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Abstract

Aminopolyphosphonates (APPs) are strong chelating agentswithin the group of anthropogenic
organophosphorus compounds and are increasingly used in various industrial and household
applications e.g., as antiscaling agents or bleaching stabilizers. Due to an incomplete removal in
wastewater treatment plants, increasing emissions into the environment along with potential
(eco–)toxicological risks are predicted. However, knowledge on the environmental fate of
APPs is scarce, hampering a comprehensive environmental risk assessment. While APPs are
believed to be mainly removed from the aqueous phase via sorption, the detection of their
transformation products in the effluent of wastewater treatment plants indicates that they are
also oxidized under environmentally relevant conditions. Processes likely contributing to the
oxidation of APPs in technical and environmental systems are homogeneous Mn(II)–catalyzed
oxidation by molecular oxygen and heterogeneous oxidation at manganese dioxide surfaces
(MnO2). The investigation of these processes solely by concentration analysis is hampered
because the transformation products formed by oxidation of APPs are partially unspecific for
different precursor substances as well as processes. In such cases, isotopic investigations by
compound–specific carbon isotope analysis (carbon CSIA) can serve as valuable complementa-
ry tools, as they allow to gain information on the environmental fate of organic contaminants
based on the isotopic composition of the precursor substance only.
The first goal of this work was the development of a liquid chromatography/ isotope ratio mass
spectrometry (LC–IRMS) method for widely used (A)PPs. The chromatographic separation of
1–hydroxyethane 1,1–diphosphonate (HEDP), aminotrismethylene phosphonate (ATMP) and
ethylenediaminetetramethylene phosphonate (EDTMP) was achieved on an anion exchange
column under acidic conditions. The investigated APPs were quantitatively oxidized within the
LC–IRMS interface with instrument typical limits of precise isotope analysis (around 200 ng
carbon on column). In batch experiments we showed that equilibrium sorption of the model
compound ATMP onto goethite did not cause a significant isotope effect. The manganese(II)–
catalyzed oxidation of ATMP by molecular oxygen however, was associated with a kinetic
isotope effect, leading to an enrichment in 13C. Consequently, carbon CSIA is a promising
approach to study transformation processes of APPs in aqueous system and thus get a more
comprehensive understanding on their environmental fate.
In the second part of the work, a detailed investigation of the homogeneous manganese(II)–
catalyzed oxidation of ATMP by dissolved oxygen was conducted to gain a better understan-
ding of the role of potential Mn(III)ATMP intermediates. Therefore, the dependency of the
kinetic carbon isotope fractionation (expressed as carbon isotope enrichment factor εC) and
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Mn(II)ATMP–normalized reaction rate on the complexed ATMP fraction was investigated
in batch experiments. As ATMP oxidation only by complex self–decomposition could not
explain the decreasing normalized reaction rates and εC–values with the complexed ATMP
fraction, transformation via two competing reaction pathways was hypothesized: oxidation
of free ATMP by Mn(III)ATMP–intermediates at low complexed fractions and complex self–
decomposition for low concentrations of free ATMP. This so far not known reaction pathway
involving Mn(III)ATMP as oxidant has significant implications for the environmental fate of
APPs. In natural waters, Mn(III)APP–intermediates are likely reduced toMn(II)APP by natural
reductants (e.g., natural organic matter) present at higher concentrations than the APPs. This
entails to a diminished potential of Mn(II)–catalyzed oxidation for the transformation of APPs.
Besides homogeneous Mn(II)–catalyzed oxidation, the heterogeneous transformation at MnO2
surfaces was proposed as potentially relevant removal process for APPs. So far, studies in-
vestigating this process in terms of environmental relevance as well as underlying reaction
mechanisms are lacking. In order to narrow this knowledge gap, the transformation of the
model compound iminodimethylene phosphonate (IDMP) at MnO2 was studied under vary-
ing environmental conditions (MnO2 mineralogy, pH) in part three of this work. First–order
reaction kinetics, as well as the relatively low εC–values indicated electron transfer from the
mineral surface to the IDMP as rate–limiting step in the overall reaction, rather than sorption or
bond cleavage. However, slightly but statistically significant lower εC–values (more pronounced
observable kinetic isotope effects) at acidic pH andMn(III)–enrichedMnO2, implied facilitated
electron transfer under these conditions. Thus, while a qualitative proof of IDMP oxidation at
MnO2 by carbon CSIA was feasible under all tested experimental conditions, the variability of
the εC–values hampers a clear identification of the underlying process.
This work demonstrates the potential of carbon CSIA as a valuable tool to study sources and fate
of APPs in technical and environmental systems. First applications of the method resulted in an
improved understanding of homogeneous and heterogeneous manganese–driven oxidation of
APPs and subsequently the role of these processes for the environmental fate of APPs. In future
studies, the developed method can be applied to investigate further relevant sorption and
transformation processes. These findings contribute to a more comprehensive understanding
of the environmental chemistry of APPs.
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Kurzfassung

Aminopolyphosphonate (APPs) sind starke Chelatbildner innerhalb der Gruppe der anthro-
pogenen Organophosphorverbindungen und werden zunehmend in verschiedenen Industrie–
und Haushaltsanwendungen eingesetzt, z.B. als Entkalkungsmittel oder Bleichstabilisatoren.
Aufgrund der unvollständigen Entfernung in Kläranlagen werden zunehmende Emissionen
in die Umwelt und damit verbundene potenzielle (öko–)toxikologischen Risiken vorherge-
sagt. Allerdings ist das Wissen über den Verbleib von APPs in der Umwelt spärlich, was
eine umfassende Bewertung der Umweltrisiken erschwert. Während angenommen wird,
dass APPs hauptsächlich durch Sorption aus der wässrigen Phase entfernt werden, weißt der
Nachweis ihrer Transformationsprodukte im Abwasser von Kläranlagen darauf hin, dass sie
unter umweltrelevanten Bedingungen ebenfalls oxidiert werden. Prozesse, die wahrscheinlich
zur Oxidation von APPs in technischen und Umweltsystemen beitragen, sind die homogene
Mn(II)–katalysierte Oxidation durch molekularen Sauerstoff und die heterogene Oxidation an
Mangandioxid–Oberflächen (MnO2). Die Untersuchung dieser Prozesse allein durch Konzen-
trationsanalyse wird jedoch dadurch erschwert, dass die bei der Oxidation von APPs gebildeten
Transformationsprodukte teilweise sowohl für verschiedene Vorläuferverbindungen als auch
für verschiedeneOxidationsprozesse unspezifisch sind. In solchen Fällen können Isotopenunter-
suchungen mittels substanzspezifischer Kohlenstoffisotopenanalyse (engl.: compound–specific
carbon isotope analysis, carbon CSIA) als wertvolles ergänzendes Instrument dienen, da sie es
ermöglichen, Informationen über den Verbleib organischer Schadstoffe in der Umwelt auf der
Grundlage der Isotopenzusammensetzung der Vorläufersubstanz zu gewinnen.
Das erste Ziel dieser Arbeit war die Entwicklung einer Flüssigchromatographie/ Isotopen-
verhältnis–Massenspektrometrie–Methode (LC–IRMS) für weit verbreitete (A)PPs. Die chro-
matographische Trennung von 1–Hydroxyethan–1,1–diphosphonat (HEDP), Aminotrisme-
thylenphosphonat (ATMP) und Ethylendiamintetramethylenphosphonat (EDTMP) wurde
auf einer Anionenaustauschersäule unter sauren Bedingungen erzielt. Die untersuchten APPs
wurden innerhalb der LC–IRMS–Schnittstelle quantitativ oxidiert, wobei die instrumententypi-
schen Grenzen der präzisen Isotopenanalyse (etwa 200 ng Kohlenstoff auf der Säule) erzielt
wurden. In Batch–Experimenten zeigten wir, dass die Gleichgewichtssorption der Modellver-
bindung ATMP an Goethit keinen Isotopeneffekt verursachte. Die Mangan(II)–katalysierte
Oxidation von ATMP durch molekularen Sauerstoff war jedoch mit einem kinetischen Isotopen-
effekt verbunden, der zu einer Anreicherung von 13C führt. Folglich ist die Kohlenstoff–CSIA
ein vielversprechender Ansatz, um Transformationsprozesse von APPs in wässrigen Systemen
zu untersuchen und somit ein umfassenderes Verständnis ihres Verbleibs in der Umwelt zu
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erhalten.
Im zweiten Teil der Arbeit wurde eine detaillierte Untersuchung der homogenen Mangan(II)–
katalysierten Oxidation von ATMP durch gelösten Sauerstoff durchgeführt, um ein besseres
Verständnis der Rolle potenzieller Mn(III)ATMP–Intermediate zu gewinnen. Hierfür wurde
die Abhängigkeit der kinetischen Kohlenstoffisotopenfraktionierung (ausgedrückt als Koh-
lenstoffisotopenanreicherungsfaktor εC) und der Mn(II)ATMP–normalisierten Reaktionsge-
schwindigkeit von der komplexierte ATMP Fraktion in Batch–Experimenten untersucht. Da die
ATMP–Oxidation ausschließlich durch Zerfall des Komplexes die abnehmenden normalisierten
Reaktionsraten und εC–Werte mit der komplexierten ATMP–Fraktion nicht erklären konnten,
wurde eine Transformation von ATMP über zwei konkurrierende Reaktionswege postuliert:
Oxidation von freiem ATMP durch Mn(III)ATMP–Intermediate bei niedrigen komplexierten
Fraktionen und Zerfall des Komplexes bei niedrigen Konzentrationen von freiem ATMP. Dieser
zuvor nicht bekannte Reaktionsweg, an demMn(III)ATMP als Oxidationsmittel beteiligt ist,
hat erhebliche Auswirkungen auf das Umweltverhalten von APPs. In natürlichen Gewässern
werden Mn(III)APP–Intermediate wahrscheinlich von natürliche Reduktionsmittel (z.B. natür-
lichem organischen Material), die in höheren Konzentrationen als die APPs vorhanden sind, zu
Mn(II)APP reduziert. Dies hat ein vermindertes Potenzial der Mn(II)–katalysierten Oxidation
für deren Transformation zur Folge.
Neben der homogenen Mn(II)–katalysierten Oxidation wurde die heterogene Umwandlung an
MnO2–Oberflächen als potenziell relevanter Entfernungsprozess für APPs postuliert. Bisher
fehlen Studien, die diesen Prozess im Hinblick auf seine Umweltrelevanz und die zugrunde lie-
genden Reaktionsmechanismen untersuchen. Um diese Wissenslücke zu schließen, wurde im
dritten Teil dieser Arbeit die Umwandlung der Modellverbindung Iminodimethylenphospho-
nat (IDMP) an MnO2 unter variierenden Umweltbedingungen (MnO2–Mineralogie, pH–Wert)
untersucht. Eine Reaktionskinetik erster Ordnung sowie relativ niedrige εC–Werte deuteten auf
Elektronentransfer von der Mineraloberfläche auf das IDMP als den geschwindigkeitsbestim-
menden Schritt in der Gesamtreaktion hin und nicht die Sorption oder die Bindungsspaltung.
Geringfügig, aber statistisch signifikant niedrigere εC–Werte (größere zu beobachtende kineti-
sche Isotopeneffekte) bei saurem pH–Wert und Mn(III)–angereichertem MnO2 deuten jedoch
auf einen beschleunigten Elektronentransfer unter diesen Bedingungen hin. Während also
ein qualitativer Nachweis der IDMP–Oxidation an MnO2 durch Kohlenstoff–CSIA unter allen
getesteten Versuchsbedingungen möglich war, erschwert die Variabilität der εC–Werte eine
eindeutige Identifizierung des zugrunde liegenden Prozesses.
Diese Arbeit zeigt das Potenzial der Kohlenstoff–CSIA als wertvolles Instrument um die Quel-
len und den Verbleib von APPs in technischen und Umweltsystemen zu untersuchen. Erste
Anwendungen der Methode führten zu einem verbesserten Verständnis der homogenen und
heterogenen Mangan–getriebenen Oxidation von APPs und somit der Rolle dieser Prozesse
für das Umweltverhalten von APPs. In zukünftigen Studien kann die entwickelte Methode
eingesetzt werden um weiterer Sorptions– und Umwandlungsprozesse zu untersuchen. Diese
Erkenntnisse tragen zu einem umfassenderen Verständnis der Umweltchemie von APPs bei.
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1 General introduction

1.1 Phosphonates in nature – Properties and relevance

Organo–phosphonates are the corresponding anions of phosphonic acids, which are char-
acterized by a R�C�PO3H2 moiety. The first synthetic and naturally occurring represen-
tatives described are aminomethyl phosphonate (AMPA) and 2–aminoethyl phosphonate
(2–AEP), which were isolated in the 1940s and 1950s, respectively.1,2 Since then, numerous
(bio–)synthetic phosphonates were identified, ranging from small compounds (e.g., 2–AEP) to
macromolecules, such as phosphonolipids.1,3 One major interest to study the (bio–)chemistry
of phosphonates was (and still is) their similarity regarding structure and physico–chemical
properties to phosphate (mono–)esters (R�O�PO 2–

3 ), the widest spread group of natural
phosphorus–containing organics.4 Essential for biochemical processes, for instance as part of
genetic material (DNA and RNA) or as biochemical “battery” (ATP), phosphate esters can be
seen as a compound class with an – or even the most – outstanding biological importance in
earth’s history amongst all biomolecules.5,6 Phosphate mono–esters and phosphonates have
in common that they are diprotic and thus tend to form complexes with di– and trivalent
cations.7,8 A crucial difference however, is the stability of the C�P bond in comparison to its
counterpart in phosphate esters.3 While the hydrolysis of R�O�P bonds is readily catalyzed
by enzymes, the R�C�P bond in phosphonates is stable against hydrolysis, as well as thermal
degradation and photolysis due to a high activation energy needed for its cleavage.9,10 This
stability in combination with the similar steric configuration compared to phosphate esters and
amino (carboxylic) acids result in the biochemical activity of phosphonates.1 Phosphonates
and amino–phosphonates in particular are able to compete with phosphate esters and amino
acids for active sites of enzymes.4,11,12 Due to the chemical stability of phosphonates, they often
cannot be utilized by enzymes, leading to the inhibition of the enzyme.13,14 As a consequence,
microbially synthesized phosphonates comprise amongst others small biomolecules acting as
antibiotics and herbicides.1

Despite their stability, specialized microorganisms are able to utilize phosphonates as phos-
phorus source by cleaving the C�P bond, catalyzed by various enzyme families, for instance
by C�P lyase–type enzymes.9,10 Considering that phosphonates are believed to contribute
substantially to the total dissolved P pool in the environment (e.g., up to 25 % in oceans), they
likely represent an important organic phosphorus source in some environments.15

Due to the chemical stability and (bio–)chemical activity of natural phosphonates, synthetic
analogues making use of these beneficial properties are of growing commercial importance.
The most prominent representatives are phosphonate–based pesticides, foremost glyphosate
(N–(phosphonomethyl)glycine), the quantitatively most applied herbicide worldwide.16 More-
over, phosphonates are used as flame retardants and antiviral drugs.17,18 Polyphosphonates
(i.e., representatives containing multiple phosphonic acid moieties) are increasingly used as
antiscalants and bleaching stabilizers in industrial and household applications and will be
discussed hereafter.19
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1.2 Polyphosphonate chelating agents – Properties and usage

1.2 Polyphosphonate chelating agents – Properties and usage

Polyphosphonate chelating agents (PPs) are a group of synthetic phosphonates characterized
by three ormore (R�C�PO 2–

3 )moieties. The quantitativelymost important polyphosphonates
are 1–hydroxyethane–1,1–diphosphonate (HEDP), 2–phosphonobutane–1,2,4–tricarboxylate
(PBTC), aminotrismethylene phosphonate (ATMP), ethylenediaminetetramethylene phospho-
nate (EDTMP) and diethylenetriaminepentamethylene phosphonate (DTPMP) (see Figure
1.1). ATMP, EDTMP and DTPMP are characterized by at least one tertiary amine group and
therefore called aminopolyphosphonates (APPs).

Figure 1.1: Chemical structures of the polyphosphonic acids 1–hydroxyethane–1,1–diphosphonic
acid (HEDP), 2–phosphonobutane–1,2,4–tricarboxylic acid (PBTC), aminotrismethylene phospho-
nic acid) (ATMP), ethylenediaminetetramethylene phosphonic acid (EDTMP) and diethylenetri-
aminepentamethylene phosphonic acid (DTPMP). Phosphonic acid and amine groups are marked
in blue and orange, respectively.

