified harmless, need to be regarded as “glyphosate precursors”

and require more scrutiny.

The glyphosate debate extends far beyond the scientific community, encompassing a diverse
array of stakeholders including the general public, corporate entities, and legal professionals. As
glyphosate containing weed-control formulas were previously regarded as the only glyphosate
source, those new findings offer new perspectives on environmental pollution and
accountabilities. However, the environmental and toxicological impacts of long-term exposure to
glyphosate in surface waters in the range of 0.2-1 pg/L?' still need to be investigated. The
multitude of studies conducted on glyphosate’s cancerogenicity did not lead to a scientific
consensus until now*-¥_ Hence, even if a new glyphosate contamination route is identified, it is

advised not to extrapolate from limited evidence to the environmental implications.

In conclusion, this research has significantly advanced our understanding of APP
transformations in environmental and engineered systems. By elucidating the mechanisms of
IDMP oxidation on MnOz, developing a novel analytical method for APP quantification, and
discovering an unexpected pathway for glyphosate formation from DTPMP, this work challenges
existing paradigms about APP fate and transformation. These findings have important
implications for environmental risk assessment, water quality management, and the regulation of
APPs and their transformation products. The unexpected formation of glyphosate from a widely
used complexing agent underscores the need for a more comprehensive approach to assessing
the environmental impact of seemingly benign chemicals. As we continue to unravel the complex
behavior of APPs in the environment, it becomes clear that our understanding of these
compounds and their potential impacts is still evolving, necessitating ongoing research and

reevaluation of current practices.
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5.2 Outlook

Building on the insights gained from this thesis, several avenues for immediate follow-up

research are proposed.

Despite the insights of chapter 2 and 4 of this thesis and previous work, several questions on the
exact mechanism of oxidative transformation of amino(poly)phosphonates (A(P)Ps) on MnO.
remain unanswered. What is the underlying mechanism to the heterogenous as well as the
homogenous reaction? While our findings suggest initial C-P bond cleavage followed by C-N bond
cleavage during IDMP oxidation on MnO;, based on near-equimolar phosphate yields and
substoichiometric AMPA vyields, definitive confirmation of this mechanism requires further
investigation. Further, the role of Mn" on the mineral surface and in the aqueous phase remains
unclear: To which extent and where is — if at all — Mn" involved? This will probably deviate for
different aminophosphonates and APPs due to differing chelating capabilities and therefore
different Mn" stabilities in solution. Elucidating the involvement of Mn" in these reactions would
provide crucial insights into the redox dynamics at the mineral-water interface, potentially
revealing rate-limiting steps and intermediates in the oxidation process, which could significantly
enhance our understanding of A(P)P transformation mechanisms in both engineered and natural

systems.

To investigate the mechanism and succession of bond cleavages, either isotope-labelling*® or
nitrogen CSIA present helpful tools. By e.g. using isotope-labelled water (H;'#0), one could
monitor if and where the heavy water oxygen is inserted into the TPs*. Nitrogen CSIA of IDMP
in addition to carbon CSIA could provide insights if nitrogen involving bonds are cleaved primarily
in the reaction progress. To investigate the formation of Mn'", one could make use of chelating
agents leading to Mn"-complexes with distinct UV/vis absorption. By stabilizing potential Mn" in
solution with strong ligands such as desferrioxamine B (DFOB) or Cd-porphyrin (TCPP), Mn"
could be made visible®® 2. However, those methods still face some challenges due to the redox
instability of DFOB or the oxidation of formed Mn" complexes by molecular oxygen to Mn" 0. The
investigation of the Mn oxidation states on the mineral surface could be realized by means of X-
ray photo-electron spectroscopy. This helps to elucidate the role of Mn?* sorbed to the mineral
surface, e.g. if it undergoes comproportionation with Mn"™ to form Mn" and how different Mn

oxidation states enhance or inhibit the heterogenous reaction.

Especially for the oxidation of DTPMF on MnO: (chapter 4) the identification of unknown TPs is

still pending. Further, the questions arose: In which matrices is the reaction possible? Which
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parameters effect the glyphosate and AMPA yield? How long are glyphosate and AMPA stable in

different reaction matrices?

Those research questions could be answered by conducting further laboratory experiments as
described in chapter 4 using different matrices and adding different parameters such as inorganic
cations, anions or natural organic matter. Elucidation of the reaction mechanism would require
different analytical methods. Using high-resolution mass spectrometry (HRMS) could shed light
on the so far unknown TPs. Those, especially intermediate products, could already present
indicators for the underlying reaction mechanism. The use of isotope-labelled glyphosate, present
in the solution from the start, could trace if glyphosate is formed and transformed in parallel and

thus shed light on glyphosate’s stability in the reaction suspension.

The IC-PAD method could be expanded, by introducing more external standards. Some TPs of
DTPMP transformation reactions are not easily commercially available, thus, to further investigate
APP transformation, those standards would need to be self-synthesized. A higher degree of
applicability could be achieved by the inclusion of sample preparation steps like punfication and
pre-concentration, which would potentially allow the measurement of natural samples in the
future.

Building upon the short-term projections and immediate follow-up work outlined in the previous
section, several long-term research directions emerge that could potentially reshape our

understanding of APPs and their environmental fate over the coming years to decades.

Firstly, the discovery of glyphosate formation from APPs in natural and technical systems
necessitates detailed investigations into the mechanisms and conditions of this transformation.
Future research should focus on identifying the primary locations of APP degradation and
glyphosate formation, whether in sewer systems, WWTPs, surface waters, or soil environments.
The specific processes leading to glyphosate formation need to be elucidated, with particular
attention to the role of manganese. While our research has highlighted the potential significance
of manganese-driven oxidation, it remains to be seen whether this is the predominant mechanism

in complex environmental matrices and systems.

Additionally, the stability and persistence of the formed glyphosate in these systems require
thorough examination. The environmental implications of continuous, low-level glyphosate entry

into aquatic ecosystems demand comprehensive study. Research should focus on the long-term
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effects on aquatic organisms and plants, as even low concentrations might lead to chronic toxicity
or alterations in ecosystem dynamics. This work together with other recent findings underline the
necessity for the development of new long-term monitoring programs to capture subtle,
cumulative effects. Moreover, the potential for APP-derived glyphosate formation may reignite
discussions on the long-term toxicity and carcinogenicity of glyphosate for humans. The scientific
community and regulatory bodies may need to reassess the risks associated with glyphosate
exposure, considering this newly identified, continuous source. This reassessment should include
epidemiological studies that account for potential low-level, chronic exposure from non-

agricultural sources.

From an analytical perspective, the findings of this thesis, along with other recent research,
underscore the need for routine analysis of APPs, particularly EDTMP and DTPMP, alongside
glyphosate and AMPA in WWTPs and surface waters. Establishing appropriate sampling
frequencies, time points, and locations will be crucial for deriving meaningful data on the
occurrence and fate of these compounds. This shift in analytical focus will require equipping
routine laboratories with instruments capable of performing easy, green, robust, and cost-efficient
A(P)P analysis. Further research in sample preparation, automation, and analytical techniques

will be necessary to meet this demand.