PPs and their salts are highly soluble in water (¥ 21 g L�1), consequently have very low Henry
constants (1� 10�18 atm m3 mol�1 to 1� 10�17 atm m3 mol�1) and low tendency to partition
into organic phases (log(Kow) �3.4 for DTPMP and �4.1 for EDTMP).19 They exhibit high
complex formation constants (Kcompl) with di– and trivalent cations due to their ability to
act as chelates. The complex formation constants are in most cases (slightly) higher than the
constants for the corresponding polycarboxylates. Exemplified by ATMP (compared to its
analogue NTA), log(Kcompl)–values range from 7.2 (NTA: 6.4) for magnesium to 16.4 (NTA:
10.7) for zinc.20 As a rule of thumb, the complex formation constant for polyphosphonates
increases with (i) the number of phosphonic acid moieties and (ii) the cations tendency for
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1 General introduction

hydrolysis, i.e., its acidity.20,21 Consequently, Kcompl–values are (i) highest for DTPMP among
the aforementioned polyphosphonates and (ii) lower for (earth) alkali metals compared to
transition and heavy metals.20 The tendency of PPs to form stable complexes with essential
(trace) metals is the reason for their indirect toxicity towards some aquatic and soil organisms,
such as algea.22 However, high no–observed–effect concentrations (NOEC) of PPs in the
mg L�1–range imply a low acute toxicity. These findings in combination with low (predicted)
environmental concentrations of PPs indicate a low environmental risk for acute (eco–)toxicity
so far.19,23

The combination of their (i) high complex formation constants for di– and trivalent cations (e.g.,
Ca(II) and Fe(III)), (ii) resilience towards chemical degradation and (iii) low toxicity led to the
growing commercial importance of polyphosphonates over the last decades. PPs are mainly
applied as scale inhibitors and anti–fouling agents in membrane filtration and cooling waters,
as stone formation inhibitors in oil drilling as well as bleaching stabilizers in the textile and
paper industry. In household and industrial cleaners, they are increasingly used as complexing
agents and bleaching stabilizers.24,25 Further applications include cosmetics (as bleaching
stabilizers), concrete and cement (as high temperature solidification delaying agents) and
pharmaceutical products (as Ca(II) chelating agents in medication for the treatment of bone
diseases).19 The global consumption of polyphosphonates increased from 56 kt a�1 in 1998 to
96 kt a�1 in 2012 (and from 15 kt a�1 to 49 kt a�1 in Europe).19 More recent data emphasize
the use of phosphonates in cleaning agents and detergents in Germany, which increased
from 1.9 kt a�1 in 1994 to 7.6 kt a�1 in 2019.26 Since the 1980s, they replaced structurally similar
amino–polycarboxylates (e.g., ethylenediaminetetra acetate, EDTA) and polyphosphates, which
showed adverse environmental effects such as remobilization of heavy metals from sediments
and surface water eutrophication.27,28

1.3 Environmental chemistry and fate of (amino–)polyphosphonates

Due to their high complex formation constants with di– and trivalent metal cations, PPs strongly
adsorb onto metal (hydr–)oxides via surface–complexation at environmentally relevant pH–
values.29,30 The formation of ternary surface–calcium–phosphonate complexes can further
enhance the sorption of PPs.31,32 The interaction with natural sorbents other than (hydr–)oxide
is less studied. ATMP was shown to sorb onto immobilized humic acid, with highly pH depen-
dent sorption capacity. Sorption was strong at acidic conditions (pH 3.6 – 4.8) but negligible
at pH–values higher than 6.29 Sorption to clay minerals has not been investigated so far for
APPs. For HEDP however, the affinity to bentonite clay was found to be in the same order of
magnitude as for goethite. Complexation to surface functional groups as well as intercalation
were proposed as sorption mechanisms.30,33 For clay minerals a correlation between the sorp-
tion capacity and the amount of (hydr–)oxidic bound metals was found.33 This observation
supports the assumption that PPs mainly interact with clay minerals via functional surface
groups. Similar observations were made for the sorption of ortho–phosphate onto clay minerals
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1.3 Environmental chemistry and fate of (amino–)polyphosphonates

with varying acid–extractable contents of iron, aluminium, manganese, and calcium.34 Various
studies investigated the sorption of PPs onto complex sorbent matrices, such as activated/
digested sewage sludge or sediments. Metal oxides, clay minerals and organic matter were
proposed as most important sorbents.29,35 However, many of these studies lack detailed infor-
mation on the composition of the sorbent matrix (e.g., mineral composition) and therefore do
not allow to draw conclusions on the sorption mechanism.19

Besides adsorption, several pathways leading to oxidative breakdown of complexed PPs are
described in literature, although PPs in freely dissolved (i.e., non–complexed) form are consid-
ered to be resistant towards biodegradation as well as abiotic degradation.19,23 Investigated
oxidation processes include photodegradation of Fe(III)–complexes, Mn(II)–catalyzed oxida-
tion by dissolved oxygen and advanced oxidation processes (AOPs, e.g., Fenton’s reaction and
ozonation). Most studies indicated that APPs are more prone to oxidation in comparison to
amine–free PPs, emphasizing the role of the amine functional group for electron transfer.36–39
As a consequence, more studies on the oxidation of APPs are available in literature. Iron–
catalyzed photo–degradation is considered the most important transformation pathway for
APPs in surface waters, due to the high reactivity of Fe(III)–APP complexes.23,25 For EDTMP,
an averaged half–life of 26 h for central European surface waters was calculated, based on
lab–determined quantum yields of the Fe(III)–EDTMP complex.40 The degradation scheme
was similar to the photodegradation of EDTA. However, in contrast to EDTA, the final product
of EDTMP degradation (N–methyl–aminomethylene phosphonate) was stable under the in-
vestigated conditions, as it did not form a strong iron–complex.40 Although other complexing
metal ions or competing ligands likely affect the degradation rates of APPs, further data are not
available. The photo–transformation of the Fe(III)–complexes of ATMP, EDTMP and DTPMP
under irradiation of a middle–pressure mercury lamp revealed ortho–phosphate and AMPA
as transformation products, with AMPA yields of up to 7 %.41 Hence, APP oxidation might
be a significant source for AMPA, which so far is considered to originate primarily from the
degradation of the herbicide glyphosate.42 Consequently, AMPA formation fromAPP oxidation
could challenge the interpretation of AMPA concentrations in water bodies as an indicator for
glyphosate (bio–)degradation. Another transformation pathway for APPs hypothesized to be
relevant in soils and sediments is manganese–driven oxidation. Nowack and Stone reported
the degradation of ATMP, EDTMP and DTPMP in the presence of Mn(II) and dissolved oxy-
gen, as well as the degradation of ATMP by manganite (Mn(III)OOH) under oxic and anoxic
conditions.37,43,44 The amino–monophosphonates glyphosate and AMPA were also shown to
be oxidized at manganese oxide surfaces, while Mn(II)–catalyzed oxidation in homogeneous
aqueous solution was not observed.45 Nitrogen–free PPs, such as HEDP were not oxidized.37
Iminomethylene phosphonate (IDMP), N–formyl–iminomethylene phosphonate (FIDMP),
formaldehyde, as well as ortho–phosphate were identified as transformation products of ATMP
oxidation. Bis(phosphonomethyl) carbamate – formed via the oxidation of FIDMP – was
proposed as a further transformation product but was not identified so far. The proposed
reaction mechanism of ATMP oxidation comprises (i) the formation of a methylene radical,
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resulting from C�P bond cleavage and (ii) the rapid oxidation of the radical to either IDMP or
FIDMP. The fact that these two primary transformation products were detected in the effluent
of a Swiss waste water treatment plants (WWTP) implies that this pathway also takes place in
technical systems.44 A more detailed discussion on the general role of manganese as potent
oxidant and catalyst in environmental and technical systems follows below.
In summary, PPs are considered to be removed from the aqueous phase mainly via sorption due
to their strong interaction with various sorbents.46 Consequently, high elimination rates of 80 %
to 90 % determined in WWTPwere attributed mainly to sorption onto sewage sludge. Based on
these numbers, a discharge of 1.2 kt a�1 to 4.9 kt a�1 of PPs to receiving waters in Europe was
estimated.19 Accordingly, dissolved polyphosphonate concentrations in selected German rivers
in the ng L�1 to low µg L�1 range were found.47–49 PPs were detected on suspended matter in
WWTP effluent, thus contributing also to the particulate phosphorous fraction.19,49 Although
(partial) transformation of this emitted polyphosphonate fraction is likely, knowledge on trans-
formation rates and the formation of transformation products such as phosphate and AMPA
is scarce. However, these processes are of high relevance due to possible adverse effects on
receiving surface waters and sediments with respect to eutrophication or ecotoxicology. The
earlier discussed oxidation processes have in common that they finally lead to the release of
ortho–phosphate after C�P bond cleavage. Hence, it can be assumed that polyphosphonates
represent a significant phosphorous source in WWTP effluent receiving surface waters.19 This
applies in particular to APPs, which are more prone to oxidative breakdown than N–free
PPs. Consistently, it was shown recently that concentrations of the amino–free PPs HEDP and
PBTC are significantly higher than APP concentrations in the effluent of two German WWTPs
and in the sediments of the receiving rivers, implying a faster breakdown of APPs.48,49 Yet,
no identification or even quantification of potential transformation products was conducted
in these studies. As identified transformation products include also potentially problematic
compounds such as AMPA, a better understanding on the environmental fate PPs is needed.

1.4 The role of manganese as environmental oxidant and catalyst

Manganese makes up 0.1 % by weight of the earth’s crust and is considered the second most
important transition metal in biogeochemical cycles following iron.50,51 Manganese exhibits a
complex redox chemistry and is found in various redox states, ranging from +II (e.g., man-
ganese chloride), over +IV (e.g., manganese dioxide) to +VII (e.g., permanganate). Among
these, Mn(+II) to Mn(+IV) species are the most common ones under environmentally relevant
conditions, i.e., within the stability range of water.52,53 Mn(II) is the predominant dissolved
manganese species due to (i) the high solubility of most Mn(II)–salts and (ii) the slow abi-
otic oxidation by molecular oxygen at pH–values below 9. Various microbial strains however,
effectively catalyze Mn(II)–oxidation by molecular oxygen, leading to the formation of man-
ganese(III/IV) oxides.54,55 This group of minerals belongs to the most potent natural oxidants,
with standard oxidation potentials (E0) in the range of 1.2 V to 1.5 V and around 0.6 V for
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environmentally relevant concentrations at pH 7 (Ew).56,57 These properties, in combination
with their low crystallinity and resulting high surface area, make manganese oxides – despite
their low concentration in soils and sediments – substantially involved in the biogeochemical
cycling of various soil and water constituents.58,59 Manganese oxides are considered an impor-
tant driver in the carbon cycle, because they are able to both stabilize and destabilize natural
organic matter (NOM) in soils and sediments depending on the governing reaction process,
such as adsorption/complexation, oxidative breakdown or polymerisation.60 Furthermore,
manganese oxides are able to adsorb and oxidize organic contaminants, as well as heavy metals
and therefore influence their mobility and toxicity in the environment.61,62

Manganese(III) is known for its important biochemical role as active center of enzymes, such as
(i) the Mn(II/III) superoxide dismutase family or (ii) the photosystem II, in which Mn(III/IV)
is part of the oxygen–evolving centre.63–65 Due to a lack of studies however, knowledge on the
distribution and reactivity of dissolvedMn(III)–complexes in the environment was limited until
a few years ago and dissolved manganese was presumed to be exclusively Mn(II).66,67 Owing
to the thermodynamic instability of free Mn(III) (aquo–complexes) and the resulting rapid
disproportionation to Mn(II)/Mn(IV), manganese(III) was an overlooked redox state and only
assumed to be stable under controlled laboratory conditions, for instance when complexed with
an excess of pyrophosphate.54,55 However, in the last decade several studies showed thatMn(III)
can also be stabilized under environmental conditions by complexation with natural ligands
like (i) siderophores (i.e., biologically synthesized chelating agents) such as desferrioxamine
B (DFOB) or (ii) complex natural organic matter (NOM).66,68–70 Manganese(III)–complexes
were identified in oxic and suboxic environmental water samples by spectroscopic and electro-
chemical methods and it could be shown that up to 90 % of dissolved manganese in suboxic
marine environments was bound in Mn(III)–complexes.70–72 These findings underlined that
Mn(III) is a so far overlooked redox buffer in aquatic environments as it can act as oxidant as
well as reductant and thus stabilize suboxic conditions.70

Besides its role in biogeochemical cycles, the potential of Mn(III)(–complexes) as AOP oxidants
for the transformation of organic contaminants is increasingly being investigated in recent
years.73,74 Manganese(III) generated in–situ by the (electro–)chemical reduction of persul-
fate or manganese oxides was shown to effectively oxidize various compounds, including
diclofenac, bisphenols, atrazine and 4–chlorophenol via an one–electron transfer.74–76 Obtained
reaction rates were considerably higher (factor 103 to 105) than those of non–activated MnO –

4
and MnO2. When Mn(III) was only weakly stabilized by bisulfite (HSO –

3 ), higher reaction
rate constants than for hydroxyl radicals were obtained in some cases.74,77 While only shown
in laboratory model systems so far, these studies emphasize the potential role of Mn(III)(–
complexes) as strong one–electron oxidant for organic contaminants in environmental and
technical systems.52
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1.5 Compound–specific isotope analysis (CSIA) and stable isotope fractionation

Compound–specific isotope analysis (CSIA) is increasingly used in the field of environmental
chemistry to track origin and fate of organic contaminants in the environment.78 CSIA has
been applied for (i) contaminant source identification, (ii) detection and (iii) quantification of
in–situ (bio–)degradation and (iv) identification of reaction pathways and (v) the underlying
reaction mechanisms.79,80

As compound–specific isotope ratio mass spectrometry traditionally was coupled to gas–
chromatographic separation (GC–IRMS), the range of target analytes was restricted to (semi–
)volatile or derivatizable analytes for a long time.78 Today, a liquid–chromatography interface
for carbon isotope ratio mass spectrometry (LC–IRMS) is available, allowing carbon CSIA
of water–soluble, non–volatile compounds. The system is based on (i) the chromatographic
separation of the analytes by an inorganic, carbon–free eluent, (ii) the (semi–)quantitative
wet–chemical oxidation of the analytes to carbon dioxide by heat–activated persulfate (i.e.,
sulfate radicals) in the eluent stream and a subsequent transfer of the CO2 into the carrier
gas stream and finally (iii) detection of the CO2–isotopologues in the IRMS, from which the
isotopic signature of the analytes are calculated (see Figure 1.2).81
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Figure 1.2: Scheme of the liquid chromatography/ isotope ratio mass spectrometry (LC–IRMS)
coupling, comprising of (i) a HPLC for analyte separation, (ii) the interface for the wet–chemical
oxidation of organic carbon to CO2 and (iii) IRMS for detection of the CO2 isotopologues.

Despite the limitations of this approach, especially the restriction to inorganic, carbon–free
eluents and buffers hampering chromatographic separation, LC–IRMS methods for several
compound classes were developed in recent years including amino acids, halogenated organic
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acids, antibiotics and herbicides.82–85 Applied separation techniques include size–exclusion,
ion exchange, mixed–mode, as well as high–temperature liquid chromatography.86,87

The investigation of the environmental fate of organic compounds by CSIA is based on the
analysis of their stable isotopic composition (at natural abundance).88 In general, organic
compounds comprise a mixture of molecules possessing either a heavy (13C for carbon) or
light (12C) isotope of the element of interest – so called isotopologues. The relative abundances
of two stable isotopes in a compound are reported as isotopic ratio R (e.g., RC � 13C{12C for
carbon) which is usually converted to a delta–value (e.g., δ13C for carbon) by normalizing R
to an international standard (see Equation 1.1). In the case of carbon, the standard material
is represented by the carbonate Vienna Peedee belemnite (VPDB) with an isotopic ratio of
RC,VPDB � 0.011180.89 As physical and chemical processes lead only to small isotopic shifts in
the order of 10�5 to 10�4, the delta–value is usually expressed in per mil (‰).

δ13C �
�

Rcomp
Rstd

� 1


� 1000‰ (1.1)

(Bio–)chemical transformation processes often discriminate between the isotopologues exhibit-
ing a heavy isotope at the reactive position and those exhibiting a light isotope, resulting in
slightly different reaction rate constants. The ratio between these isotopologue–specific reaction
rates is termed kinetic isotope effect (KIE = lk/hk). In most cases, the KIE is greater than unity,
i.e., leads to gradual enrichment of the lighter isotopologues in the product pool, while the
heavier isotopologues accumulate in the remaining reactant pool (“normal” KIE). The extent
of the observed shift in the isotopic composition can be expressed by an isotope enrichment
factor, ε. In closed systems, the Rayleigh distillation equation (Equation 1.2) can be used to
determine ε–values from measured isotope ratios and the remaining fraction (i.e., normalized
concentration) of the reactant.90

ln
�

Rptq
Rp0q



� ln

�
δ13Cptq � 1
δ13Cptq � 1



� εC � ln p f ptqq (1.2)

Rp0q and δ13C(0) is the initial, Rptq and δ13C(t) the actual measured (normalized) isotope ratio
and f ptq is the remaining substrate fraction (i.e., cptq{cp0q) at a certain time point.

So far, carbon isotope fractionation has been successfully used to identify (bio–)degradation of
legacy contaminants such as chlorinated ethenes at field sites, and under favourable conditions,
to quantify the extent of (bio–)degradation.80,91 Furthermore, isotope fractionation provides
information on the underlying reaction pathways, or even mechanisms.90,92 This is possible, as
the measured ε–value is indirectly linked to the KIE of the underlying reaction. However, as all
carbon atoms of the target analyte are measured after it has been quantitatively oxidized to CO2,
not the intrinsic isotope fractionation at the reactive (i.e., cleaved) bond, but rather an averaged
(“diluted”) isotope fractionation over the complete molecule is measured. Nevertheless, an
apparent (i.e., observed) kinetic isotope effect (AKIE) referring to the intrinsic KIE associated
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with bond cleavage can be determined from CSIA data, by correcting for non–reactive carbon
atoms. For a symmetric molecule with all carbon atoms chemically equal and positioned at the
reactive bond, the AKIEC at the reacting position can be approximated by means of Equation
1.3.90

AKIEC �
1

nC � εC � 1
(1.3)

Here, nC denotes the total number of carbon atoms.

AKIE values can be compared to theoretical semi–classical Streitwieser limits to elucidate the
underlying reaction mechanisms. The Streitwieser limit represents the maximum intrinsic ki-
netic isotope effect for the cleavage of a chemical bond. Its calculation is based on the difference
in the vibrational energies of the reactive bonds involving either the light or heavy isotope of
the element of interest. Thus, the Streitwieser limit represents a simplified situation, as other
factors contributing to the KIE are neglected (e.g., effects of additional bonds). Furthermore, it
is assumed that the bond–cleavage at the reactive position is the rate–limiting step of the overall
reaction.88 However, this simplified assumption usually does not necessarily hold in environ-
mentally relevant transformation processes, as they do not only comprise the bond cleavage step
but may also include preceding steps such as mass transfer of the reactant to the reaction site or
formation of a precursor complex.93 These steps are typically not associated with a pronounced
isotope effect, as they affect the whole molecule and/ or usually do not lead to bond–cleavage
or formation.88 Within such multistep reactions, the slowest (i.e., rate–limiting) step typically
dominates the observed isotope effect.90 Consequently, in reactions where non–fractionating
steps are slower than the bond–cleavage step (which is assumed to fractionate), the observed
isotope fractionation gets diminished, as the intrinsic KIE of bond–cleavage gets masked.90
Therefore, information on rate–limiting steps within a reaction cascade can be obtained by CISA.
However, as in many cases the underlying mechanisms of a reaction are not fully understood,
masking also complicates the deciphering of the reaction mechanism, as the observed KIE
might be ambiguous, pointing to either (i) a mechanism associated with a low KIE, or (ii) a
mechanism associated with a high, but masked KIE. This obstacle can be overcome by dual
(2D) CSIA, i.e., combining two isotope systems (e.g., δ13C/δ15N).94 As masking steps such as
phase transfer processes typically affect the complete molecule (i.e., both investigated isotope
systems), they are cancelled out in 2D isotope plots, allowing a more reliable differentiation of
reaction pathways by 2D CSIA.90,95

The absence of significant isotope fractionation for phase transfer processes (e.g., sorption
or volatilization) furthermore implies that isotopic investigations can be used to differentiate
between transformation and sorption/ volatilization as case for a concentration decrease of
contaminants in the aqueous phase. For non–polar organic contaminants, such as aromatic or
halogenated hydrocarbons this was already demonstrated in various studies.96,97 However, the
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assumption of the absence of significant isotope fractionation during sorption might not hold
in the case of polyphosphonates. In contrast to non–polar organics, which are sorbing via weak,
unspecific van der Waals forces, phosphonates are considered to sorb via the formation of
strong inner–sphere surface–complex between one (monodentate complex) or two (bidentate
complex) phosphonic acid group and the mineral.31,98–100 So far, knowledge on the isotope
fractionation associated with chemical sorption of ionic organics such as polyphosphonates
is scarce. However, various studies on inorganic anions are available, which are assumed to
sorb via similar mechanisms. Sorption of ortho–phosphate to ferrihydrite showed significant
oxygen isotope fractionation.101 Preferential sorption of light isotopologues was also observed
for various oxyanions, e.g., Si–isotope fractionation in ortho–silicate and Bo–isotope fraction-
ation in ortho–borate.102,103 Based on these findings, an oxygen isotope fractionation is also
conceivable for the sorption polyphosphonates onto mineral (hydr–)oxides. According to the
proposed mechanism however, no carbon–containing functional groups are involved in the
complex formation. Hence, carbon can only be subjected to a secondary isotope effect, which
occurs at positions in the vicinity of the reactive bond and arise for instance from coordination
geometry changes within the molecule. These secondary isotope effects are around one order
of magnitude lower than primary ones caused by vibrational energy differences.90

Summarizing, significant carbon isotope effects during sorption of polyphosphonates are un-
likely. However, in order to allow a profound interpretation of natural processes governed by
superimposed transformation and sorption (e.g, transformation at mineral surfaces) by stable
isotope analysis, sorption–associated isotope effects should be addressed in future studies.

1.6 Objectives and structure of the thesis

Despite their growing consumption in industrial and household applications, knowledge on the
environmental fate of amino–polyphosphonates with respect to the significance of sorption and
transformation for their removal from the aqueous phase is limited. The use of concentration
analysis to get deeper insights into these processes is hampered by the fact that the potential
transformation products such as IDMP, AMPA or phosphate are unspecific. A promising,
but so far unexploited tool to overcome these obstacles is compound–specific isotope analysis
(CSIA), which allows to gain insights into the aforementioned processes solely based on the
analysis of the parent compound. Prerequisites for this are defined laboratory experiments
under controlled conditions in order develop a comprehensive understanding of the isotope
fractionation associated with sorption as well as transformation processes. For this reason,
the presented work aimed to (i) set the analytical foundation for carbon CSIA of APPs by
developing a LC–IRMS method as well as (ii) apply this method to get deeper insights into
environmentally relevant transformation processes of APPs in the presence of manganese
(oxides) and dissolved oxygen.
The presented research work is organized in five chapters. In chapter 1, an introduction to
phosphonates in general and the environmental chemistry of (amino–)polyphosphonates
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in particular, as well as the role of manganese as oxidant and catalyst in the environment is
provided. Furthermore, the concepts of stable isotope fractionation and compound–specific
isotope analysis (CSIA) are discussed, with focus on carbon CSIA of ionic, water–soluble
analytes by liquid–chromatography/ isotope ratio mass spectrometry (LC–IRMS). Chapter
2 describes the development of a LC–IRMS method for HEDP, ATMP and EDTMP, which
represents the indispensable prerequisite for further investigation of polyphosphonates by
carbon CSIA. The method development comprised of (i) the chromatographic separation
of the analytes, as well as (ii) optimization of the wet–chemical oxidation conditions for a
quantitative mineralization of the analytes to CO2. The optimized method was evaluated
with respect to the limit of precise isotope analysis, i.e., the detection limit for the analysis of
true and precise δ13C–values. Finally, the potential of isotope analysis to differentiate between
concentration loss ofATMP from the aqueous phase by either equilibrium sorption onto goethite
or Mn(II)–catalyzed oxidation was investigated. In chapter 3, a study on the mechanisms of
homogeneousMn(II)–catalyzed oxidation of ATMP by dissolved oxygen is presented. Previous
work hypothesized Mn(III)–complexes as key intermediates for the oxidation of ATMP via
inner–sphere electron transfer. Furthermore, side reactions involving Mn(III)ATMP–species as
oxidants cannot be excluded based on the described reactivity of Mn(III)(–complexes). Yet,
information on this potential pathway is lacking. To narrow this knowledge gap, the Mn–to–
ATMP speciation was systematically varied in laboratory batch experiments by changing (i)
the initial Mn–to–ATMP ratio and (ii) the pH value in order to unravel potential reactions
between Mn(III)ATMP–intermediates and free ATMP and thus get a more comprehensive
understanding of the system. To this end, the reaction kinetics and observed kinetic isotope
fractionation were related to the Mn–to–ATMP speciation, which was described quantitively
by equilibrium speciation modeling. In chapter 4, the focus is shifted from the homogeneous
Mn(II)–catalyzed oxidation to the heterogeneous oxidation at manganese dioxide surfaces. In
order to allow an isolated investigation of the heterogeneous reaction, the amino–biphosphonate
iminodimethylene phosphonate (IDMP) was used as model compound, which is resilient
towards homogeneous Mn(II)–catalyzed oxidation. IDMP oxidization was investigated in
laboratory batch experiments under varying conditions, such as MnO2 mineralogy and pH.
The experimental data was evaluated with respect to reaction order, reaction rate constant
and observed kinetic isotope fractionation. Finally, a reaction scheme including putative rate–
limiting steps should be developed based on the findings obtained. Combinedwith the findings
from chapter 3, the study therefore sets the basis needed for a comprehensive investigation of
systems with superimposed homogeneous and heterogeneous manganese–driven oxidation of
amino–polyphosphonates. Lastly, chapter 5 summarizes the major findings of the presented
research work, discusses their environmental implications and provides suggestions for the
design of follow–up studies.
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2 Carbon CSIA of polyphosphonates by LC–IRMS: method development and application

2.1 Abstract

Compound–specific carbon isotope analysis (carbon CSIA) by liquid chromatography/ isotope
ratio mass spectrometry (LC–IRMS) is a novel and promising tool to elucidate the environmen-
tal fate of polar organic compounds such as polyphosphonates, strong complexing agents for
di– and trivalent cations with growing commercial importance over the last decades. Here, we
present a LC–IRMS method for the three widely used polyphosphonates 1–hydroxyethane 1,1–
diphosphonate (HEDP), amino tris(methylenephosphonate) (ATMP) and ethylenediamine
tetra(methylenephosphonate) (EDTMP). Separation of the analytes, as well as ATMP and its
degradation products was carried out on an anion exchange column under acidic conditions.
Quantitative wet–chemical oxidation inside the LC–IRMS interface to CO2 was achieved for
all three investigated polyphosphonates at a comparatively low sodium persulfate concentra-
tion despite the described resilience of HEDP towards oxidative breakdown. The developed
method has proven to be suitable for the determination of carbon isotope fractionation of ATMP
transformation due to manganese catalyzed reaction with molecular oxygen, as well as for
equilibrium sorption of ATMP to goethite. A kinetic isotope effect was associated with the
investigated reaction pathway, whereas no detectable isotope fractionation could be observed
during sorption. Thus, CSIA is an appropriate technique to distinguish between sorption and
degradation processes that contribute to a concentration decrease of ATMP in laboratory batch
experiments. Our study highlights the potential of carbon CSIA by LC–IRMS to gain a process–
based understanding of the fate of polyphosphonate complexing agents in environmental as
well as technical systems.

2.2 Introduction

Compound–specific isotope analysis (CSIA) of light elements (H, C, N) has become a versatile,
well established tool in environmental chemistry in the last two decades.1 CSIA was success-
fully applied for source identification, product authenticity, detection and quantification of
in situ (bio–) degradation as well as identification of the underlying reaction mechanisms.2–4
However, in the early days of CSIA the only instrumentation commercially available was
gas chromatography/isotope ratio mass spectrometry and was therefore restricted to (semi–)
volatile, thermostable or derivatizable compounds. This restriction contrasts with the growing
importance of non–volatile, polar and thermolabile organic pollutants, such as pharmaceuticals
and pesticides in the last years.5 For carbon CSIA this gap was recently closed owing to the
development of a commercially available interface to couple liquid chromatography and isotope
ratio mass spectrometry (LC–IRMS). This approach is based on a chromatographic separation
of the analytes by means of a carbon free, inorganic eluent followed by (semi–) quantitative
wet–chemical oxidation of the analytes to CO2 in the aqueous phase and subsequent transfer of
the CO2 into a helium stream, which is finally introduced into the IRMS.6 Nowadays, a variety
of applications of LC–IRMS can be found in the food authenticity sector, e.g., to proof honey
adulteration or identify the origin of ethanol in wine and sweeteners in chewing gums.7–9
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However, routine LC–IRMS applications to investigate the environmental fate of water–soluble
organic xenobiotics are scarce. This partially can be explained by the restriction of the available
LC–IRMS interface to eluents free of organic modifiers, hampering the chromatographic sepa-
ration of most analytes routinely separated on reversed–phase and porous graphitized carbon
columns.10 To overcome these problems high–temperature (HT–)LC–IRMS, which makes use
of the decreased polarity of water at elevated temperatures, was successfully applied for the
separation on reversed–phase columns.11–13 On the other hand, ionic contaminants, which can
be separated on ion exchange or mixed–mode columns without the need of organic modifiers
gained growing attention over the last years. Two prominent examples for such compounds
are the widely used herbicide glyphosate (N–(phosphonomethyl)glycine) and its degradation
product (aminomethyl) phosphonic acid (AMPA), for which a LC–IRMS method based on
cation exchange chromatography using an acidic phosphate buffer was developed recently.14

A compound class structurally related to the monophosphonate glyphosate is the group of
polyphosphonic acids, which are characterized by two or more C�PO(OH)2 moieties and are
strong complexing agents for di– and trivalent cations.15 Polyphosphonates are increasingly
used as substitutes for polyphosphates and aminopolycarboxylates (e.g., ethylenediamine
(tetra)acetic acid, EDTA) in industrial and household applications, as these compound classes
are associated with environmental problems, such as surface water eutrophication and heavy
metal remobilization.16,17 Consequently, this increasing usage brings up the question, how
polyphosphonates behave in technical and natural systems. Due to their strong affinity for min-
eral surfaces, sorptionmainly at iron (oxyhxdr) oxides is considered as predominant process for
polyphosphonate removal from water. In wastewater treatment plants elimination rates in the
range of 90 % were calculated, at neutral pHmainly attributed to sorption onto amorphous iron
hydroxides.18,19 Furthermore, various abiotic degradation pathways are known, for instance
manganese catalyzed oxidation by molecular oxygen or iron catalyzed photolysis.20,21 However,
so far only little is known about the importance of these degradation processes for the fate of
polyphosphonates in natural and technical systems.15,19

This study presents (i) a LC–IRMS method for compound–specific carbon isotope analy-
sis of three widely used polyphosphonates (1–hydroxyethane 1,1–diphosphonate (HEDP),
amino tris(methylenephosphonate) (ATMP), ethylenediamine tetra(methylenephosphonate)
(EDTMP)) and (ii) a first application investigating carbon isotope fractionation of ATMP for
sorption onto the iron oxyhydroxide goethite as well as for Mn(II)–catalyzed oxidation with
molecular oxygen.
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2.3 Materials and methods

Chemicals and reagents

All solutions and suspensions were prepared from ultra–pure water obtained from a Barn-
stead™GenPure™system (Thermo Fisher Scientific, Germany). ATMP (¥ 97 % (T)), HEDP
(¥ 95 % (T)) and oxalic acid (¥ 99 % (RT)) were purchased from Sigma–Aldrich (Steinheim,
Germany) and EDTMP was synthesized and purified by Zschimmer & Schwarz (Lahnstein,
Germany). The eluent for concentration and carbon isotope analysis was prepared from sulfu-
ric acid 95 % to 97 %, EMSURE®, Merck Millipore, Darmstadt, Germany). Na2S2O8 (¥ 98 %,
Sigma–Aldrich, Steinheim, Germany) andH3PO4 (85 %, EMSURE®, Merck Millipore, Darm-
stadt, Germany) were used as reactants for LC–IRMS analysis. For carbon isotope analysis,
all solutions were degassed before use for 30 min within an ultrasonic bath under reduced
pressure obtained by a water–jet vacuum pump to remove dissolved CO2. During the analy-
sis all solutions were purged with helium (grade 5.0, Westfalen AG, Münster, Germany) to
minimize re–dissolution of atmospheric carbon dioxide. Sodium nitrate (NaNO3, ¥ 99 %, Carl
Roth, Karlsruhe, Germany) was used as background electrolyte for all experiments, Mg(NO3)2
and Ca(NO3)2 (both ¥ 99 %, Carl Roth, Karlsruhe, Germany) were used during the sorption
experiments. The pH was adjusted with 1 M NaOH. Manganese(II)chloride (¥ 99 %, Merck
Millipore, Darmstadt, Germany) and Na2EDTA (¥ 99 %, Sigma–Aldrich, Steinheim, Germany)
were used for the degradation experiments. For the sorption experiments a commercially
available goethite (α–FeOOH, Bayferrox 920Z, Lanxess GmBH, Cologne, Germany) was used.