On a broader scale, this thesis highlights the critical importance of thoroughly investigating widely
used chemicals for both direct and indirect environmental and health effects before their large-
scale environmental release. The unexpected formation of a controversial herbicide from a
supposedly benign chelating agent serves as a stark reminder of the potential for unforeseen
conseguences in chemical usage. It is hoped that these findings will contribute to a shift towards
more rigorous scrutiny and comprehensive risk assessment of chemicals prior to their widespread

application.
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Figure A.1 pKa values of the six aminophosphonates mainly investigated in this thesis: AMPA, glyphosate, IDMP,
ATMP, EDTMP and DTPMP. The pKa values are taken from Popov et al. 2001 (EDTMP, AMPA), Tomson et al. 1994
(DTPMP), Graf et al. 2022 (glyphosate), Deluchat et al. 1987 (ATMFP) and Motekaitis & Mortell 2006 (glyphosate, IDMP).
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INTRODUCTION

Speciation of IDMP, AMPA and PO4*

IDMP 4.04 6.10
E O‘-A"A PHE F -'o-
: i \
AMPA 5.41 10.04
HN— O HN—_ 07 P N0
HO' “D . _D’F“:“*g : 0%
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Figure B.1 Speciations of IDMP, AMPA and phosphate between pH 3 and 11. pKa values for an ionic strength of 0.1
M, taken from Popov et al.™.
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Figure B.2 Schematic explanation of the kinetic isotope effect, resp. '*C enrichment in the reactant during a C-bond
cleavage reaction.
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MATERIALS AND METHODS

Effects of buffer on IDMP oxidation on Mn
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Figure B.3 Comparison of two experiments containing 1.7 g/L MnOaxem with and without buffer (20 mM MES). Emor

hars represent the absolute error between duplicates.

AMPA+IDMP quantification using the IC-ECD flow gradient method

ANEA 4T

Figure B.4 Chromatogram of simultaneous IDMP and AMPA qu
{see Figure B.2). RT{(AMPA) = 417 min, RT{IDMP) = 13.00 min.
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The IC-ECD measurements had a total length of 24 min, each, and were conducted using a flow
gradient (see Table B.1 a)). The detector was set to the “flexiPAD” mode (Table B.1 b)), running
a new cycle every 900 ms. Analyte signals have been integrated (measurement period) between
370 and 790 ms, thus measurement time was 420 ms starting every 900 ms. The according

detector range was 200 pA.

Table B.1 a) Flow gradient method, b) detector method "flexiPAD" used for IDMP and AMPA quantifications using 1C-

ECD.

a) Flow Gradient b) Detector Method flexiPAD
Time in Flow in Curve Time Sum time | Start End
min mL min period in in ms potential potential
ms inVv inVv
0.0 0.4 370 370 0.0 0.0
7.0 12 Step 150 520 0.0 025
18.0 12 Linear 110 630 025 025
210 0.4 Linear 120 750 025 0.0
240 0.4 Linear 50 800 0.0 0.0
40 840 -1.0 -1.0
60 800 0.6 06
MP-AES

Aqueous manganese in the centrifuged and filtered samples was quantified by a 4200 MP-AES,
equipped with a SPS 3 autosampler, a cyclonic spray chamber and an easy-fit torch (Agilent
Technologies, Santa Clara, United States). The selected wavelength was 403.076 nm. The read
time and gas nebulizer gas flow were setto 5 s and 0.85 L/min, respectively. Samples were diluted
prior to analysis 1:4, with a final concentration of 1 % (v/v) HNO;. Extemnal standards in the range
between 0.1 mg/L and 25.0 mg/L were used for quantification (R2> 0.9999).
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LC-IRMS

LC-IRMS measurements: Devices, measuring/oxidation conditions and

further analytical parameters

Separation of IDMP from other components was achieved using an UltiMate3000 HPLC-system
equipped with an anion exchange column (Shodex IC NI-424, 100x4.6 mm) (Showa Denko,
Tokyo, Japan) held constant at 40 °C. The mobile phase (2.5 mM NaH2PO4 acidified to pH 2.6 by
H3PQ,4) was delivered at a flow rate of 0.5 mL/min. The separation unit was coupled to the IRMS
(Delta V Plus IRMS, Thermo Fisher Scientific, Bremen, Germany) via the interface (LC-lIsoLink,
Thermo Fisher Scientific, Bremen, Germany). Complete oxidation was achieved by flow rates of
50 pL/min (1.5 M H3PQ,4) resp. 75 yL/min (60 g/L Na;S:0;g), with the oxidation reactor set to
999 °C. Stability of the oxidation conditions and therefore &-values were checked by external
standards (0.1-1 mM IDMP), while ion source performance was monitored by four CO: reference
gas peaks; the third one served as "set-zero” for the calculation of 5-values. Each experimental
duplicate was measured in triplicates (n = 6). The standard deviation of those six measurements

presents the standard deviation used in this work.

Moving Mean approach for LPIA of IDMP

The limit of precise isotope analysis (LPIA) was determined to be 50 pM IDMFP following the

moving mean method by Jochmann ef al 2.

—— mean of 3
7,0+ +0.5
0.5
-7.51 m 5"Csingle
P -8,0- ®  &'*C moving
E 851 =
8 .90 l '
= o g * u
O -95 I u
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00 02 04 06 08 10
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Figure B.5 Moving mean approach for IDMP using a Na:S20¢ concentration of 60 g/L (75 yL/min) and 1.5 M HzPOy4
(50 pLfmin).
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LC-HRMS-IRMS measurements

Identification (and  quantification) of the transformation  products  N-formyl-
aminomethylphosphonate (F-AMPA) and hydroxymethylphosphonate (HMP) were achieved by
the hyphenation of a LC-IRMS (Thermo Dionex Ultimate 3000, Thermo Fisher Scientific Inc.,
Waltham, USA; Delta V Advantage IRMS, Thermo Fisher Scientific, Bremen, Germany) holding
an anion exchange column (IC NI-424, 4 6 mm ID x 100 mm L + 4.6 mm ID x 10 mm L, Shodex,
Minchen, Germany) with a high-resolution mass spectrometer (QExactive Orbitrap, Thermo
Fisher Scientific Inc., Waltham, USA) using a flow-splitter (QuickSplit, 610-PO10-06, ASI,
Richmond US). The column temperature was 20 °C, stabilized by a high temperature HPLC 200
column oven (SIM GmbH, Oberhausen, Germany). The injected sample volume was 10 yL. The
flow rate of the eluent (4 mM sulfuric acid in water, pH 3) was set to 400 pL min~'. A constant split
ratio between IRMS to HRMS was adjusted to 1:13.3. Due to this split ratio, most of the eluent
flow was led to the IRMS (370 % 2 pL min™"), while only a small portion was led to the HRMS (30
+ 2 pL min ).

For oxidation of the analytes before entering the IRMS, phosphoric acid (1.5 M in water) and
sodium persulfate (100 g L' in water) were added as oxidizing reagents to the eluent stream at a
flow rate of 40 pL min-' each via a T-piece. The oxidation reactor was heated to 100 °C, which

induces the formation of sulphate radicals.