Stable carbon isotope analysis

Separation of the analytes was conducted on an UltiMate3000 HPLC–system (Thermo Fisher
Scientific, Germering, Germany). A volume of 50µL was injected and separation was achieved
on an IC NI–424 column (4.6 mm� 100 mm, Shodex, Munich, Germany), operated at constant
temperature of 40 �C. As eluent 4 mM sulfuric acid was used, delivered at a flow rate of
500µL min�1.
Analysis of carbon isotope ratios was conducted on a Delta V Plus IRMS, whichwas hyphenated
to the HPLC via a LC Isolink interface (both Thermo Fisher Scientific, Bremen, Germany). If
not stated otherwise, the eluent stream was mixed within a mixing–tee with 1.5 M phosphoric
acid and 30 g L�1 sodium persulfate, which were delivered at flow rates of 50µL min�1 and
75µL min�1, respectively. This resulted in a pH–value of � 1.5 and an oxygen background
in the ion source of around 15 V (at 3 � 108 Ω). The oxidation reactor was operated at a
temperature of 99.9 °C. After cooling the eluent stream down to room temperature, the CO2
was transferred into the gas phase by a counter–stream of helium at a flow rate of 1.9 mL min�1.
Three CO2 reference gas peaks were injected at the beginning of each measurement to monitor
the ion source performance. The second monitoring gas peak (set value: 0‰) was used for
the calculation of δ13C–values of the analytes. The individual background algorithm was used
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based on the stable CO2 backgrounds during a run. During method validation, uncorrected
δ13C–value were used, as the focus was set on their robustness, rather than on their trueness.
The δ13C–values of ATMP in the samples from the degradation and sorption experiments were
obtained using concentration adjusted ATMP reference standards (measured by EA–IRMS
as described elsewhere8 with δ13C–value = �44.5� 0.1‰ (n = 3) in VPDB scale) bracketing
six samples by duplicate standards. Samples were diluted to the same concentration before
analysis. The uncertainty of the measurements was ¤ 0.5‰ (n = 2).

Concentration analysis

For the quantification of remainingATMP in solution, the UltiMate3000HPLC–system (Thermo
Fisher Scientific, Germering, Germany) equipped with an IC NI–424 anion exchange column
(4.6 mm� 100 mm, Shodex, Munich, Germany), held at 40 �C was connected to a refraction
index detector (RI–101, Shodex, Munich, Germany), held at 35 �C. A sample volume of 50µL
was injected and 4 mM H2SO4 at a flow rate of 700µL min�1 was used as eluent. External
standards were used for quantification (R2 ¥ 0.99) and an error of 5 % was estimated for the
measurements.

Degradation batch experiments

Manganese catalyzed oxidation of ATMP by molecular oxygen was conducted in duplicates at
an initial pH of 7.2� 0.1 at room temperature under constant stirring. First, 30 mL of a 1 mM
ATMP–solution in 10 mM NaNO3 was added to a 50 mL serum bottle and 2 mL werewithdrawn
for t0–sampling. The sample was equally distributed into two 1.5 mL amber–glass HPLC–vials,
containing 25µL of a 10 mMEDTA–solution, resulting in a final EDTA concentration of 0.25 mM.
Afterwards, the reaction was started by adding a MnCl2 stock solution (1 % (v/v), resulting
in a nominal concentration of 0.1 mM). Further sampling was conducted as described above.
ATMP oxidation was stopped by re–complexation with EDTA20 and samples were stored at
4 �C if analyzed the next day, or at �20 �C for longer storage times. Samples stored according
to this procedure were stable with regard to ATMP concentrations, as well as δ13C–values.

Sorption batch experiments

Sorption of ATMP onto goethite was investigated in duplicates in 15 mL polypropylene cen-
trifuge tubes containing 5 mL of a 50 g L�1 goethite suspension and 5 mL ATMP solution with
varying concentrations (0.3 mM to 2 mM), both adjusted to pH 7.0� 0.1. To ensure constant
ionic strength, the ATMP solution contained additionally 20 mM NaNO3. In two experiments
2 mM Mg(NO3)2 or 2 mM Ca(NO3)2 were additionally added to investigate the influence of
ternary surface complex formation on the isotope fractionation.22 To achieve equilibrium con-
ditions, the samples were shaken overhead for 23 h. After the reaction time, the tubes were
centrifuged at 7200 rcf for 10 min and the supernatant was filtered through a 0.22µm PTFE
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syringe–filter (BGB Analytics, Rheinfelden, Germany). The filtered samples were stored at
4 �C in the dark until analysis.

Calculations

The resolution for two neighboring peaks was calculated according to Equation 2.1.23

R � 1.18�
tRppeak 2q � tRppeak 1q

w1{2ppeak 1q �w1{2ppeak 2q (2.1)

With the retention time tR and the full width at half maximum w1{2.

The carbon isotope enrichment factor (εC) for the degradation experiment was calculated by
fitting the experimental data according to the Rayleigh model:24

ln
�

δ13Cptq � 1
δ13Cp0q � 1



� εC � ln

�
cptq
cp0q



(2.2)

With the isotopic signature δ13C and the concentration c at time point t and at the beginning of
the experiment.

2.4 Results and discussion

Chromatographic separation and limits of precise isotope analysis
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Figure 2.1: LC–IRMS chromatogram of ATMP, its unknown degradation products and EDTA (used
as reaction quencher) from an ATMP degradation experiment. The samples were diluted to an
ATMP concentration of 50 mg L�1.

The separation of the three investigated polyphosphonates HEDP, ATMP and EDTMP was
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achieved by anion exchange chromatography under acidic conditions using a 4 mM H2SO4
eluent at pH 2.1 (see Figure A.1 for a representative chromatogram). The separation of all
three analytes was achieved within 25 min at a resolution greater three between HEDP and
ATMP, as well as between ATMP and EDTMP.
The chosen elution conditions were also suitable to separate ATMP and its degradation prod-
ucts in samples from laboratory batch degradation experiments (see Figure 2.1). Three un-
known peaks, as well as EDTA (used as reaction quencher) were well separated from ATMP.
One of the unknown peaks (tr � 270 s) eluted with a retention time comparable to imin-
odi(methylenephosphonic acid) (IDMP, see Figure A.2 for chromatogram), which is one
degradation product of ATMP during manganese catalyzed oxidation.20 However, the fact
that the compound was detected also before degradation started and its response did not
change over time contradicted with this possible peak assignment. The peak eluting at 830 s
could be identified as degradation product as its area increased while reaction proceeded.
This peak might result from the formation of either formyl–iminodi(methylenephosphonic
acid) (FIDMP) or bis–(phosphonomethyl) carbamic acid, which were proposed as further
degradation products during manganese catalyzed oxidation of ATMP.25 However, as none
of the two compounds was commercially available an identification was not possible. Peak
separation between the unknown degradation product (tr � 830 s) and ATMP (tr � 910 s)
was achieved with a calculated resolution of > 1.5. A distortion of the δ13C–value obtained
for ATMP by slight peak overlapping could be excluded, as a manual stepwise integration
of the peak resulted in robust δ13C–values (see Figure A.3). This observation was explained
by the lower number of theoretical plates in liquid chromatography in comparison to gas
chromatography and consequently a smaller isotope effect during separation. Furthermore,
coelution of ATMP with impurities or degradation products could be ruled out based on the
stepwise integration, as underlying peaks are likely to adulterate the obtained δ13C–values to a
different extent, depending on the integration boundaries.
Limits of precise isotope analysis (LPIA) for the developed method were determined using the
moving mean approach described by Jochmann et al.26 analyzing standards in the range of
25 mg L�1 to 100 mg L�1 in triplicates. Measured isotopic signatures were concentration inde-
pendent from 100 mg L�1 to 30 mg L�1 (HEDP and ATMP) and at least to 25 mg L�1 (EDTMP)
(see Figure 2.2). Hence, for all analytes a minimum of 200 ng carbon on column was needed for
precise isotope analysis. This is within the range of published LPIA values for other compound
classes analyzed by LC–IRMS, such as the monophosphonates glyphosate and AMPA or phenol
and cresols.14,27 Even though for HEDP and ATMP the 25 mg L�1 standards were outside the
linear range of the instrument, the standard deviations at this concentration were below the
accepted error of 0.5‰ and the δ13C–value deviated by¤ 0.5‰ from the moving mean. Hence,
for HEDP and ATMP isotope measurements below the determined LPIA might be possible by
a correction with compound–specific and concentration adjusted standards.
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Figure 2.2: Linearity plots for (a) HEDP, (b) ATMP and (c) EDTMP, showing the dependency
of the measured isotopic signature on the concentration and the amount of carbon on column,
respectively. The solid line represents the mean isotopic signature of the four highest concentrations
(40 mg L�1 to 100 mg L�1) and the dashed lines marking the 0.5‰–range around this value, equal
to the accepted error of the method. Error bars correspond to the standard deviations of triplicate
measurements.
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Systematic evaluation of oxidation efficiencies
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Figure 2.3: Peak area (orange squares, left axis) and uncorrected isotopic signature (blue circles,
right axis) of HEDP (a), ATMP (b) and EDTMP (c) (n = 3) over the oxidation temperature
(30 g L�1 persulfate at 75µL min�1). Concentration of the polyphosphonates was 50 mg L�1, each.
The horizontal lines correspond to the mean isotopic signature (including a 0.5‰ error) for the
range with temperature independent isotopic signatures (marked by a vertical line).

Besides the chromatographic separation, the oxidation conditions inside the interface have
to be evaluated with care during LC–IRMS method development. Incomplete oxidation was
shown for compound classes resilient towards oxidation processes (e.g., caffeine, sulfonamides
and halogenated acetic acids) and may bias the obtained δ13C–values in comparison to the
“true” EA–IRMS values.11,12,28 Incomplete oxidation also results in decreased sensitivity due to
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smaller peak areas. On the other hand, a high persulfate concentration leads to high oxygen
background in the ion source and thus a reduced filament lifetime.29 Therefore, oxidation
conditions in the conversion–interface need to be carefully evaluated. To proof complete oxi-
dation of a compound, a normalization of the measured δ13C–values against easy oxidizable
or inorganic international reference materials is conducted in many cases, which is an easy
and fast procedure in the flow injection analysis (FIA) mode.30 However, it might be imprac-
ticable in HPLC mode, in case the reference materials do not elute with acceptable retention
times and/ or peak shapes from the used chromatographic column. Thus, for verification of
complete oxidation in the established LC–IRMS method, two recently proposed procedures
were adopted. First, the effect of the oxidation temperature on the obtained isotopic signatures
and peak areas was investigated. Therefore, standards with concentrations of 50 mg L�1 were
measured in triplicates for oxidation temperatures between 75 �C and 99.9 �C, while keeping
persulfate concentration and flow rate constant. This procedure results in varying sulfate
radical concentrations and thus changes the oxidation capacity of the system without any
influence on the chromatographic separation.31 The results of the oxidation temperature test for
a persulfate concentration of 30 g L�1 and flow rate of 75µL min�1 (corresponding to an oxygen
background of around 15 V at 3� 108 Ω) are shown in Figure 2.3. Temperature independent
peak areas and δ13C–values (standard deviations¤ 0.3‰) were obtained at temperatures above
90 �C for HEDP & EDTMP and above 95 �C for ATMP, implying stable oxidation conditions. At
lower temperature, decreasing peak areas and shifts of δ13C–values to more negative values
were observed, likely to be caused by incomplete oxidation of the analytes to CO2. Changing
persulfate concentration to 60 g L�1 and flow rate to 50µL min�1 (corresponding to an oxygen
background of around 22 V at 3� 108 Ω) stable peak areas and δ13C–values were obtained
already at 85 �C for HEDP, EDTMP and 90 �C for ATMP (see Figure A.4), which was explained
by the higher oxidation capacity of the system resulting from a higher concentration of sulfate
radicals.
Hence, stable oxidation conditions at 99.9 �C could be obtained with a persulfate concentration
of 30 g L�1, which corresponds to 14.5 mM of persulfate in the oxidation reactor after mixing
(and a residence time in the reactor, i.e., a reaction time of 19 s). This is considerably lower
than concentrations in most published LC–IRMS methods, in which concentrations of 30 mM
to 210 mM were applied (with corresponding reaction times of 20 s to 29 s, respectively).28,32
Based on these findings, an unnecessarily high oxygen background within the ion source can
be avoided and the filament life time can be increased.29
However, as demonstrated recently for caffeine, the oxidation temperature test is not a suitable
indicator for complete oxidation of a compound. Although complete wet–chemical oxidation
of caffeine is hampered by the stability of its N–heteroatomic ring system (resulting in oxida-
tion efficiencies of less than 75 %), stable peak areas and δ13C–values down to an oxidation
temperature of 95 �C were obtained.31 The limitations of the temperature test can be overcome
by determining the compound–specific IRMS sensitivity. This test compares the slope of the
carbon normalized calibration curve of a target compound with inorganic carbon (DIC) or a
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complete oxidizable reference compound. While incomplete oxidation to CO2 results in slopes
deviating from DIC, complete conversion lead to comparable sensitivities, as shown for easy
oxidizable compounds such as glucose or vanillin. Comparison to inorganic carbon is the most
appropriate approach, as no oxidation is needed and quantitative CO2 transfer from the liquid
phase into the helium stream at the low pH values applied in the interface can be assumed.
Hence, the slope of DIC can be used as a proxy for the absolute sensitivity of the LC–IRMS
system. However, a direct comparison with carbonate in HPLC mode is not always possible
due to problems arising from retention time and peak shape when using a chromatographic
column. Thus, oxalate was chosen as reference compound, which showed a retention time
between HEDP and ATMP. Based on the lack of heteroatoms oxalate was assumed to be com-
pletely oxidizable in the LC–IRMS system, which was confirmed by comparing its carbon
normalized slope with the slope of DIC in FIA mode (see Figure A.5). In order to allow a
better comparison between the different measurements, all peak areas were normalized to the
average peak area of the monitoring gas pulses of one sequence. This procedure allowed to
correct for the influence of variable ion source sensitivity on the slope of the regression curves
(provided that the monitoring gas flow is constant).
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Figure 2.4: Sensitivities for oxalate (squares) and polyphosphonates (circles) at persulfate concen-
trations of 30 g L�1 (blue dashed lines) and 60 g L�1 (orange solid lines). The obtained peak areas
were normalized to the average peak area of the monitoring gas pulses to account for varying ion
source performance.

The slopes obtained for oxalate in HPLC mode of 0.244� 0.004 (95 % CI) for the lower and
0.236� 0.004 for the higher persulfate concentration (R2 ¥ 0.999, see Figure 2.4) were com-
parable with the slope obtained for oxalate (0.237� 0.001) and DIC (0.235� 0.004) in FIA
mode, suggesting complete mineralization of oxalate under the tested HPLC conditions. The
slopes for the investigated polyphosphonates were in the range of 0.206 to 0.235 (R2 ¥ 0.999,
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see Figure A.6). In accordance to oxalate, no correlation between sensitivity and persulfate
concentration was observed, as the slopes for ATMP and EDTMP were higher for the lower
persulfate concentration. Due to the low variation of the slopes for polyphosphonates, the data
for each persulfate concentration were pooled, yielding slopes of 0.219� 0.009 for the lower
and 0.210� 0.010 for the higher persulfate concentration, respectively (R2 ¥ 0.9889, see Figure
2.4).
These results indicate that the higher oxidation capacity of the system had only a minor in-
fluence on the oxidation of oxalate as well as polyphosphonates, which is consistent with the
oxidation temperature tests. Compared to recent work, in which slopes differing by a factor of
approximately two for easy and partially oxidizable compounds were shown, the variations for
polyphosphonates and oxalate can be considered as insignificant, suggesting (almost) complete
mineralization.31 This conclusion is noteworthy, as it was shown that HEDP is significantly
more resilient towards ozonation andmanganese catalyzed oxidation bymolecular oxygen than
ATMP and EDTMP, which was attributed to its lack of amino groups.20,33 Complete oxidation of
the analytes was further suggested by almost identical offsets between the δ13C–values obtained
by EA–IRMS and LC–IRMS for the polyphosphonates, as well as for oxalate (see Table 2.1).
As incomplete oxidation of the investigated polyphosphonates results in biased δ13C–values
(see Figure 2.3), a comparable offset indicates quantitative oxidation of the polyphosphonates.