MnOz2ssyn synthesis

The protocol for the synthesis of MnOaxsyn via the reduction of KMnO4 by Hz0: under acidic
conditions was adapted from Villegas et al.®. First, 7.2 mL concentrated nitric acid (EMSURE,
Merck, Darmstadt, Germany) was added to 72 mL 1 % (v/v, equivalent to 426 mM) hydrogen
peroxide (30 %, for analysis, Merck). Afterwards, 75 mL of a 274 mM KMn(O4 (EMSURE, Merck)
solution was added to the acidic hydrogen peroxide solution with approximately 1.5 mL/min under
constant rapid stirring. After a reaction time of 60 min, stirring was stopped and the particles were
allowed to settle for another 60 min. The residue was washed several times with ultrapure water,
until it showed a conductivity = 1.5 pS/cm. The residue was then vacuum filtrated and dried at 80
°C for 24 h. The dried mineral was crushed in a mortar and stored in a desiccator over silica gel

up to its final use.
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Mineral Characterization:

Scanning electron microscopy (SEM): Zeiss Crossbeam 550 Focused lon Beam — Scanning
Electron Microscope (FIB-SEM) (Zeiss, Oberkochen, Germany), operated in secondary electron
(SE) mode using an accelerating voltage of 2 kV. The samples were mounted onto aluminum
stubs (& 12 mm) using a carbon adhesive tab and coated with ca. 8 nm Au using a BAL-TECm
SCD 005 sputter coater.

Brunauer-Emmett-Teller method (BET): Gemini VIl 2390 (Micrometrics, Norcross, GA, United
States) by nitrogen sorption-desorption isotherms. Samples were degassed before analysis

overnight under vacuum at 120 °C.

Point of Zero Charge: Zetasizer Nano Z5P (Malvern Pananalytical, Malvern, United Kingdom)
in folded capillary zeta cells at 20 °C. Measurements were conducted in triplicates with 10 to 15
runs, each. For analysis, 50 mg/L MnO: suspensions were prepared in 10 mM NaCl + 10 mM
MES buffer and the pH was adjusted by 0.1 M or 1 M NaOH and HCI. The point of zero charge
was determined by plotting the zeta potential as function of the adjusted pH and subsequent

regression of the linear part of the data sets

Pyrophosphate (PP) extraction of Mn"™: Mn"_content of the two minerals was identified via PP-
extraction and subsequent spectroscopic quantification. For extraction of available Mn", 1 mM
(0087 g/L) or 17 mM (1.5 g/L) MnO2z was suspended in 20 mM PP (pH 7) and shaken on an
overhead shaker for 24 h. Afterwards, the suspension was centrifuged at 14 000 rcf for 15 min
and the supernatant was analyzed at 258 nm (UV5Bio, Mettler Toledo, Greifensee, Switzerland).
The concentration of Mn"_PP was calculated based on the molar absorption coefficient at 258 nm

of 6750 (M cm)-1. The Mnlll-content was then normalized to the BET surface area.

Powder X-ray diffraction (XRD): was performed using a D8 Discover (Bruker, Billerica, MA,

United States) equipped with a Cu-source (Cu-K « radiation, 1 = 1.54184 A) with a beam voltage
and current of 40 kV and 20 mA, respectively.
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Figure B.6 X-ray diffractograms of MnOzem and MNOziem showing no distinct peaks and thus exhibiting an amorphous
structure.

Figure B.7 Scanning Electron Microscopy (SEM) pictures of a) MnOzreom and b) MnOamsyn.

Both minerals show no peaks in the X-ray diffractograms and therefore reveal an amorphous
structure. The extractable Mn"-content was 1 % of total manganese for MnOgeom and 5 % for
MnQOasyn (in % of total manganese). With regard to the different surface areas, both show an
extractable Mn"-content of 1.76 nmol/m?. Further, total reflection X-ray fluorescence (TXRF)
revealed just minor amounts of other monovalent cations in both minerals (K: ca. 0.01 molar ratio
vs Mn for MnOzsyn, Ca: 0.3 molar ratio vs Mn for MNnOzcom and MnOasyn), which validates the low

Mn" content.
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MnOsq.,, exhibits a five times greater specific surface area (SSA) than MNOgygm: 326 £ 1 m3/g
versus 64 .5 + 0.2 m?/g. The SEM pictures affirm the strong difference in SSA and show that we
deal with a highly porous structure in case of MNOzsyn. While the MnOzsyr exhibits a very ordered
flower-like structure which is common for synthetic birnessite (McKendry et al., 2015), MNOzjeom

appears far less porous and much denser.

The minerals also differed a lot regarding their point of zero charge (pHgz), which is 2.3 £ 0.1
(MNOaigyn) resp. 5.6 £ 0.1 (MNOzicom).

RESULTS AND DISCUSSION

F-AMPA analysis
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Figure B.8 Panel A: Mass spectrum of an IDMP transformation experiment containing 1.7 9/L MnOzicom, but no buffer,
in the mass range of 50-500 m/z. Panel B: Zoom in the mass range of 100-200 m/z.

The concentrations of F-AMPA were calculated based on F-AMPA LC-IRMS peak areas (see

Figure B_8) — identified by the respective HRMS m/z — assuming an identical oxidation efficiency
to IDMP.
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Figure B.9 Simultaneous analysis of an IDMP fransformation experiment containing 1.7 g/L MnOzecom, but no buffer,
by LC-IRMS-HRMS. Panel A1 to A6 show the analysis with HRMS. The total ion current (TIC) is plotted against the
time. Extracted ion chromatograms (EIC) were extracted for IDMP, AMPA, 0-P0O4, HMP, and F-AMPA. Panel B presents
the IRMS mass trace of COz at mass 44. The HRMS and IRMS measurements have a retention time offset of 1.3
minutes. For the presentation of the data, the retention time was adjusted accordingly. HPLC conditions: Flow rate 0.4
mLmin™, eluent water (pH~3, H2504). Oxidation conditions: 40 pLmin™ phosphoric acid (1.5 M), 40 pLmin™ sodium
peroxydisulfate solution (100 gL' in H2O). Injection volume 10 pL.
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Figure B.10 Full data set for an expenment containing 1.7 g/L MnOzeom (no buffer), including F-AMPA concentrations.
F-AMPA has just been found in the agueous phase. Error bars represent absolute deviations of duplicates.
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Subsequent AMPA transformation
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Figure B.11 Agueous and sorbed concentrations of IDMP, AMPA and phosphate normalized to the initial IDMP
concentration of the IDMP fransformation experiment containing 3.4 9/ MNOweom. Observation for a longer period of
time, until AMPA transformation occurred in the same reaction suspension. Error bars represent the absolute deviation

hetween duplicates.

Kinetics: Zero order approximation
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Figure B.12 Schematic explanation of the derivation of the zero-order rate constant in the quasi-steady state area,
exemplary for 1.7 g/L MnOzsyn and 1 mM IDMP.
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Sorption Data

Sorption of Mn?* onto MnO2:

Sorption data of Mn?* on MnO:z were fitted using the Freundlich model*:

— . n
Czort — lcF ca,q

With cso = surface loading of the mineral with Mn?*, K = Freundlich constant and caq = aqueous
Mn?* concentration. The calculated parameters weren =036 +0.04[043 + 0.04]and Kr = 0.66
022 [0.31 £ 0.10] for 0.67 g/L MNnOsyn [3.4 g/L MNOzicom).

= 0.67 gL Mno:‘:syn

20- " 34g/L MOy,
: =
E 144
B 121 . .
£ 10
£ 8]
+5 61
£ 4
2.
0-
-2
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Figure B.13 Mn?* sorption isotherms fitted by the Freundlich model for 0.67 g/l MnOzigyn and 3 4 g/l MNOzieom at pH 6
containing 20 mM MES buffer.
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Effect of MnZ* formation/addition
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Figure B.14 Relationship between the sorbed Mn?* concentration in pmolfm? at the end of the respective experiment
and a) the normalized zero-order reaction rate Kenom and b) the maximum sorbed IDMP concentration in pmol/L
(indicating how much IDMP has been sorbed from the suspension) for the two investigated manganese dioxides
MnOzigyn and MNOzieom. Emor bars in y represent the standard error of the zero-order reaction rate (a)), resp. the
deviation between duplicates (b)). The validation experiment with MnOzcom and a Mn?* starting concentration of 1 mM
is included:; it probably differs from the other experiments in b) due to the high initial presence of Mn2*(highlighted with
a grey circle).

Loading of the mineral with different amounts of Mn?* prior to addition of IDMP to the suspension
revealed a clear positive relationship between sorbed Mn?* and sorbed IDMP. Sorbed Mn?* was
calculated via the difference between total added and measured Mn?*,,; after sorption — before

any IDMP was present. IDMP has been desorbed from the mineral and quantified as described

in the manuscript.

2icom

IDMP,,,,, in pmolim?
.

MnZ;,,, in umolim?

Figure B.15 Sorption experiment: Effect of sorbed Mn®* (prior) on IDMP sorption onto the MnOz surface.
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Isotope Section

Carbon isotopic fractionation during IDMP sorption onto AlO3
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Figure B.16 Double-ogarithmic Rayleigh plot for sorption of IDMP onto AlzOz. The calculated enrichment factor is £c =
0.65 = 0.09 % and is therefore regarded insignificant (measurement uncertainty of £ 0.5 %).
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Graphical explanation of scenarios | and || described in the manuscript:
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Figure B.17 Graphical depiction of the two scenarios described in the manuscript. In both scenarios, isotope
fractionation is caused by the transformation step and is not masked by sorption (not leading to isotope fractionation).
In scenario |, sorption and desorption are quite fast and thus a quick equilibrium between sorbed and aqueous phase
is established. Thus, we find the same '*C enrichment in the sorbed and in the aqueous phase. In scenario 11, desorption
is slow compared to transformation, as such the '*C enrichment on the mineral (sorbed phase) is higher, as
establishment of an equilibrium between sorbed and aqueous phase is quite slow. Additionally, ki is higher
(transformation is faster) in 1) than in 11).
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Carbon isotopic fractionation during IDMP oxidation on MnO

Detailed Rayleigh plots
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Figure B.18 Double logarithmic Rayleigh plots of aqueous and sorbed IDMP phases of seven IDMP transformation
experiments: a) MNOzeom in concentrations of 1.7, 3.4 and 4.0 g/L, b) MNnOxzgn in concentrations of 0.67, 1.0, 1.7 and
2.2 g/L. The &-values are plotied versus the total remaining fraction of IDMP {Miot = Mag + Mserm). Linear regressions are
indicated by solid (ag) and dashed (sorb) lines, respectively. Ermors of the normalized isotopic composition represent
the standard deviations of all six isotopic measurements (triplicate analyses of duplicate experiments), while errors of
the fraction represent the errors of IDMP quantification between duplicates experiments. The green delta indicates the
deviation between agueous and sorbed phase.
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Enrichment factors

Table B.2 Enrichment factors (slope) and intercepts of double loganthmic Rayleigh equations of different IDMP
transformation experiments. The remaining IDMP in the aqueous (aq) and sorbed (sorh) phase has been measured.

MnO: Phase Slope in %e Intercept in %o
ag -582+074 -0.17 + 0.51
1.7 g/L com
sorb -5.11+ 074 0.41+051
SUM -5.68+0.18 009+012
ag -5.71+ 062 -0.08 + 0.66
3.4 g/L com
sorb -538+ 046 -0,14 + 0.61
SUM -529+0.11 0.00+0.11
ag -6.58 + 0.61 -0.54 +0.54
4.0 g/L com
sorb -5.60 + 0.60 0.34 + 0.50
SUM -6.03+019 -021+0.12
ag 633+ 040 0.05+ 037
0.67 giL syn
sorb -5.00 + 0.40 1.18 £ 0.37
SUM -628+015 011+ 009
ag -6.37 + 0.48 -046+ 045
1.0 g/L syn
sorb -4.29 + 0.40 242 1+ 0.54 (wfo o)
SUM -5.64 + 0.09 -0.12+0.06
ag -4.39 + 0.48 -025+ 059
1.7 g/L syn
sorb -220+095 5.87 £ 1.35 (wfo o)
SUM -475+013 -0.04+0.10
ag -4 67 + 062 -029+ 060
22 gL syn
sorb -2.25+ 040 6.41 £ 0.63 (wfo o)
SUM -464 +0.18 -0.03+0.08
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INTRODUCTION

Table C.1 Compilation of published and validated APP guantification methods and their key parameters.

Reference APPs Column Eluents Derivatization Detector
Wang et al. DTPMP, LC (ZORBAX H20, ACN (0.1 %  Trimethylsilyl- HESI-MS/MS
219" ECTMP, ATMP, Eclipse Pluz C18) Fommic acid) diazomethane {Qaa)
HOTMP (PBTC,
HEDFP)
Fiirhacker et al. DTPMP, IC (Dionex AGT- H2O (1% MeOH), - ICP-M5 (QQa)
2005% ECTMP, ATMP AST) 100mM  HMO3
{1 % MeOH)
Schmidt et al. DTPMP, Ic (Thermo  H:0, MaOH, - ICP-MS
2014 ECTMP, ATMP, lonPac AS16) (addition of DTPA)
HOTMP (HEDP)
Armbrusteretal. DTPMP, Ic (Mhermo  HZO, NACH, - ESI-MSMS
2019* ECTMP, ATMP lonPac AS16) MeOH (o)
(PBTC, HEDP)
Klinger et al. DTPMP, LC (Merck Isopropyl alcohol, Diazomethane Particle beam
1997¢ EDTMP, ATMP, LiChrospher 100 n-Hexane {PB}-MS
HOTMP (PBTC, Diol)
HEDFP)
Tewari et al. DTPMP,ECTMP IC (Thermo  0-200 mM MaCH - PAD (Au WE,
1997 AS11) AglagCl RE)
Wong et al. DTPMP, IC (Waters IC Pak  Milric Acid (15 - RID
19877 ECTMP, ATMP, A) mM)
HECTMP
(HEDP)
Weiss & Hagele DTPMP, IC {(HPIC AS7, 30-70 mM HNO: Post-colpmn: U hvis
1987 EDTMP, ATMP Dionex) Complex formation absorption
(HEDF) with Fe™
Nowack 19977 DTPMP, LC fion-pair 20mM MNaHCO:; Pre-column: U ivis
EDTMP, ATMP chromatography and 1 mM Complex formation absorption
(HEDF) using RP colpymn:  tetrabutylammoniu  with Fe™
PLRP-5, polymer m bromide in H,O
labs)
Vaeth, Sladek & ATMP, EDTMP, IC (HPIC AS7, 32 mM EDTA + Post-colpmn: U hvis
Kenar 1987 DTPMP Dionex) 017 mM KCI, pH oxidation to absorption
51 phosphate by
persulfate, then
derivatization wusing
molybdenum blue
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Figure C.1 Exemplary potential cycles of a) PAD (cormesponding to mode | detection) and b) integrated PAD
{comesponding to mode |l detection).