Table 2.1: Influence of LC–IRMSoxidation parameters on themeasured offset (∆δ13CLC–EA) between
the “true” isotopic signature measured by EA–IRMS and the value measured by LC–IRMS (against
monitoring gas with a δ13C set-value of 0‰) for the investigated polyphosphonates and oxalate.
Oxidation conditions ∆δ13CLC–EA in‰
Persulfate Persulfate O2 HEDP ATMP EDTMP oxalate
conc. flow (3� 108 Ω)
in g L�1 in µL min�1 in V
30 75 15 26.6� 0.3 26.3� 0.4 26.9� 0.1 27.0� 0.1
60 50 22 26.7� 0.1 26.1� 0.4 27.0� 0.2 26.5� 0.3

Based on various tests conducted under realistic measurement conditions in HPLC mode, it
was shown that the investigated polyphosphonates are quantitatively oxidized in the LC–IRMS
interface at a comparatively low persulfate concentration. This emphasizes the advantage of
a detailed investigation of the oxidation conditions during LC–IRMS method development.
Especially in systems not optimized to remove excess oxygen by an additional reduction
reactor,29 this helps to prevent unnecessarily high oxygen backgrounds and consequently
reduce instrument downtime and costs per analysis.
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Application: Differentiation of sorption and degradation of ATMP based on CSIA
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Figure 2.5: Isotopic signature (δ13C) over the remaining aqueous fraction of ATMP during sorption
onto goethite (blue triangles) and manganese catalyzed degradation by molecular oxygen (orange
circles), including the fit according to the Rayleigh model. The black rectangle represents the initial
isotopic signature of ATMP (�44.5‰) including the typical measurement uncertainty of 0.5‰.
For the fraction an error of 7 % was estimated.

The developed and evaluated method was applied to study potential isotope fractionation of
ATMP during (i) equilibrium sorption onto the iron oxyhydroxide goethite and (ii) manganese
catalyzed oxidation – processes that are likely relevant for the environmental fate of polyphos-
phonates.
The sorption of ATMP onto iron (oxyhydr–) oxides was investigated extensively in previous
studies, which were based on experimental data, as well as on molecular modelling.22,34,35
Surface complex formation between the phosphonic acid groups and the mineral surface was
proposed as the underlying sorption mechanism. In the absence of calcium these bonds are
formed directly between one or two oxygen of a phosphonic acid group and iron central atoms
of the mineral, whereas calcium acts as a bridging complex leading to the formation of ternary
surface complexes. Although, no data for the influence of dissolved magnesium on the sorption
of ATMP is available yet, a mechanism as for calcium is conceivable based on the similarity of
physicochemical properties of magnesium and calcium.
In accordance with these studies, equilibrium sorption of ATMP onto goethite could be de-
scribed by a saturation–type Langmuir isotherm (see Figure A.7(a)). Carbon isotope analysis
was conducted for samples spanning a range of adsorbed ATMP fractions from 25 % to 75 %.
Neither in the absence, nor in the presence of dissolved calcium or magnesium significant
carbon isotope fractionation (¤ 0.5‰) was observed, resulting in an average δ13C–value of
�44.7� 0.2‰ (n = 6) (see Figure 2.5). Taking the proposed sorption mechanisms into account,
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these results can be explained by the fact that carbon is not directly involved in the bond–
formation steps and thus only secondary isotope effects (i.e. isotope effects at non–reactive
positions) come into consideration.24

Degradation of ATMP by molecular oxygen was investigated in detail in studies by Nowack &
Stone.20,25 The authors proposed a reaction scheme consisting of (i) an initial complex formation
step between manganese and ATMP, (ii) the oxidation of this complex by molecular oxygen to
Mn(III)ATMP and (iii) the oxidation of ATMP byMn(III) leading to a C–P bond cleavage in the
ATMP and a corresponding reduction of the manganese to Mn(II). Consequently, manganese
is acting as a catalyzed in this reaction.
Consistent with this scheme, ATMP could be completely degraded in the presence of dissolved
oxygen and 0.1 mM Mn2+ (initial manganese to ATMP ratio of 0.1) within 8 h (see Figure
A.7(b)). As can be seen in Figure 2.5, significant enrichment of 13C in the remaining ATMP
fractionwas observed during the reaction, implying that the reaction is associatedwith a normal
kinetic isotope effect. The data could be fitted using the Rayleigh model (R2 = 0.95), yielding a
carbon isotope enrichment factor of �3.3� 0.6‰ (95 % CI). This value is considerably lower
than the theoretically value calculated from the semi–classical Streitwieser limit for C–P bond
cleavage of�14.4 % (see appendix A for calculations). This difference points towards amasking
of the kinetic isotope effect associated with the bond cleavage by a preceding non–fractionating
step, likely the formation of the MnATMP complex.24 This hypothesis is supported by the
observations made in the sorption experiments, which implied that the complex formation step
is not associated with a significant carbon isotope effect. Moreover, the initial formation of the
MnATMP complex was identified in previous studies as the rate–limiting step for manganese
to ATMP ratios below one, as applied here.20

Overall, the results showed that carbon CSIA is a suitable tool to assign a concentration decrease
of ATMP either to adsorption or degradation under the given conditions owing to the shift of
the δ13C–signature to more positive values during degradation. Based on the obtained isotope
enrichment factor this shift becomes significant (¥ 2‰) when at least 47 % of the initial ATMP
is degraded, which then allows the qualitative proof of degradation.36

Conclusion

Although compound–specific carbon isotope analysis by LC–IRMS is a promising tool to in-
vestigate the fate of polar organic xenobiotics in environmental and technical systems, only a
small number of methods are available. With this study we broaden the range of possible ap-
plications by presenting the first LC–IRMS method for the three widely used polyphosphonate
complexing agents HEDP, ATMP and EDTMP. An elaborate investigation of the wet–chemical
oxidation conditions proofed complete oxidation of the three investigated compounds inside
the LC–IRMS interface. Applying the developed method, surface complex formation (no
detectable isotope effect) can be differentiated from manganese catalyzed oxidation of ATMP
(normal kinetic isotope effect with εC = �3.3� 0.6‰), highlighting the potential of CSIA to
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investigate the fate of polyphosphonate complexing agents in technical and environmental
systems. As not all transformation products formed during manganese catalyzed oxidation
of ATMP are identified yet or have multiple possible sources (e.g. IDMP production during
photolysis of EDTMP and DTPMP37,38) CSIA offers a straightforward and robust method to
(qualitatively) proof ATMP degradation.25

In further studies we will investigate the influence of different parameters such as the pH on
the kinetic isotope effect for manganese catalyzed ATMP–degradation, which might help to get
deeper insights into the underlying reaction mechanism and therefore into the environmental
behavior of polyphosphonates. In order to apply the developed method to environmental
samples, enrichment techniques have to be developed in the future, as shown recently for the
quantification of polyphosphonates in river water.39,40 Although high pre–concentration factors
in the order of 1� 104 are needed for LC–IRMS analysis due to the high amount of injected
carbon needed, it was shown recently for a set of pesticides that a solid–phase enrichment
step prior to LC–IRMS analysis allowed detection limits in the sub–µg L�1 range, hence in
environmentally relevant concentrations.41
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3 Mn(II)–catalyzed oxidation of aminotrismethylene phosphonate (ATMP)

3.1 Abstract

Mn(II)–catalyzed oxidation by molecular oxygen is considered a relevant transformation pro-
cess for the environmental fate of aminopolyphosphonate chelating agents such as aminotris-
methylene phosphonate (ATMP). However, the role of potential Mn(III)–intermediates for the
underlying transformation mechanisms remains imperfectly understood. We applied kinetic
studies, compound–specific stable carbon isotope analysis and equilibrium speciation mod-
elling to investigate the role of Mn(II)–ATMP speciation on underlying reaction mechanisms.
Surprisingly, both (i) Mn(II)ATMP–normalized transformation rate constants of ATMP and (ii)
observed carbon isotope enrichment factors (ε–values) inversely correlated with the fraction
of ATMP complexed with Mn(II). These findings provide evidence of two parallel ATMP
transformation pathways exhibiting distinctly different reaction kinetics and carbon isotope
fractionation: (i) slow oxidation of ATMP present in Mn(III)ATMP–complexes (ε � �10‰)
and (ii) fast oxidation of free ATMP by these catalytic Mn(III)ATMP–species (ε � �1‰).
This slow self–decomposition, but elevated activity of catalytic Mn(III)ATMP for oxidation of
free solutes (here: uncomplexed ATMP) implies that Mn(III)ATMP likely acts as oxidant also
for other reductants in aqueous environments. In comparison, our results indicate that their
self–decomposition is comparatively slow implying a diminished share of Mn(II)–catalyzed
oxidation to overall ATMP transformation in the environment.

3.2 Introduction

Persistent and mobile organic contaminants have the potential to threaten surface and ground-
water bodies and thus drinking water resources.1–3 A compound class of rising concern are
polyphosphonate chelating agents.4 Due to their ability to form strong complexes with di–
and trivalent cations, they are increasingly used to replace polycarboxylates (e.g., ethylenedi-
aminetetraacetate, EDTA) and polyphosphates in various applications, for instance as bleaching
stabilizers in household and industrial cleaners, or as scale inhibitors in cooling water cycles
and membrane filtration.5,6 Hence, polyphosphonates are released into the environment via
industrial as well as domestic wastewater. Although knowledge on the environmental oc-
currence of polyphosphonates is limited due to the lack of analytical methods for routine
analysis, available studies indicate that polyphosphonates occur in many wastewater–receiving
surface waters.7–9 Thus, further research on polyphosphonate transformation processes is
needed (i) to get a more comprehensive understanding of their environmental fate and (ii) to
develop strategies to reduce the overall load of polyphosphonates in receiving surface waters.
While bio–transformation under environmentally relevant conditions has not been reported
yet, various abiotic transformation pathways such as direct photolysis of Fe(III)–phosphonate
complexes and ozonation are known.10–12 Mn(II)–catalyzed oxidation by molecular oxygen
is considered a relevant pathway for the removal of aminopolyphosphonates (i.e., polyphos-
phonates containing at least one tertiary amine group), based on the widespread presence of
manganese in the environment and the strong tendency of aminopolyphosphonates to form
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complexes.5 Nowack and Stone presented a transformation scheme for aminotrismethylene
phosphonate (ATMP) and proposed a three step transformation mechanism comprising (i)
formation of a Mn(II)ATMP complex, (ii) oxidation of the complex by molecular oxygen to
yield Mn(III)ATMP and finally (iii) breakdown of ATMP via C–P bond cleavage initiated by an
inner–sphere electron transfer leading to the back–reduction ofMn(III) toMn(II).13–15 However,
further insights in the transformation process in terms of rate–limiting steps within the multi-
step reaction as well as the role of Mn(III)–intermediates are needed to assess the relevance
of Mn(II)–catalyzed oxidation in environmental systems. The speciation of Mn(II)–ATMP
appears to be a key factor controlling the Mn(II)–catalyzed oxidation of ATMP as the formation
of the Mn(II)ATMP complex is rate–limiting for ATMP breakdown.13 Furthermore, the fraction
of ATMP complexed with Mn potentially influences the underlying transformation mecha-
nisms, as shown for Mn(III)EDTA. This complex is not only subject to self–decomposition via
an inner–sphere electron transfer leading to EDTA breakdown, but is also capable of oxidizing
free, un–complexed EDTA.16,17 The latter pathway is in accordance with the characteristics of
Mn(III)–complexes as potent oxidation agents.18–20

Besides kinetic studies, compound–specific stable isotope analysis (CSIA) of light elements
(e.g., 13C/12C) is a powerful approach to characterize transformation mechanisms of organic
pollutants (for an extensive review on CSIA we refer to Elsner, 2010).21 Carbon CSIA for po-
lar and thus water–soluble compounds, can be achieved by coupling liquid chromatography
with isotope ratio mass spectrometry (LC–IRMS), as demonstrated in our recent work for
three widely used polyphosphonate–chelating agents including ATMP.22–24 CSIA allows to
determine kinetic isotope effects associated with transformation reactions, i.e., the difference
in reaction rate constants for molecules possessing either a light or heavy stable isotope of a
certain element at the reactive site (for carbon: KIEC = 12k/13k).25 Consequently, heavy isotopes
are discriminated against so that they progressively accumulate in the remaining substrate and
the KIE leads to a gradual shift of the isotopic composition in the substrate over the course of
its transformation. The extent of the intrinsic kinetic isotope effect and the enrichment of heavy
isotopes over time is governed by the corresponding transition state structure.21,26 This allows
in selected cases to distinguish different reaction mechanisms by carbon CSIA, provided that (i)
these mechanisms are characterized by distinct intrinsic kinetic isotope effects (i.e., transition
states) and (ii) the full extent of the intrinsic isotope effect of the mechanisms is observed.21,27,28
However, CSIA allows only the indirect determination of the KIE, by measuring the observable
isotope fractionation, reflected in the carbon isotope enrichment factor (εC). Therefore, CSIA
may also provide information on rate–determining steps within a reaction cascade governed
by a known mechanism.21 In multistep reactions the intrinsic isotope fractionation can be
diminished (i.e., masked) by preceding non/ small–fractionating but rate–determining steps.
In such cases, the observable εC would be very small. Vice versa, a distinct observed carbon KIE
indicates that cleavage of a carbon bond is the rate–determining stepwithin amultistep reaction.

41



3 Mn(II)–catalyzed oxidation of aminotrismethylene phosphonate (ATMP)

The aim of our study was to obtain a comprehensive mechanistic understanding of Mn(II)–
catalyzed ATMP oxidation. Thus, we applied a combination of kinetic studies, as well as
compound–specific carbon isotope analysis and equilibrium speciation modelling in carefully
designed laboratory batch experiments to elucidate (i) rate–limiting steps and (ii) the role of
Mn(III)ATMP–intermediates. To this end, we controlled the fraction of ATMP complexed with
Mn(II) by varying the initial Mn(II):ATMP ratio and the pH–value. The overarching goal was
to better understand mechanisms of Mn(II)–catalyzed oxidation of aminopolyphosphonates
under environmentally relevant conditions in order to enable a more profound assessment of
the environmental fate of these compounds.

3.3 Materials and methods

Transformation batch experiments

Experimental setup: Transformation experimentswere conducted in duplicates (and oneMn–free
control) at 22� 2 �C under constant rapid stirring (approx. 750 rpm) in open clear glass bottles
exposed to air. The experiments were started by adding a MnCl2 (¥ 99 %, Merck Millipore,
Darmstadt, Germany) stock solution (¤ 2 vol%) to a pH–adjusted (buffered) ATMP (¥ 97 %
(T), Sigma Aldrich, Steinheim, Germany) solution. 20 mM MES buffer (PUFFERAN®¥ 99 %,
Carl Roth, Karlsruhe, Germany) was used for the experiments at pH 6.8� 0.1. Alternatively,
20 mM NaNO3 (¥ 99 %, Carl Roth, Karlsruhe, Germany) was used as background electrolyte
for the unbuffered experiments. Ultra–pure water for all solutions was obtained from a Barn-
stead™GenPure™system (Thermo Fisher Scientific, Germany) and pH was adjusted with
NaOH (1 M, Merck Millipore).
Sampling: For each time point, 5 mL of sample were withdrawn and added to a 10 mL vial
containing 100� 2 mg of cation exchange resin (DOWEX®50 W X 8, 100–200 mesh, H+–form,
Carl Roth, Karlsruhe, Germany). In order to remove Mn from the sample and transfer ATMP
into its free, un–complexed form, the vials were shaken 15 min overhead. Afterwards, the
samples were filtered through a 0.45µm syringe filter (regenerated celluloses, Sartorius, Göt-
tingen, Germany) and 3 mL of the samples were distributed equally into three HPLC vials
containing 50µL of a 50 mM EDTA (¥ 99 %, Sigma–Aldrich, Steinheim, Germany) solution, in
order to complex remaining Mn in solution.13 Afterwards, samples were stored at �20 �C if
not analyzed at the same day. The samples were stable with respect to concentration, as well as
isotopic composition.

Concentration analysis of ATMP

For the quantification of remaining ATMP in solution, an UltiMate3000 HPLC–system (Thermo
Fisher Scientific, Germering, Germany) equipped with an IC NI–424 anion chromatography
column (4.6 mm� 100 mm, Shodex, Munich, Germany), held at 40 �C was connected to a
refraction index detector (RI–101, Shodex, Munich, Germany), held at 35 �C. A sample volume
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of 50µL was injected and 4 mM sulfuric acid (prepared from 95 % to 97 % H2SO4, EMSURE®,
Merck Millipore, Darmstadt, Germany) at a flow rate of 500µL min�1 was used as eluent.
External standards were used for quantification (R2 ¥ 0.99). The limit of quantification was
10 mg L�1.