Background on Pulsed Amperometric Detection (PAD)

In PAD, a short potential sequence including a high oxidation and a low reducing potential,
typically lasting <1 second is repetitively applied. This is particularly advantageous when analytes
and/or transformation products strongly adsorb onto the electrode surface and was primarily
developed for the analysis of carbohydrates'. After the oxidation step, a higher oxidation potential
is applied to oxidatively remove residual analyte and/or transformation products from the WE. In
the successive reduction step, a low reduction potential is applied to reduce the formed gold oxide
back to gold. To prevent monitoring non-faradaic current, a delay time is required prior to the
measurement interval, allowing charging currents to decay'-'2. A schematic depiction of a PAD
waveform is provided in Figure C.1 a. Developments regarding PAD and instrumentation allow
this detector to be coupled to high-pressure liquid chromatography (HPLC) systems with purely
aqueous eluents, despite the inherent sensitivity of pulsed amperometric detection toward

pressure and pH.
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Table C.2 Explanation of different potentials and times applied in the IPAD waveform (see Fig S1 b)".13

Potential/Time | Description

E, Starting (prior to onset of oxide formation) and ending potential of the scan (more
negative than oxide dissolution)

E: Maximum potential of the scan for optimal analyte oxidation

Ea Oxidation potential to initiate formation of “cleaning oxide™

E4 Reduction potential to initiate dissolution of inert oxide

te Delay time: Allow the charging current to decay, before the faradaic current produced
by redox reactions at the electrodes is recorded

tint Integration time: Measurement signal is recorded

tox Time for application of the oxidation potential Ez

tred Time for application of the reduction potential Es

EXPERIMENTAL SECTION

Purity of DTPMP & EDTMP
Muclear magnetic resonance spectroscopy (NMR)

To assure the purity of the acquired EDTMP, 'H- and *'P-{'H}-NMR measurements were
conducted (NMR department, Chemistry Department, University of Tabingen).

10 mg EDTMP (DTPMP) and 600 pL of deuterated water (Dz0) were mixed and vortexed for 5 s.
Afterwards, 600 pL were transferred to an NMR glass tube. The measurement was performed on
a Bruker AMX 600 MHz NMR. spectrometer (Bruker, Billerica, MA, USA), operating at 600.13 MHz
for hydrogen observation with a zg30 pulse program and at 24294 MHz for phosphorous
observation with a zgpg30 pulse program. The acquisition parameters used for this experiment
with 1D sequence with power-gated decoupling and a 30 ° flip angle were as follows for 'H (*'P):
number of scans: 32 (64), spectral width: 12019.23 Hz (96153.84 Hz), offset (O1): 3705.80 Hz (-
12146.85 Hz), acquisition time: 2.73 s (0.34 s), relaxation delay (d1): 1.00 5 (2.00 s). The spectrum

was gquantitatively evaluated using the Bruker Top Spin 4.1 4 software.

Results
FP-NMR-spectroscopy, due to its 100% natural abundance, wide range of chemical shift and high

sensitivity', is a suitable analytical tool to characterize the punty of phosphonates.
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EDTMP

In the ¥'P{'H}-NMR-spectrum of EDTMP, shown in Figure C_.2, we can see one signal attributed
to EDTMP representing all chemically equivalent phosphonate-groups (& (ppm): 8.76) Impurities
are marked with “*". The sum of all signal-integrals is normalized to 100. Impurities containing
phosphorous of the analysed EDTMP amount to only 3.40 %. The used EDTMP in the
experiments is therefore of high purity with 96 6%. The '"H-NMR-spectrum is shown in Figure C_3.
Therein we can see the signals attributed to EDTMP in a ratio of 4:8. The singulet represents the
protons of the ethylenediamine moiety in the middle (& (ppm): 3.88) and the duplet represents the
protons of the four phosphonate groups attached to the amine-moieties (& (ppm): 3.52). Impurities
are marked with “*". The sum of all signal-integrals is normalized to 100. Impurities of the analysed

EDTMP amount to only 2.52%. The used EDTMP in the experiments is therefore of high purity
with 97 48%.

| I'a_
_ _zl J_,R "J I\_L e, e ot =

| I

— _-F"I II"-- — e, -
T T T T
a5 9.0 8.5 B.O T8 70 65 ppm
; ' v

& b = Z
- o o o =

L2

Figure C.2 ¥P{'H-NMR-spectrum of EDTMP in Dz0. & (ppm); 8.76. Impurities are marked with “**. The sum of
integrals is normalized to 100.
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Figure C.3 '"H-NMR-spectrum of EDTMP in D20. & (ppm): 9.23, 12 94 Impurities are marked with “**. The sum of

integrals is normalized to 100.

DTPMP

In the *P-{'"H}-NMR-spectrum (Fig. C_4), two main signals in a ratio of 1:4 can be seen, which
represent the phosphonate-group in the middle of DTPMP (& (ppm): 12.94) and the four
phosphonate groups of DTPMP attached to the outer amine moieties (& (ppm): 9.23). Impurties
are marked with an asterisk. The sum of all signal-integrals is normalized to 100. Impunties of the

analysed DTPMP contnbute 1.37 %. The purity of the DTPMP used in the experiments is

therefore =98.6 %.
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Figure C.4 3¥P{'H-NMR-spectrum of DTPMP in D20_ & (ppm): 9.23, 12.94. Impurities are marked with an asterisk.
The sum of integrals is normalized to 100.

Instrumentation

Sample
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>
&

Figure C.5 Schematic depiction of the Wall-Jet cell geometry used for amperometric detection throughout this work.
RE = reference electrode, WE = working electrode, CE = counter electrode.
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RESULTS AND DISCUSSION

Chromatographic separation
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Figure C.6 Chromatogram of a 10 pM multi-phosphonate standard using pure NaOH eluents. Chromatographic
conditions: column: Thermo Scientific Dionex AS16 (2x5 + 2x250mm), 30 °C; eluents: A 10 mM NaOH, B 150 mM
MaQH, 30 *C, (no column regeneration with 300 mM NaOH for months); gradient profile: B 0-17 min 20-80 % B, 17-
20 min 80 % B; 20.1-40 min 0 % B; detection: amperomefric detection with gold WE, Pt CE and AGfAgCI RE, waveform
as depicted in Figure 3.5 3) with Ez = 0.27 V; injection volume: 50 pL; 10 pM of 1 = AMPA, 2 = glyphosate, 3 = IDMP,
4 =ATMP, 5 = EDTMP, 6 = DTPMP.
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Figure C.7 Two chromatograms of the same 10 uM mulii-standard using different gradient profiles and eluents B (A:
50 mM NaOH and 400 mMMNaOAc, B: 15 mM NaOH and 400 mM NaOQAc), shown after blank substraction. a) shows
the full chromatogram, b) displays a magnification of the grey rectangle in a). The chromatographic conditions for B
comespond o those in the caption of Figure 3.2. Chromatographic conditions for A: column: Thermo Scientific Dionex
AS16 (2x5 + 25250 mm) at 30 °C; eluents A: 15 mM NaOH, B: 50 mM NaOH + 400 mM NaOAc; flow rate: 0.3 mL/min;
gradient profile: 0-6 min 0 % B, 6-14 min 10-30 % B, 14-18 min 30-100 % B, 18-19 min 100 % B, 20.1-22 min 0 % B,
post run: 8 min with 100 % eluent A at 0.6 mL/min; detection: amperometric detector with gold WE, Pt CE and AgfAgCl
RE, 35 °C; waveform: see Figure 3.5 3); injection volume: 50 pL; 10 pM of. 1 = AMPA, 2 = glyphosate, 3 = IDMP, 4 =
ATMP, 5 = EDTMP, 6 = DTPMP.
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Figure C.8 Chromatograms of A a single ATMP standard and B a multi-phosphonate standard. Chromatographic
conditions: column: Thermo Scientific Dionex AS16 (2xb + 2x250 mm) at 30 °C, eluents: A 20 mM NaOH, B 50 mM
MNaOH + 400 mM NaOAc, 30 °C, (no column regeneration with 300 mM NaOH for months); gradient profile: 0-5 min 10
% B, 513 min 10-30 % B, 17-30 min 30-100 % B, 17-20 min 100 % B, 20.1-40 min 0 % B; detection: amperometric
detection with gold WE, Pt CE and AG/AQC] RE, waveform as depicted in Figure 3.5 3) with Ez = 0.25 V; injection
volume 50 pyL. 10 yM of 1 = AMPA, 2 = glyphosate, 3 = IDMP, 4 = ATMP, 5 = EDTMP, 6 = DTPMP.
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Figure C.9 Reteniion time of the six investigated analytes in repetitive measurements of a 1 pM multi-standard over
38 hours using the final optimized method presented in the text. Chromatographic conditions: see caption of Figure
32

(Integrated) pulsed amperometric detection
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Figure C.10 Cyclovoitammograms of 0.5 mM of the respective aminophosphonate in 0.1 M NaOH background solution,
next to the pure background solution.
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Figure C.11 Chromatogram recorded using IPAD (A) compared to two chromatograms recorded using PAD (B & C).
Chromatographic conditions: A, B & C: Column: Thermo Scientific Dionex AS16 (2x5 + 2x250mm), 30 °C; eluenis: A:
15 mM NaOH, B: 50 mM NaOH + 400 mM NaOAc. Gradient profile:0-5 min 10 % B, 5-13 min 10-30 % B, 13-17 min
30-100 % B, 17-20 min 100 % B, 20.1-40 min 0 % B; detection: amperometric detector with gold WE, Pt CE and
Ag/AgCl RE. Waveforms: A: IPAD waveform similar to Figure 3.4 3) with Ez = 0.27 ¥V, B: PAD waveform similar to
Figure 3.4 2) with E1= 015V, C: PAD waveform similar to Figure 3.5 2) with E1= 0.27 V; compounds: 10 pM of 1 =
AMPA, 2 = glyphosate, 3 = IDMP, 4 = ATMP, 5 = EDTMP, 6 = DTPMP; injection volume: 50 pL.

Screening of detector parameters:

Table C.3 Detector method changes and resulting peak areas of all six analytes in nA*min. Benchmark method applies
an IPAD waveform with Ez = 0.25V, as depicted in Figure 3.5 3). PAD indicates, that PAD has been applied as depicted
in Figure 3.4 2). If not indicated otherwise, IPAD has been applied. The potential numbers (Ei, Ez, ...) for PAD and

IPAD are explained in Figure C.1 and Tabhle C.2.

Method change compared to

Area in nA*min

benchmark AMPA __ glyph IDMP ATMP EDTMP DTPMP

- 27712 10965 10660 12375 50.31 102.43
- 25666 11915 11784 14930 68.03 120.89
Ez=023V 21290 11468 12008 15718 70.13 121.13
Ez=021V 13363 10078 12422 16799 74.50 120.53
E2=027V 27050 14532 12728 15531 7412 127 54
tie = 750 ms (only trapez) 29226 14553 13987 14763 70.93 122 65
Change order of Ez and Es 26278 11827 12098 17209 67.46 114.56
Change order of Ez and Es and change

tox & trea (40 vs 60 ms) 24722 11574 11014 14908 56.56 958.09
Change order of Ez and Es and tox & fres

both 50 ms 26151 10914 11067 15852 59.02 104 .66
PAD, E+=0.15 2202 5660 11160 103.04 89.89 135.96
PAD, E1=027 23769 9024 52.81 7098 50.49 103.01
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Table C.4 Exact potentials and times of the final optimized IPAD waveform.

Time inms Start potential in V | End potential in V Integration

0-370 00 0.0

370 - 520 00 0.0-027 Start

520 - 630 027 027

630 - 750 027 0.0 End

750 - 800 00 0.0

800 - 840 10 10

840 - 900 06 06

Greenness

To ensure the highest possible comparability between the three methods and transparency, all
criteria have been assigned with the default weight of 2, except for the principle 1 “Direct
analytical technigues” and 3 “In-situ measurements”, which were assigned the weight 1. As all
compared methods are off-line methods conducting batch analysis, principles 1 and 3 are
irelevant for this comparnson. The second point that needs clanfication concerns principle 8
“Number of detectable analytes in a single run™ One major advantage of the presented IC-IPAD
method is its ability to measure all six analytes presented above — AMPA, glyphosate, IDMP,
ATMP, EDTMP, and DTPMP — in the same chromatographic run. While existing polyphosphonate
methods sometimes included other substances, e.q. HEDP, PBTC or sulfate, in this work we
solely focus on the six substances mentioned above. Thus, if a method is able to quantify sulfate,
nitrate, PBTC and EDTMP, the “number of detectable analytes” will be counted one (EDTMP) in
this comparison. Last but not least the “"amount of sample needed” (principle 2) needs
clarification. Due to the different concentration ranges of the samples measured in the three
methods (natural samples vs. laboratory batch experiments) and the required preconcentration
steps for natural samples, the “amount of sample needed” was not comparable. Therefore, the

injection volumes were drawn for comparison instead.
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Application example: DTPMP oxidation by MnO-
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Figure C.12 Nomalized peak areas of the six analytes in 1 pM multi-phosphonate check standards over time. The
peak areas are all normalized to the peak area of the respective analyte measured at timepoint zero. From the linear
regression (see below) a comrection factor — relative increase per hour — has been calculated for each analyte, which
was then applied fo the sample measurements, see equation below.

Correction of sample concentrations:

The corrected concentration is derived by subtracting the product of correction factor (f), time (f)

in hours, and initially calculated concentration (c;;) from the initially calculated concentration.

Ceorr = cinit(l —f- t)
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Table C.5 Calculated correction parameters from the 1 yM check standards shown in Figure C.9.