Quantification of ortho–phosphate

Ortho–phosphate was quantified spectroscopically by the molybdenum blue method according
to Murphy and Riley.29 Briefly, samples were diluted 1:10 with ultra–pure water in a 1 cm
cuvette in order to obtain absorbance values within the calibration range. After mixing the
sample with the reagent solution and a reaction time of 30 min, the absorbance was measured
at 710 nm (photolab®6600 UV–Vis, WTW, Weilheim, Germany).

Compound–specific isotope analysis

Stable carbon isotope ratios in the residual ATMP fraction were analyzed bymeans of LC–IRMS,
as described elsewhere.24 Separation of ATMP from its transformation products was conducted
on the UltiMate3000 HPLC–system as described earlier, except for a reduced flow rate of
500µL min�1. Analysis of carbon isotope ratios was conducted on a Delta V Plus IRMS, which
was hyphenated to the HPLC via a LC Isolink interface (both Thermo Fisher Scientific, Bremen,
Germany). The eluent stream was mixed within a mixing–tee with 1.5 M phosphoric acid
(prepared from 85 % H3PO4, EMSURE®, Merck Millipore, Darmstadt, Germany) and 30 g L�1

sodium persulfate (for analysis EMSURE®, Merck Millipore, Darmstadt, Germany), which
were delivered at flow rates of 50µL min�1 and 75µL min�1, respectively. The δ13C–values of
ATMP were obtained using a concentration–adjusted ATMP reference standard (measured by
EA–IRMS as described elsewhere30 with δ13CEA–value = �44.5� 0.1‰ (n = 3) in VPDB scale)
bracketing six samples by duplicate standards. Samples were diluted with ultra–pure water to
the same concentration before analysis. The uncertainty of the measurements was ¤ 0.5‰ (n
= 2–3).

Calculations

Carbon isotope enrichment factor: For the calculation of carbon isotope enrichment factors (εC),
the data was evaluated applying the linearized Rayleigh distillation equation, without forcing
through the origin, as proposed by Scott, et al.:31

ln
�

Rptq
Rp0q



� ln

�
δ13Cptq � 1
δ13Cptq � 1



� εC � ln

�
cptq
cp0q



(3.1)

with the isotopic ratio R (= 13C/12C), the isotopic signature normalized to an international
reference standard δ13C and the concentration c at the beginning of the experiment p0q and at
time point t.
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Equilibrium speciation: Calculations of the equilibrium speciation of ATMP in the presence of
Mn(II) were conducted in the PhreeqC software package (version 3.4.0.12927).32 The wateq4f–
database was used for all calculations, which was supplemented with the acidity constants
for ATMP and the equilibrium constants for the bimolecular Mn(II)ATMP–complexes taken
from Lacour, et al.33 and Popov, et al.,34 respectively. The temperature was set to 22 �C for all
calculations and 20 mM NaNO3 was added as background electrolyte.

3.4 Results and discussion

Effect of the initial Mn(II) to ATMP ratio and pH on the reaction kinetics

If the formation of a Mn(II)–complex was the first step in the reaction sequence leading to
oxidative breakdown of ATMP via complex decomposition – as suggested by Nowack and
Stone13 – the rate constant of ATMP disappearance should be higher when more ATMP is
present in its complexed reactive form, f compl. To investigate this hypothesis, the influence
of the Mn(II)–complexed ATMP fraction on the transformation kinetics and carbon isotope
fractionation was investigated in experiments with varying initial Mn(II) concentrations and a
fixed initial ATMP concentration at a pH of 6.8� 0.1, resulting in initial Mn(II):ATMP ratios
(Mn(II):ATMP(0)) of 1:100 to 1:1 and initial Mn(II)–complexed ATMP fractions ( f complp0q) of
0.01 to 0.82 (calculated based on equilibrium assumptions). In accordance with findings of
Nowack and Stone,13 ATMP was degraded at all four initial Mn(II):ATMP ratios, revealing the
catalytic role of Mn(II) in the system (see Figure 3.1(a)). Transformation of ATMP via C–P
bond cleavage was confirmed by the detection of ortho–phosphate as transformation product,
resulting in a closed phosphorus mass balance for all experiments (i.e., ATMP + o–PO 3–

4 ¥

0.85 mM, see Figure B.1).
Figure 3.1(a), however, also shows that ATMP transformation profiles followed a complex
behavior, whereby different transformation profiles for the two (i) low (1:100 and 1:10) and
(ii) high (1:2 and 1:1) initial Mn(II):ATMP ratios respectively could be distinguished. For the
two lower Mn(II):ATMP ratios, an initial phase with slow transformation was followed by an
increasing transformation rate until a constant rate was reached, resulting in a linear decrease
in concentration at later time points. For the higher initial Mn(II):ATMP ratios, however, a
short lag phase and a rapid initial decrease in ATMP concentration was followed by a third
regime, in which the transformation rate slowed down distinctly. As a result, the overall
transformation of ATMP was slowest for the highest initial Mn(II):ATMP ratio (corresponding
to f complp0q = 0.82), for which no complete transformation within the experimental run time of
40 h was reached. A limitation of oxygen as cause for the significant decrease in the reaction
rate can be excluded, as the concentration of dissolved oxygen (0.12 mM to 0.28 mM) had no
influence on the ATMP transformation kinetics (see Figure B.2(a)). The pronounced decrease
in the reaction rate was supported by monitoring the transformation of ATMP with varying
starting concentrations (1 mM to 5 mM) in the presence of 1 mM Mn(II) (see Figure B.3 for
transformation profiles). Irrespective of the initial ATMP concentration, the transformation
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rate decreased substantially at a remaining ATMP concentration of around 0.2 mM to 0.3 mM.
Consistent with these observations, transformation of 2 mM ATMP in the presence of 2 mM
Mn(II) already leveled off at an ATMP concentration of around 0.7 mM. Surprisingly, reaction
rates therefore seemed to become smaller rather than greater when all ATMP was trapped in
Mn–complexes and no free ATMP was left in solution.
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Figure 3.1: (a) Temporal transformation profiles of ATMP for varying Mn(II):ATMP(0) (corre-
sponding to Mn(II) concentrations of 0.01 mM to 1 mM) at pH 6.8� 0.1. Shown are the average
concentrations of duplicate batch experiments. Error bars representing one standard deviation.
(b) Stepwise calculated initial (0th order) transformation rate constants (obtained from linear
regressions of three consecutive data points) normalized to the concentration of Mn(II)ATMP at
the beginning of the segment (knorm(n)) vs. the complexed ATMP fraction at the beginning of the
segment ( f compl(n)). Filled symbols show the initial transformation rates at t0.

However, evaluation of the data in Figure 3.1(a) is complicated by the fact that our systematic
variation of the Mn(II):ATMP ratio in the different experiments influenced not only f compl, but
also the concentration of putative reactiveMn–ATMP species. Therefore, a different approach to
evaluate the data was applied, where initial (pseudo 0th order) rate constants were determined
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stepwise for a time interval n, comprising three consecutive data points (see Figure B.4). These
rate constants were then normalized to the concentration of Mn(II)ATMP–complexes at the
beginning of the interval (Mn(II)ATMP(n), calculated based on equilibrium assumption, see
appendix B) resulting in normalized initial transformation rate constants (knorm). Figure 3.1(b)
shows knorm as function of the complexed fraction of ATMP ( f compl(n)). The obtained knorm–
values decreasedwith increasing complexedATMP fraction ( f compl between 0.01 and 0.92) with
values between 7 h�1mM�1 (Mn:ATMP(0) = 1:100) and 0.2 h�1mM�1 (Mn:ATMP(0) = 1:1).
This consistent picture of Figure 3.1(b) has two implications. (i) It indicates that Mn–ATMP
complexes indeed act as active/catalytic species, else normalization of rates to Mn(II)ATMP
would not have the observed leveraging effect on the y–axis. (ii) At the same time, it indicates
that the Mn–ATMP complexes themselves decompose very slowly, otherwise reaction rates
would not decrease by orders of magnitude when all ATMP is caught up in complexes.
These observations were further strengthened by results from experiments conducted at a
different pH of 3.6� 0.1 (see Figure B.5(a) for transformation profiles). As the fraction of
complexed ATMP decreases with decreasing pH value in a given system, the normalized
initial transformation rate constant for Mn(II):ATMP(0) = 1:1 ( f complp0q = 0.05) at pH 3.6
was approximately ten times higher in comparison to pH 6.8 (6.5 h�1mM�1 vs. 0.6 h�1mM�1)
and comparable to the value for Mn(II):ATMP(0) = 1:100 ( f complp0q = 0.01) at pH 6.8. The
observation of faster transformation at lower pH is consistent with observations from Nowack
and Stone, who also reported faster transformation of 0.85 mM ATMP in the presence of
an equimolar concentration of Mn(II) at pH 3.4 in comparison to pH 7.1.14 Combining the
observation that reaction rate constants decreased by orders of magnitude when all ATMP was
caught up in complexes, and the fact that limitation in the oxygen supply can be ruled out as
possible reason calls for a second, faster reaction mechanism involving free ATMP in solution.
To confirm its existence by independent evidence, carbon CSIA was used as a complementary
tool, to probe whether such competing transformation pathways are associated with different
kinetic isotope effects.

Effect of the initial Mn to ATMP ratio and pH on the observed carbon isotope fractionation

Carbon CSIA revealed a significant enrichment (> 0.5‰) in 13C for all four investigated
Mn(II):ATMP ratios at pH 6.8 and therefore a normal kinetic isotope effect.21 Fits of the data
sets according to the Rayleigh distillation equation are shown in Figure 3.2 (R2 ¥ 0.97).
The obtained carbon isotope enrichment factors (εC, including their 95 % confidence inter-
val, CI) ranged from �0.8 � 0.1‰ (Mn(II):ATMP(0) = 1:100, f complp0q = 0.01) to �9.4 �
0.6‰(Mn(II):ATMP(0) = 1:1, f complp0q = 0.82). The εC–values for Mn(II):ATMP(0)–values of
1:10 (εC = �2.0� 0.2‰) and 1:2 (εC = �7.2� 0.9‰) fell between these values. In accordance
with the transformation profiles, the observed εC–values were independent of the concentra-
tion of dissolved oxygen in the investigated range (see Figure B.2(c)). Hence, the observed
magnitude of carbon isotope fractionation at pH 6.8 increased with the applied Mn(II) concen-
tration and therefore with the fraction of ATMP complexed with Mn(II) at the beginning of
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the experiments.

ln(fATMP)

0

5

10

15

−2.0 −1.5 −1.0 −0.5 0.0

ln
(R

(t
)/

(R
(0

))
 x

 1
00

0 
in

 ‰

1:100 1:10 1:11:2

initial Mn(II):ATMP ratios

Figure 3.2: Double–logarithmic Rayleigh plot showing carbon isotope fractionation of ATMP for
varyingMn(II):ATMP(0) (corresponding toMn(II) concentrations of 0.01 mM to 1 mM) at pH 6.8�
0.1, including the linear regressions according to the Rayleigh model. Error bars were calculated by
means of Gaussian error propagation assuming an error of the δ13C value of 0.5‰.

For experiments conducted at pH 3.6, εC–values ranged between�2.0� 0.2‰ and�4.0� 0.3‰.
The low variation of the observed εC–values despite significant changes in the initial Mn:ATMP
ratio can be explained by the narrower range of f compl(0) at this pH (0.01 to 0.09). The observed
carbon isotope fractionation for Mn(II):ATMP(0) = 1:1 was significantly lower at pH 3.6 (εC =
�3.2� 0.2‰, see Figure B.5(b)) than at pH 6.8 (εC = �9.4� 0.6‰) and therefore comparable
with the isotope enrichment factor for Mn(II):ATMP(0) = 1:10 at pH 6.8 (εC = �2.0� 0.2‰),
for which a similar initial Mn(II)–complexed ATMP fraction of 0.1 was calculated. Hence,
the significantly different carbon isotope enrichment factors strengthen the hypothesis of the
presence two reaction mechanisms for different Mn(II)–complexed ATMP fractions, as both,
the observed isotope fractionation, as well as the fraction of ATMP complexed with Mn(II)
increases with (i) the Mn(II) concentration at a constant pH and (ii) with increasing pH values
for a constant Mn(II):ATMP(0) (see Figure B.6 for speciation calculations). This picture of
distinct reaction mechanisms for varying Mn(II)–complexed fractions is also in accordance
with that hypothesized for Mn(III)–EDTA systems.16,17 To explore this relationship further, in
the next section we evaluated this correlation quantitatively.
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The Mn(II)–complexed ATMP fraction quantitatively correlates with observable carbon
isotope fractionation

Table 3.1: Compilation of experiments with an initial ATMP concentration of 1 mM. Shown are the
(initial) pH, the concentration of the applied buffer or background electrolyte, the concentration of
Mn(II), the calculated fraction of ATMP complexed with Mn(II) at the beginning of the experiment
( f complp0q), as well as the carbon isotope enrichment factor including its 95 % confidence interval
(CI, obtained from linear fitting the experimental data according to the Rayleigh model).
pHt0 3.6 6.8 7.2
buffer/ 20 mM 20 mM 20 mM
electrol. NaNO3 MES NaNO3

c(Mn(II)) 0.01 0.1 1 2 0.01 0.1 0.5 1 0.1 0.2 0.4
(mM)
f complp0q 6.0 4.7 0.05 0.09 0.01 0.1 0.51 0.82 0.09 0.2 0.4
(ATMP) �10�4 �10�3

εCp‰) �2.0 �2.3 �3.2 �4.0 �0.8 �2.0 �7.2 �9.4 �2.5 �4.7 �5.3
�95 % CI �0.3 �0.4 �0.2 �0.2 �0.1 �0.2 �0.9 �0.6 �0.7 �0.4 �0.4
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Figure 3.3: Carbon isotope enrichment factors (εC, including their 95 % CI) vs. the fraction of
ATMP (1 mM starting concentration) complexed to Mn(II) at the beginning of the transformation
experiments ( f complp0q) assuming complexation equilibrium (see Table 3.1). The dashed line is a
linear regression for all data points (R2 = 0.92).