Relative increase after Correction factor f
Analyte r of linear regression
38 hours {rel. increase/h)
AMPA 1.143404 0.8274 0.003755
Glyphosate 1.168947 09218 0.004424
IDMP 1.196055 0.9434 0.005134
ATMP 1.217679 0.9563 0.005701
EDTMP 1.274751 08727 0.007195
DTPMP 1.129571 0.6225 0.003393
1 2 3 4 5 6
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800
=
=
E 400 +
m
5 c
w
200 |
B |
A "l N D E
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Figure C.13 Chromatogram of the agueous phase of the DTPMPMNO:z transformation experiment after 3.0 hours
applying blank subtraction. For better depiction of the low concentrated TPs, the y-axis maximum was decreased below
the IDMP peak height. Unknown TPs were assigned the letters A-E. Chromatographic conditions as described in the
caption of Figure 3.2. Compounds: 1 = AMPA, 2 = glyphosate, 3 = IDMF, 4 = ATMP, 5 = EDTMP, 6 = DTPMP; injection
volume: 50 pL.
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Figure C.14 Chromatograms of the sorbed fraction of the sampling point after 0.67 h, with (A) and without (B) standard
addition of 1 pM AMPA (1) and IDMP (2). Chromatographic conditions as described in the caption of Figure 3.2.
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Figure C.15 Chromatograms of the aqueous phase of the DTPMP/MnO: transformation experiment after 3.0 hours
applying blank subfraction. A shows the pure sample, while B shows a sample with standard addition of 1 pM AMPA
(1), glyphosate (2), IDMP (3), ATMP (4), and EDTMP (5). a) shows the full chromatogram, while b) shows y-axis
magnification. Chromatographic conditions as described in the caption of Figure 3.2.
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RESULTS AND DISCUSSION

pH control in conducted experiments
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Figure D.1 pH values over time in four different DTPMP transformation experiments (Exp.) including several controls
{c1-c3, respectively). a): Exp.. 1.0 /L MnOz oxic in MES (black); b): Exp.: 1 mM MnClz oxic in MES (black), c1: no
MnCl (red); c): Exp.: 1.0 g/L MnQOz oxic in wastewater (black), ¢1: pure wastewater (red), ¢c2: no MnOz (blue), c3: no
DTPMFP (green); d): Exp.: 1 mM MnClz oxic in wastewater (black), c1: no DTPMP (red).
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DTPMP stability in the absence of manganese

In the absence of MnOz and Mn?* no DTPMP transformation and no AMPA or glyphosate
formation could be detected.
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Figure D.2 DTPMP (black), glyphosate (red) and AMPA (blue) concentrations quantified by means of IC-IPAD
(DTPMP) and LC-QQQ (glyphosate, AMPA) in two control experiments without manganese in a) 20 mM MES buffer
{pH 6) and b} wastewater (pH 8). DTPMP was quantified using IC-IPAD, while glyphosate and AMPA were quantified

using LC-QQQ.
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DTPMP transformation in the presence of MnO; and 1 mM Mn?* at pH 6
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Figure D.3 Total DTPMP concentrations guantified using IC-IPAD as a function of fime for all four experiments with
MnOz {oxic (blue) and anoxic (red)) and one experiment containing 1 mM MnClz (oxic, green) in aqueous MES buffer
{pH 6). (Figure 2 in the main text amended by the experiment containing 1 mM Mn2?* {oxic conditions) at pH 6.) Emor

hars represent absolute emors between duplicates.
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Additional concentration profiles of transformation experiments
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Figure D.4 Aqueous DTPMP (black), IDMP (green) and POs* (orange) concentrations quantified using IC-ICP-MS
{(FP180*) during DTPMP oxidation by MnOz in four different experiments. a) 1.0 g/L MnOz oxic, b) 0.1 g/L MnO; oxic,
c) 1.0 g/L MnO2z anoxic, d) 0.1 g/L MnO2z anoxic. Error bars represent absolute ermors between experimental duplicates.
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Long-time replica of 1.0 g/L MnO; in MES buffer
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Figure D.5 Aqueous concentrations of DTPMP (back) guantified by means of IC-ICP-MS and total concentrations of
glyphosate (red) and AMPA (blue) quantified by means of LC-QQQ in the longtime replica of the experiment using 1.0
g/L MnO2 in ultrapure buffered water {pH 6) under oxic conditions over 96 hours. Error bars represent absolute ermors

hetween experimental duplicates.

AMPA and glyphosate in the DTPMP-free wastewater controls
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Figure D.6 Glyphosate (red) and AMPA (blue) concentrations quantified by LC-QQQ in control experiments without
the addition of DTPMP. A: pure wastewater, B: wastewater with 1.0 g/L MnO2, C: wastewater with 1 mM MnClz. Note:
Due to data point overlay, not all individual data points are visually distinguishable.
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DTPMP transformation by MnO- in wastewater vs. MES buffer
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Figure D.7 Total DTPMP (black), glyphosate (red) and AMPA (blue) concentrations quantified by means of IC-IPAD
(DTPMP) and LC-QQ0Q (glyphosate, AMPA) in two experiments containing 1 mM DTPMP and 1.0 g/L MnO=z in a) 20
mM MES buffer (pH 6) and b) wastewater (pH 8).
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METHODS

Quantification of DTPMP
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Figure D.8 Detector method or "waveform” for the amperomeitric detection used in the IC-IPAD method.

Table D.1 Concentration gradient profile of 15 mM NaOH (eluent A) and 50 mM NaOH and 400 mM NaAc (eluent B)
for the quantification of DTPMP by IC-IPAD.

Time in min Share eluent Ain %  Share eluent B in %

00 100 0

71 90 10

151 70 30

19.0 0 100

200 0 100

201 100 0

310 100 0
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Quantification of AMPA and glyphosate

Table D.2 Concentration gradient profile of 2.5 mM aqueous ammonium acetate (eluent A) and acetonitrile (eluent B)
for the quantification of AMPA and glyphosate by LC-QQQ.

Time in min Share eluent A in % Share eluent B in %
0.00 95.00 5.00
200 95.00 5.00
8.00 30.00 70.00
850 0.00 100.00
13.00 0.00 100.00
13.10 95.00 5.00
16.00 95.00 5.00

Table D.J MS/MS parameters for the quantification of AMPA and glyphosate by LC-QQQ. All compounds were
derivatized using FMOC-CI.

Compound Precursorion Production Fragmentorin Collis!on Bete_ntiup
(miz) {miz) \Y energy in e% time in min
Glyphosate 392 179 100 24 6.15
392 88 100 16
BC,, N- 395 179 100 24 6.15
Glyphosate
395 91 100 16
AMPA 334 179 100 11 7.03
334 112 100 10
3C1SN-AMPA 336 179 100 11 7.03
336 114 100 10
Glufosinate 404 179 100 24 642
404 136 100 20
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The following table holds LOD/LOQ values for AMPA and glyphosate LC-QQQ measurements

derived as stated in the Methods section of the main text.

Table D.4 LOD and LOQ values for glyphosate and AMPA in pg/L for each measurement sequence for the LC-QQQ
measurements. The approach used to derive those LOD/ALOQ values is described in the Methods section. The controls
are displayed below the respeciive experiment.

Experiment Glyphosate AMPA
Manganese Oz matrix LOD LOQ LOD LOQ
1.0 g/L MnO2 oxic MES 10.48 17 .44 6.41 10.03
0.1 g'L MOz oxic MES 509 1213 6.31 10.73
1.0 g/L MnO2 anoxic MES 9.80 3347 949 2094
0.1 g/L MnOz anoxic MES 357 698 949 2094

1 mM Mn?* 4 63 864 442 894
oxic MES
_ Control 1 463 864 442 8.94
1.0 g/L MnOz 4 89 10.14 442 894
_ Control 1 3.57 6.98 171 483
oxic wastewater
_ Control 2 5.50 11.00 5.36 12.04
_ Control 3 3.57 6.98 171 483
1 mM Mn?* 4 63 864 536 12.04
oxic wastewater
_ Control 1 463 864 442 8.94

179



Aqueous and sorbed fractions of AMPA and glyphosate
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Figure D.9 Aqueous and sorbed glyphosate (red) and AMPA (blue) concentrations quantified by means of LC-QQQ in
the experiment with 1.0 g/L MnO: under oxic conditions (pH 6). Ermor bars represent absolute emors between

experimental duplicates.
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Quantification of phosphorus-containing TPs using IC-ICP-MS

Table D.5 Concentration gradient profile of 300 pg/L agueous DTPA (pH 9.2) (eluent A) and 150 mM aqueous
ammonium nitrate with 300 pg/L DTPA (pH 9.2) (eluent B) for the guantification of P-containing compounds by
IC-ICP-MS.

Time ins Share eluent A in % Share eluent B in %
0 915 85
25 865 135
120 60.0 400
155 300 700
185 120 880
245 120 880

Nuclear Magnetic Resonance Spectroscopy (NMR)
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Figure D10 FP{'H}-NMR-spectrum of DTPMP in D20 measured as stated in the Methods section. & (ppm): 9.23,
12.94. Impurities are marked with an asterisk. The sum of integrals is normalized o 100.
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Figure D.11 3P {'H}-NMR-spectrum of EDTMP in D20 measured as stated in the Methods section. & (ppm): 8.76.
Impurities are marked with ***. The sum of integrals is normalized to 100.

Mineral Characterization
Point of zero charge (pHezc)

The pHpzc of the MnO:z used in this study was analyzed via {-potential measurements using a
Zetasizer Nano ZSP (Malvern Pananalytical, Malvern, United Kingdom) in folded capillary zeta
cells at 20 °C. Measurements were conducted in triplicates with 10 to 15 runs, each. For analysis,
50 mg/L MnOz suspensions were prepared in 10 mM NaCl + 10 mM MES buffer and the pH was
adjusted by 0.1 M or 1 M NaOH and HCI. The point of zero charge (pHpzc) was determined by
plotting the zeta potential as a function of the adjusted pH and subsequent regression of the linear

part of the data sets. pHezc was determined to be
56+0.1.
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Brunauer-Emmett-Teller method (BET)

The specific surface area (SSA) of the MnO; was determined by nitrogen sorption-desorption
isotherms using a Gemini VII 2390 (Micrometrics, Norcross, GA, USA). Samples were degassed

before analysis overnight under vacuum at 120 “C. SSA was determined at 64 5 + 0.2 m?/g.
Powder X-ray diffraction (XRD)

XRD measurements were performed in Géttingen by Volker Karius using an Orion Comet P2
Powder diffractometer (XRD Eigenmann GmbH, Schneittach-Hormersdorf, Germany) equipped
with a Cu-source (Cu-Kq radiation, . = 1.54060 A, \. = 1.54443 A) with a Ka-/Ka. relation of 0.5

and a beam voltage and current of 40 kV and 40 mA, respectively. The mineral predominantly
exhibits an amorphous structure interspersed with localized crystalline domains consisting of the

two polymorphs pyrolusite (B-MnOz) and akhtenskite (e-MnQO:z).

600 -
500 -

400 |\ ,\

300 - |

Intensity in cps

200 -

m_WNm \4 \.wf \/)‘J

0+ T T T T T 1
10 20 31] 40 513 ECII 70

24 ® (Scan axis: sym. const. area)

Figure D.12 X-ray diffractogram of the manganese dioxide used in this study. Measurement details are given in the
text above.

Further Mineral Analysis

The extractable Mn"_content (quantified by pyrophosphate extraction and UV/vis spectroscopy)

was 1 % of total manganese. With regard to the surface area, the extractable Mn"-content was
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1.76 nmol/m2. Further, total reflection X-ray fluorescence (TXRF) revealed just minor amounts of
mono- and bivalent cations (K: <0.001, Ca and Ba: =0.03 molar ratio vs Mn), which validates the

low Mn"-content.

Wastewater Characterization

Inorganic cation and anion analysis was performed using IC coupled to conductivity detection
(CD). The ion chromatograph (930 Compact IC Flex) was equipped with a 919 IC Autosampler
plus and two 800 Dosinos (all Metrohm, Filderstadt, Germany) for automated sample dilution and
eluent production. On the anion side, a suppressor (MSM Rotor A, Meotrhm) was installed prior
to the detector. The column Metrosep A Supp 5 (4.0 x 250.0 mm) was employed for anion
analysis, while the Metrosep C6 (4.0x250 mm) was employed for cation analysis (both Metrohm).
The eluent on the anion side consisted of 3.2 mM sodium carbonate and 1.0 mM sodium
bicarbonate in ultra-pure water and was delivered at a flow rate of 0.7 mL/min. The eluent on the
cation side consisted of 4.0 mM nitric acid and 0.7 mM dipicolinic acid delivered at a flow rate of

0.9 mL/min. The injection volume was 20 pL.

Thedissolved organic carbon (DOC) was analyzed using a vario TOC cube (Elementar,
Langenselbold, Germany). Prior to analysis, the samples were filtered (0.45 pm), acidified to a
pH of less than 2 using 32% HCI and purged with synthetic air to remove inorganic carbon. The

analysis was conducted in duplicates.

Aqueous manganese and iron in the filtered wastewater sample was quantified by a 4200 MP—
AES, equipped with a SP5 3 autosampler, a cyclonic spray chamber and an easy—fit torch (Agilent
Technologies, Santa Clara, United States). The selected wavelengths were 403.076 nm (Mn) and
373.486 (Fe). Samples were diluted prior to analysis 1:2, with a final concentration of 1 % (v/v)
HNO3. Extemnal standards in the range between 0.01 mg/L and 5.0 mg/L were used for
quantification (R2 > 0.999). LOD for Mn was determined to be 0.038 mg/L, while the LOD for Fe
was determined to be 0.019 mg/L.
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Table D.6 Anions and cations gquantified in the wastewater sample using ion chromatography with conductivity
detection, except for Mn and Fe, which were quantified using microwave-plasma atomic emission spectroscopy (MP-
AES), and therefore are not assigned cationic charges.

Anion cinmg/L | Cation ¢ in mg/L
F- 023 Na* 279

Cr 391 NH4* 130

NOs 0.7 K* 78

Br 0.04 Mg?* 133
NOs 7.1 Ca* 713
PO.* 33 Mn <0.04
SO4* 994 Fe <0.02

Table D.7 Wastewater parameters recorded for a 24-hour mixed sample in the WWTP Lustnau on September 9, 2024.
COD stands for “chemical oxygen demand”.

Parameter Value
CoD 195 mg/L
P total 22T mg/L
Conductivity 691 pS/cm
Temperature 18.8°C
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