For a quantitative evaluation of the correlation of observed kinetic isotope fractionation with
the fraction of ATMP initially complexed by Mn(II), we plotted the carbon isotope enrichment
factor versus the corresponding f complp0q–value (see Table 3.1). Considering all experimental
data sets (pH 3.6 (unbuffered, see Figure B.5)), pH 6.8 (buffered) and pH 7.2 (unbuffered,
see Figure B.7)) resulted in an inverse linear correlation of εC–values and the initially com-
plexed fraction (R2 = 0.92, see Figure 3.3). The fact that all data sets could be described by the
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same correlation implies that the applied buffer had no significant effect on carbon isotope
fractionation. Hence, the magnitude of carbon isotope fractionation is primarily determined by
the fraction of ATMP initially complexed with Mn(II). Observed carbon isotope fractionations
ranged from εC = �0.8� 0.1‰ for small complexed ATMP fractions ( f complp0q = 0.01) to εC =
�9.4� 0.6‰ for high complexed fractions ( f complp0q = 0.82).
However, these findings entail shifts in the extent of the isotope fractionation within single
transformation events, as the Mn(II)–complexed fraction of ATMP is steadily shifted to higher
values due to the increasing Mn(II):ATMP ratio over the course of the transformation ex-
periment. Therefore, we conducted a stepwise evaluation of Rayleigh plots for experiments
with significant changes of the complexed ATMP fraction over the course of the experiment
(∆ fcompl ¥ 0.13, see Figure B.8). In accordance with the trend shown in Figure 3.3, εC–values
decreased during transformation, resulting in curved rather than linear Rayleigh plots.
Overall, the dependency of the observable isotope fractionation on the Mn(II)–complexed
ATMP fraction within individual transformation experiments as well as for experiments with
differing f complp0q followed the same trend, confirming that the fraction of ATMP complexed
with Mn(II) is the predominant influence on the observed carbon isotope fraction during
Mn(II)–catalyzed ATMP transformation. Therefore, the obtained pattern from the isotopic
investigation supports the conclusions of two reaction mechanisms based on the normalized
reaction rate constants. In experiments with significant changes within the Mn(II)–complexed
ATMP fraction isotope analysis reveals gradual changes from one mechanism to the other.
The transformation by the one reaction mechanism and different degree of masking of the in-
trinsic kinetic isotope effect can be ruled out by the observed reaction kinetics. The cause for an
increasing masking of the observable isotope effect for decreasing complexed ATMP fractions
might be the inhibited formation of the initial Mn(II)ATMP complex, which is considered to
be rate–determining for the investigated reaction.13 As no carbon atoms are involved in the
complex formation step, a minor carbon isotope effect associated with this step is expected.35
Consequently, the shift to a minor carbon isotope effect could be caused by increasing masking
of the C–P bond cleavage step by the non–fractionating initial complex formation step. However,
if the formation of Mn(II)ATMP becomes rate–determining in the overall multistep reaction
for low complexed ATMP fractions, a decreasing observed isotope effect would be linked
to a decreasing apparent reaction rate, similar as shown for the hydrolysis of the herbicide
isoproturon.21,36 For Mn(II)–catalyzed oxidation of ATMP, however, the normalized reaction
rate constant decreased rather than increased with the Mn(II)ATMP concentration, as shown
in Figure 3.1(b). On the other hand, the carbon isotope fractionation was significantly lower at
0.1 mM Mn(II) compared to 1 mM Mn(II). Hence, a masking of the C–P bond cleavage step by
the formation of the Mn(II)ATMP–complex cannot explain the observed isotope fractionation
pattern.
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Mechanistic interpretation of observed reaction kinetics and kinetic isotope fractionation

The observed reaction kinetics revealed an inverse correlation of the reaction rate and the
fraction of Mn(II)ATMP – the higher the complexed fraction of ATMP in the system the slower
the reaction rate. The observed kinetic carbon isotope effects for Mn(II)–catalyzed oxidation of
ATMP range from minor values (εC–values of around �1‰ for low fractions ( f compl � 0.01)
of ATMP complexed with Mn(II)) to pronounced values (εC–values in the range of �10‰
for f compl � 0.82). Both data sets suggest two different reaction mechanisms with different
reaction rates and distinct intrinsic kinetic carbon isotope effects.
According to the proposed reaction scheme, Mn(II)–catalyzed oxidation of ATMP proceeds
via C–P bond cleavage and therefore a pronounced carbon isotope effect is expected. As
published data on the kinetic isotope effect associated with C–P bond cleavage are lacking, we
estimated the observable carbon isotope enrichment factor from the semiclassical Streitwieser
limit (i.e., the theoretically maximum intrinsic kinetic isotope effect based on vibrational energy
differences)26 using published vibrational frequencies for the C–P bond in various (amino–
)phosphonates, (see appendix B for calculations). The estimated maximal possible εC–value
was about �15‰. Considering that this value can only serve as a rough approximation and
likely overestimates the intrinsic KIE, it can be assumed that the maximum experimentally
determined enrichment factor of around �10‰ reflects the C-P bond cleavage step.26

So far, the proposed pathway for Mn(II)–catalyzed oxidation of ATMP accounts only for
transformation of complexed ATMP via oxidation of theMn(II)ATMP complex and subsequent
complex decomposition due to inner–sphere electron transfer from the ATMP ligand to the
Mn(III) central atom (see Equation 3.2 to 3.4 and Figure 3.4, steps 1–4b).14

Mn2� �H2ATMP4� ÝÝáâÝÝ MnpIIqH2ATMP2� (3.2)
MnpIIqH2ATMP2� �O2 ÝÝÑ MnpIIIqH2ATMP� �O �·

2 (3.3)
MnpIIIqH2ATMP� ÝÝÑ MnpIIqH2ATMP�· ÝÝÑ ... (3.4)

While data on reactions involving Mn(III)–aminopolyphosphonate complexes is scarce, there
are several studies on the reactivity of Mn(III) complexed with aminopolycarboxylates, such as
ethylenediaminetetraacetate (EDTA) and trans–1,2–diaminocyclohexane–N,N,N’,N’–tetraacetate
(CDTA). Similar to Mn(III)ATMP, Mn(III)EDTA was shown to undergo complex decomposi-
tion via inner–sphere electron transfer.16,17 In addition, Mn(III)EDTA and Mn(III)CDTA are
capable of oxidizing a variety of organic compounds, including oxalate,37 ascorbic acid38 and
dihydroxybenzenes,39 which is in accordance with the known property of Mn(III)(–ligands)
as strong oxidizing agent.19,20,40–42 Notably, Mn(III)EDTA is also capable of oxidizing free,
un–complexed EDTAwhen EDTA is provided in excess.16,17 Applying these findings to theMn–
ATMP system presented here, the reaction between an intermediate Mn(III)ATMP–complex
and a free ATMP molecule (Equation 3.5 and Figure 3.4, steps 1–4a) can be considered as an
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additional reaction mechanism:

MnpIIIqH2ATMP� �H2ATMP4� ÝÝÑ MnpIIqH2ATMP2� �MnpIIqH2ATMP3�· ÝÝÑ ... (3.5)

While Mn(III)ATMP complex–decomposition (Equation 3.4) is expected to occur predomi-
nately at high fractions of ATMP complexed withMn(II) (i.e., low concentration of free ATMP),
oxidation of free ATMP by Mn(III)ATMP (Equation 3.5) should dominate at high fractions
of free ATMP. Consequently, complex decomposition is associated with a pronounced kinetic
isotope effect, representing the cleavage of the C–P bond (e.g. εC = �9.4� 0.6‰ for an initially
complexed ATMP fraction of 0.82). The oxidation of free ATMP, on the other hand, shows a
minor kinetic isotope effect (e.g. εC = �0.8� 0.1‰ for an initially complexed ATMP fraction
of 0.01). Thus, it can be assumed that for oxidation of free ATMP not the C–P bond cleavage is
rate–determining, but rather a preceding step within the overall multistep reaction.21

To decipher the difference between the two mechanisms in terms of rate–determining steps,
the reversibility of the electron transfer for the respective mechanism must be considered.
During complex decomposition (pathway b in Figure 3.4(a)), the Mn(III)ATMP–intermediate
reacts to a N–centered radical via an intermolecular electron transfer (step 3b). In general
Mn(III)–complexes have been reported to oxidize superoxide via an one–electron transfer.43–45
In addition, the ATMP radical formed during complex decomposition is coordinated to a
transition–metal central atom that increases the stability of N–centered radicals due to delocal-
ization of the unpaired electron.46,47 As a consequence, the back–reaction of the intermediate
N–centered radical to the precursor Mn(II)ATMP complex (step –3b and –2) might become
favorable over complex decomposition (step 4b). Hence, electron transfer in the complex de-
composition pathway is partially reversible as it does not necessarily lead to C–P bond cleavage
in the complexed ATMP. In such a scenario the C–P bond cleavage is the rate–determining
step during complex decomposition, leading to the distinct observable isotope fractionation
(pathway b in Figure 3.4(b)).
Oxidation of a free ATMP (pathway a in Figure 3.4(a)) however, entails the formation of a
free, un–complexed N–centered radical via the one–electron transfer from the free ATMP to
the Mn(III)ATMP–intermediate (step 3a). This free N–centered radical, in contrast to the com-
plex decomposition pathway, is not coordinated to a Mn–center and therefore highly instable,
leading to fast breakdown of the radical (step 4a). Thus, the electron transfer step, preceding
C–P bond cleavage, is practically irreversible. As no carbon atom is involved in the electron
transfer, negligible carbon isotope fractionation is expected for this step. Thus, the intrinsic KIE
of C–P bond cleavage represents not the bottleneck in the overall reaction resulting in minor
observable KIE (pathway a in Figure 3.4(b)).21

The assumption of a (partially) reversible electron transfer during complex decomposition
resulting in slow transformation via this mechanism is further supported by the determined
normalized reaction rates. As discussed in Figure 3.1(b), the substantial decrease of the trans-
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formation rate can be rationalized by the fact that the concentration of free ATMP drops over
time to marginal values (around 0.01 mM based on equilibrium calculations, corresponding to
un–complexed fractions of ¤ 0.1), preventing transformation via the non–reversible (faster)
oxidation of free ATMP. In contrast to this, free ATMP is the predominant species in the ob-
served concentration range in the experiments with initial Mn(II):ATMP ratios of 1:100 and
1:10 (corresponding to f complp0q = 0.01 and f complp0q = 0.1, respectively). Thus, transforma-
tion via the (faster) oxidation of a free ATMP predominates over the complete course of the
experiment preventing a pronounced decrease in the transformation rate. This conclusion is
also in agreement with the Mn(III)EDTA system, where oxidation of free EDTA was shown to
be significantly faster than complex decomposition.16,17

In conclusion, based on the correlation of normalized reaction rate constants, carbon CSIA and
equilibrium speciation modelling we conclude that Mn(II)–catalyzed breakdown of ATMP
proceeds not only via the previously described complex decomposition, but also via a much
faster oxidation of a free ATMP by a Mn(III)ATMP intermediate. The distinctly different mag-
nitudes of reaction rates of these two mechanisms arise from a (partially) reversible electron
transfer during complex decomposition while the distinctly different magnitudes of carbon
isotope fractionation arise from differing rate–limiting (i.e., carbon KIE determining) steps (see
Figure 3.4). To further underpin this conclusion, monitoring the Mn(III)ATMP decomposition
in the presence of varying excess concentrations of ATMP could be helpful. However, direct
quantification of Mn(III)ATMP with UV–VIS spectroscopy failed due to the lack of specific
spectroscopic features of the complexes (see Figure B.10 for UV/Vis spectra).14 Alternatively,
δ15N–CSIAwould allow for 2D–CSIA and thus could help to further characterize the underlying
mechanisms, as masking and varying reaction mechanisms could be clearly distinguished.21
However, LC–IRMS systems for δ15N–CSIA are not available yet.
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Figure 3.4: (a) Proposed reaction scheme for Mn(II)–catalyzed oxidation of ATMP via two distinct
reaction mechanisms: oxidation of a free ATMP by a Mn(III)ATMP–intermediate (pathway a)
and complex decomposition of Mn(III)ATMP (pathway b). (b) Simplified energy profiles with
rate–limiting (i.e., kinetic carbon isotope effect determining) steps (marked by red asterisks), as
well as the observed isotope enrichment factor and normalized reaction rate as a function of the
relative contribution of the two mechanisms to the overall ATMP transformation.

53



3 Mn(II)–catalyzed oxidation of aminotrismethylene phosphonate (ATMP)

Implications for the environmental fate of ATMP

Since dissolved manganese is present in most waste– and surface waters a substantial fraction
of dissolved ATMP may be present as MnATMP–complexes as shown for EDTA.48,49 Hence,
Mn(II)–catalyzed transformation of ATMP is considered a relevant removal process for the
non–sorbed ATMP fraction via ATMP breakdown by complex decomposition.4,15 However,
based on the results presented in this study, a reactive Mn(III)ATMP–intermediate complex has
to be taken into account as demonstrated by our laboratory model systems containing Mn(II)
and ATMP. In contrast to the model systems studied here, waste or surface waters contain
oxidizable organics, such as partially reduced natural organic matter (NOM)50 or small organic
acids produced from the turnover of NOM51 at concentrations likely higher than those of
ATMP, which occurs at concentrations in the low µg L�1–range in treated waste water.8 Hence,
it can be assumed that Mn(III)ATMP intermediates will be reacting rather with oxidizable
NOM than with free ATMP molecules. In this case, the Mn(II)–ATMP complex may act as
a catalyst for breakdown of other oxidizable species, while its own breakdown and, hence,
breakdown of ATMP may be comparatively very slow. Consequently, possible side reactions
of the Mn(III)ATMP intermediate with NOMmay result in an overestimation of the share of
Mn(II)–catalyzed oxidation to the overall transformation of aqueous ATMP, when only the
Mn(III)ATMP complex decomposition pathway is considered. As a result, competing transfor-
mation processes, such as oxidation at manganese (hydr–)oxides14 or photo–transformation
of Fe(III)ATMP10 might be of higher relevance. On the other hand, reactive Mn(III)ATMP
are possibly acting as an effective oxidizing agent for natural and anthropogenic reductants,
such as shown for Mn(III)–pyrophosphate.19,40 Thus, further work on the reactivity of the
Mn(III)ATMP intermediates towards different reducing agents, such as NOM model com-
pounds is needed. Moreover, data on the behavior of Mn(III)–complexes of other widely used
aminopolyphosphonate chelating agents are needed in order to gain a deeper understanding
of the role of dissolved manganese for the environmental fate of this compound class.
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4 Oxidation of iminodimethylene phosphonate at MnO2

4.1 Abstract

Aminopolyphosphonates are synthetic chelating agents increasingly used in various house-
hold and industrial applications leading to their emission into the environment. Oxidation at
manganese oxides was proposed as a potentially relevant removal process for aminopolyphos-
phonates, but the underlying mechanisms are not fully deciphered yet. In this study, we
systematically investigated the oxidation of iminodimethylene phosphonate (IDMP) at MnO2.
IDMP is an environmentally relevant representative of aminophosphonates as it is (i) the major
transformation product of aminopolyphosphonates and (ii) a precursor of aminomethyl phos-
phonate (AMPA), a major transformation product of the herbicide glyphosate. A combination
of kinetic modeling and compound–specific carbon isotope analysis (carbon CSIA) was applied
to investigate the influence of environmentally relevant parameters includingMnO2 mineralogy
and pH on the IDMP transformation rate and the associated kinetic carbon isotope fractionation.
IDMP was oxidized at both investigated manganese oxides via C�P bond cleavage, indicated
by the formation of ortho–phosphate. First–order reaction kinetics in combination with moder-
ate isotope enrichment factors of �3.8� 0.4‰ to �8.4� 0.5‰ suggested electron transfer as
rate–limiting step rather than adsorption. A more pronounced kinetic isotope fractionation
at low pH and high Mn(III)–content indicated that electron transfer was facilitated under
these conditions. Our results provide first insights into the underlying reaction mechanisms,
the rate–limiting steps and highlight the role of manganese oxides as potential oxidants of
amino–(poly–)phosphonates and therefore contribute to a more profound understanding of
their fate in the environment.

4.2 Introduction

Aminopolyphosphonates (APPs) are strong synthetic chelating agents possessing three or
more phosphonate (R�PO 2–

3 ) moieties and at least one amine functional group. During the
last decades, they were increasingly used in industrial and household applications, mainly as
anti–scaling agents and bleach stabilizers.1,2 Due to potential environmental threats arising
from their increasing discharge in surface waters, such as eutrophication and heavymetal remo-
bilization, aminopolyphosphonates represent a substance class of rising concern.1 The strong
affinity of APPs to form complexes with di– and trivalent cations (e.g., Fe(III) or Ca(II)) affects
their fate in the environment and inwastewater treatment plants (WWTP).3 Onemajor pathway
for their removal from the aqueous phase is proposed to be adsorption onto mineral surfaces,
such as iron (oxyhydr–)oxides and clays associated with WWTP sewage sludge and river
sediments.4–6 However, sorption to such minerals does not lead to a net elimination of APPs
from the environment – in contrast to the interaction of APPs with manganese oxide minerals.
Manganese oxides comprise a group of around 30 (mixed) Mn(III)/Mn(IV) (hydr–) oxides
that are widespread in various environmental compartments including soils and sediments.
They typically form tunnel or layer structures and are characterized by a low crystallinity and
consequently high surface area.7,8 Owing to the high redox potentials of the Mn(IV)/Mn(II)
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and Mn(III)/Mn(II) redox couples and their high specific surface area, Mn oxides are among
themost potent environmental oxidants.9,10 As a result, they are capable of oxidizing a variety of
inorganic (e.g., heavy metals) and organic contaminants.10,11 APPs are prone to transformation
by manganese oxides, while nitrogen–free representatives are resilient to oxidation.12–14 These
observations highlight the role of the amine functional group for electron transfer. Investigated
reactions between manganese oxides and amino–(poly–)phosphonates include the oxidation
of aminotrismethylene phosphonate (ATMP), the broad–spectrum herbicide glyphosate (N–
(phosphonomethyl) glycine), and aminomethylene phosphonate (AMPA) – a transformation
product of glyphosate, as well as of APPs.15–17 The oxidation of aminophosphonates at man-
ganese oxides is a textbook example for the reactionmechanismdescribed for the transformation
of organic compounds. Such a three–step reaction comprises (i) the formation of an inner– or
outer–sphere surface precursor complex, (ii) an one–electron transfer from the reactant to a
Mn(IV) or Mn(III) surface site leading to the formation of a reactant intermediate radical and
(iii) the breakdown of the radical by a second one–electron transfer, either once again from
a mineral surface site, or from dissolved species such as O2.10 Hence, the reaction results in
reductive dissolution of the mineral with the formation of dissolved Mn(II).18 In the case of
aminophosphonate oxidation, the electron is likely transferred from the amine–N to the mineral
surface.19 For symmetric aminophosphonates, subsequent intermolecular electron transfer re-
sults in C�P bond cleavage, as shown for ATMP. Major transformation products of ATMP were
ortho–phosphate and the diphosphonate iminodimethylene phosphonate (IDMP).12 Although
the transformation of IDMP at manganese oxides was not investigated so far, IDMP might
get further oxidized to AMPA after cleavage of another C�P bond, as shown for Fe–catalyzed
photolysis.20,21 Hence, the transformation of aminopolyphosphonates might be considered a
source for AMPA in the environment, which is more persistent than its precursors and is under
debate due to its potential (eco–)toxicological risks.17,22 Moreover, ortho–phosphate resulting
from C�P bond cleavage may contribute to surface water eutrophication.1 Consequently, the
oxidation of aminopolyphosphonates at manganese oxide surfaces is of high environmental
relevance. In order to get a better understanding of this so far poorly investigated process,
studies on the driving factors, such as pH and manganese oxide mineralogy, are essential.
Compound–specific stable carbon isotope analysis (carbon CSIA) represents a promising tool
to gain insights into underlying reaction processes, particularly as an addition to the eval-
uation of kinetic data. CSIA allows to quantify the kinetic isotope effect (KIE) associated
with transformation reactions, i.e., the small difference in bond cleavage rate constants for
molecules possessing either a light or heavy stable isotope of a certain element at the reactive
site (for carbon: KIEC = 12k/13k).23,24 The kinetic isotope effect leads to a gradual change in
the isotopic composition of the residual reactant pool over the course of its transformation. As
13C–containing bonds typically react slightly slower than their 12C counter parts, the reactant
molecules containing 13C generally are enriched. This shift can be quantified by CSIA allowing
to calculate the isotope enrichment factor (for carbon: εC), which represents an integrated
value over the isotope effects associated with each step in the multistep reaction. Hence, the
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magnitude of the measured εC–value depends (i) on the corresponding transition state struc-
ture of the respective reaction, and subsequently on its underlying reaction mechanism.25
Moreover, the εC–value can vary (ii) in systems with a given reaction mechanism because the
observable isotope fractionation is primarily determined by the slowest, i.e., rate–limiting step
within the multistep reaction.23 Consequently, when the reaction is not rate–limited by the
bond cleavage, but rather by a preceding, non or weak fractionating step (e.g., adsorption),
the intrinsic KIE of bond cleavage is diminished (“masked”), leading to a lower observable
kinetic isotope fractionation.23 Hence, CSIA can provide information on the rate–limiting step
within a multistep reaction of known reaction mechanism.23 Recent studies presented carbon
CSIA methods for the aminophosphonates ATMP, glyphosate and AMPA using LC–IRMS
.26–28 Mogusu et al. applied carbon CSIA for a preliminary investigation of the carbon isotope
fractionation associated with oxidation of glyphosate at manganese oxide.28 However, the
effect of environmentally relevant parameters, such as pH on the observed kinetic isotope
fractionation was not considered.
With the presented study we aimed to provide deeper insights into the oxidation of amino–
(poly–)phosphonates at manganese oxide surfaces. To this end, we investigated the transfor-
mation of IDMP, which is – unlike aminopolyphosphonates (e.g., ATMP)– not subjected to
homogeneousMn(II)–catalyzed oxidation in the aqueous phase. Hence, IDMP can be regarded
as amodel compound to study exclusively the heterogeneous reaction of the aminophosphonate
at the mineral surface. The influence of manganese oxide mineralogy and pH on the reaction
in terms of (i) transformation kinetics and (ii) possible rate–limiting steps was investigated
quantitatively in laboratory batch experiments. Therefore, we combined kinetic modeling
and compound–specific carbon isotope analysis. The results presented contribute to a more
comprehensive understanding of the role of manganese oxides as environmentally relevant
oxidants for IDMP and aminophosphonates in general and consequently their environmental
behavior.

4.3 Materials and methods

Transformation batch experiments

Experimental setup: Transformation experiments were conducted in duplicates (and one MnO2–
free control) at 22� 2 �C under constant rapid stirring (approx. 750 rpm) in open clear glass bot-
tles exposed to air. The experimentswere started by addingMnO2 particles ((i) self–synthesized
as described in appendix C or (ii) manganese(IV) oxide, ¥ 98 %, Carl Roth, Karlsruhe, Ger-
many) to a pH–adjusted, buffered IDMP (¥ 97 % (T), Sigma Aldrich, Steinheim, Germany)
solution. 20 mM sodium formate (prepared from formic acid, Optima™, Fisher Chemical,
Schwerte, Germany), 20 mMMES and 20 mM Tris (or 20 mMHEPES) (all PUFFERAN®¥ 99 %,
Carl Roth) were used for the experiments at pH 3.0� 0.1, 6.0� 0.1 and 8.0� 0.1, respectively.
Ultra–pure water for all solutions was obtained from a Barnstead™GenPure™system (Thermo
Fisher Scientific, Germany) and the pH was adjusted with 1 M NaOH or 1 M HCl (EMSURE,
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Merck).
Sampling: : For each time point, 5 mL of sample was withdrawn and distributed equally into
four 1.5 mL centrifugation tubes. After centrifugation at 20 000 rcf for 15 min, the supernatant
was filtered through a 0.22µm syringe filter (PES, BGB Analytik, Boeckten, Switzerland) and
stored at �20 �C if not analyzed at the same day. The samples were stable with respect to
concentration, as well as isotopic composition.

Concentration analysis of IDMP

Quantification of remaining IDMP in solution was conducted on an 883 Basic IC Plus equipped
with a Metrosep A Supp 4 anion chromatography column (250 mm� 4 mm) and an electrical
conductivity detector (Metrohm Germany, Filderstadt, Germany). A sample volume of 20µL
was injected and 5 mM Na2CO3 / 1 mM NaHCO3 (both EMSURE®, Merck Millipore, Darm-
stadt, Germany) at a flow rate of 1 mL min�1 was used as eluent. External standards in the
range of 1 mg L�1 and 20 mg L�1 were used for quantification (R2 ¥ 0.99). Prior to analysis,
samples were diluted 1:10 with ultrapure water. For the experiments at pH 6 and 8, dissolved
Mn had to be removed from the sample to transfer IDMP into its free, un–complexed form.
To this end, 2.5 mL of diluted sample was added to a 5 mL centrifugation tube containing
50� 2 mg of cation exchange resin in its Na+ form (prepared from DOWEX®50 W X 8, 100–200
mesh, H+ form (Carl Roth) by washing with 1 M NaOH and ultrapure water afterwards),
which was shaken for 15 min. Afterwards, the samples were centrifuged for 10 min at 10 000 rcf
and the supernatant was analyzed.

Quantification of ortho–phosphate

Ortho–phosphate was quantified spectroscopically by the molybdenum blue method according
to Murphy and Riley.29 Briefly, samples were diluted 1:10 with ultra–pure water in a 1 cm
cuvette in order to obtain absorbance values within the calibration range. After mixing the
sample with the reagent solution and a reaction time of 30 min, the absorbance was measured
at 710 nm (UV5Bio, Mettler Toledo, Greifensee, Switzerland).

Quantification of dissolved manganese

Dissolved manganese in the centrifuged and filtered samples was analyzed 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 set to 5 s and 0.85 L min�1, respectively. Samples were
diluted prior to analysis with 2 % (v/v) HNO3. External standards in the range between
0.25 mg L�1 and 5.00 mg L�1 were used for quantification (R2 ¥ 0.99). Between every analysis,
the system was rinsed with 0.1 % (v/v) HNO3.
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Compound–specific carbon isotope analysis

Stable carbon isotope ratios in the residual IDMP fraction were analyzed by means of LC–IRMS,
as described elsewhere.26 Separation of IDMP from its transformation products and the matrix
was conducted on the UltiMate3000 HPLC–system (Thermo Fisher Scientific, Germering,
Germany), equipped with an IC NI–424 anion chromatography column (100 mm� 4.6 mm,
Shodex, Munich, Germany), held at 40 �C. A sample volume of 50µL was injected and 2.5 mM
NaH2PO4 (EMSURE®, MerckMillipore, Darmstadt, Germany), adjusted to pH 2.6 with H3PO4
(85 %, EMSURE®, Merck Millipore, Darmstadt, Germany) at a flow rate of 500µL min�1 was
used as eluent. Analysis of carbon isotope ratios was conducted on a Delta V Plus IRMS,
which was hyphenated to the HPLC via a LC Isolink interface (both Thermo Fisher Scientific,
Bremen, Germany). The eluent stream was mixed within a mixing–tee with 1.5 M phosphoric
acid and 30 g L�1 sodium persulfate (for analysis EMSURE®, Merck Millipore, Darmstadt,
Germany), which were delivered at flow rates of 50µL min�1 and 75µL min�1, respectively.
The δ13C–values of IDMPwere obtained using concentration adjusted IDMP reference standard
(measured by EA–IRMS as described elsewhere30 with δ13CEA–value = �35.2� 0.2‰ (n = 3) in
VPDB scale) bracketing six samples by duplicate standards. Samples were diluted with ultra–
pure water to the same concentration before analysis. The uncertainty of the measurements
was ¤ 0.5‰ (n = 2–3).

Calculations

Carbon isotope enrichment factor: For the calculation of carbon isotope enrichment factors (εC),
the data was evaluated applying the linearized Rayleigh distillation equation, without forcing
through the origin, as proposed by Scott, et al.:31

ln
�

Rptq
Rp0q



� ln

�
δ13Cptq � 1
δ13Cptq � 1



� εC � ln

�
cptq
cp0q



(4.1)

with the isotopic ratio R (= 13C/12C), the isotopic signature normalized to an international
reference standard δ13C and the concentration c at the beginning of the experiment p0q and at
time point t.

Fitting of kinetic data: Transformation kinetics were fitted by the two models proposed by Zhang
et al. (2008).32 Model PF (precursor formation, Equation 4.2) can be applied in the case that
formation of the precursor complex (i.e., adsorption) is the rate determining step:

�
dcptq

dt
� kPF � pcrss � pcp0q � cptqqq � cptq (4.2)

With the concentration of IDMP c at time point t and at the beginning of the experiment in mM,
the pseudo 2nd order rate constant kPF in mM�1h�1 and the concentration of reactive surface
sites crss in mM.
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Model ET (electron transfer, Equation 4.3) holds in the case that electron transfer between
IDMP and surface–bond Mn(IV/III) after formation of the precursor complex is rate limiting:

�
dcptq

dt
� kET � pcrss � pcp0q � cptqqq (4.3)

With the pseudo 1st order rate constant kET in h�1.

The experimental data was fitted to the two models using the ReKinSim model framework
by Gharasoo et al. (2017).33 The 95 % confidence interval (CI) of the fitted rate constant was
calculated by multiplying the standard error obtained by fitting with the Student’s t–value for
nexp.

4.4 Results and discussion

To investigate (i) the potential of manganese oxides as oxidants for IDMP and thereon (ii) the
underlying processes, batch experiments with varying MnO2 mineralogy and concentration,
as well as the suspension pH were conducted and discussed with respect to reaction kinetics
and observed isotope enrichment factors (see Table 4.1).

Table 4.1: Compilation of experiments on the oxidation of IDMP at MnO2 under varying conditions.
Shown are the varied parameters pH, buffer (20 mM, adjusted with NaOH and HCl), concentration
of MnO2 (commercial or self–synthesized), extent of transformation and the phosphorus mass
balance (MBP) at the end of the experiment, as well as the first order rate constant according to
Model ET (kET, including 95 % confidence interval) and the carbon isotope enrichment factor (fits
excluding T0, including 95 % confidence interval). All experiments were conducted with an initial
IDMP concentration of 1 mM at 22� 2 �C.

pH 3 6 8
Buffer formate MES Tris HEPES
Manganese 1.7 1.7 1.7 3.4 1.7 1.7 1.7
dioxide (g L�1) com. synth. com. com. synth. com. com.
Transformation 100 81 73 75 80 67 55
(%)
MBP 77 86 87 64 53 84 108
(%)
kET � 95 % 0.31 0.32 (3� 2) 0.4 (7� 1) (2.1� 0.4) 0.16
CI (h�1) �0.06 �0.03 �10�3 �0.1 �10�3 �10�3 �0.03

εC � 95 % �7.7 �4.2 �5.2 �3.8 �4.0 �5.9 �8.4
CI (‰) �0.8 �0.6 �0.4 �0.4 �0.6 �0.7 �0.5
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Effect of MnO2 mineralogy on transformation kinetics
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Figure 4.1: Temporal profile of IDMP (including the fit according to Model ET), ortho–phosphate,
the phosphorus mass balance (MBP = [IDMP] + [PO 3–

4 ]) and dissolved manganese in the pres-
ence of 1.7 g L�1 (a) self–synthesized and (b) commercial MnO2 at pH 6.0 � 0.1 (20 mM MES).
Shown are the average concentrations of duplicate batch experiments. Error bars represent one
standard deviation for the measured concentrations and the error was calculated via Gaussian error
propagation for the MBP, respectively.

Experiments conducted at pH 6.0 showed that IDMP was transformed in the presence of
both, the commercial MnO2 (MnO2/com), as well as self–synthesized MnO2 (MnO2/synth, see
Figure 4.1). About 70 % to 80 % of IDMP was removed from the aqueous phase within around
340 h and 7 h for MnO2/com and MnO2/synth, respectively. Ortho–phosphate was detected in
both experiments as transformation product, indicating IDMP transformation via C�P bond
cleavage. This is in line with findings for the reaction of manganese oxides with glyphosate,
AMPA and ATMP.13,14,19,34 The phosphorus mass balance in aqueous solution (MBP = [IDMP]
+ [PO 3–

4 ]) exceeded 86 %. A loss of about 10 % was observed between the beginning of the
experiment and the first sampling time point, with stable values afterwards. This observation
indicates fast initial sorption of IDMP, which is in accordance with sorption timescales of
minutes to hours described in literature for the sorption of (poly–)phosphonic acids on iron
and manganese oxides.5,19,34,35 Hence, IDMP loss from the aqueous phase at the beginning of
the experiment is caused by the superimposition of both (i) sorption and (ii) transformation.
Therefore, the first sampling point (t0) was disregarded in quantitative evaluation of the kinetic
data according to Model PF (precursor complex formation is the rate–limiting step) and Model
ET (electron transfer is the rate–limiting step). For MnO2/com, Model PF yielded unrealistically
high parameter uncertainties (relative errors around 1� 103 %) and therefore, this model could
not be applied to describe the data (see Table C.1 for model fit comparison). Fitting the data
according to Model ET on the other side resulted in considerably smaller relative uncertainties
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in the order of 1� 101 %. Hence, the transformation of IDMP followed a first–order kinetic,
implying that electron transfer is rate–limiting in the multistep process.32 For MnO2/synth, both
models gave comparable fits, with Model ET resulting in smaller parameter uncertainties.
As both data sets could be described better by Model ET, the first order transformation rate
constants (kET) were compared. The fitted IDMP transformation rate constant was around
two orders of magnitude higher for MnO2/synth (kET � 0.32� 0.03 h�1) than for MnO2/com
(kET � 0.003� 0.002 h�1) (Table 4.1). The significantly faster transformation at MnO2/synth
is likely attributed to the differences in the mineral properties. While both minerals shared
an amorphous nature (based on XRD spectra, see Figure C.1), further characterization of
the particles showed distinct differences with respect to their mineralogical properties (see
appendix C). Foremost the significantly higher specific surface area (SSA) of MnO2/synth
(326� 1 m2 g�1 vs. 64.5� 0.2 m2 g�1), as well as the higher Mn(III)–content (5 % vs 1 %) likely
contributed to its higher reactivity.
For MnO2/com the ratio of dissolved manganese to degraded IDMP was 0.5 at the end of the
experiment (340 h, Figure 4.1(b)). Hence, one Mn(IV) surface site is able to oxidize two IDMP.
This is in accordance with the mechanisms proposed for the oxidation of ATMP at Mn(III)OOH
in the presence of oxygen.12 For earlier time points, the ratio was slightly smaller (0.4), which
supports the hypothesis of IDMP removal from the aqueous phase by sorption at the beginning
of the experiment, as the sorption process did not stimulate dissolution of MnO2. While it can
be assumed that the same mechanism holds for MnO2/synth, only a negligible concentration
of dissolved manganese (  0.02 mM) was detected in this setup (Figure 4.1(a)). This can
probably be explained by the higher SSA for MnO2/synth in combination with its low pHpzc
of 2.3� 0.1 (95 % CI), leading to strong resorption of the reduced Mn(II) onto the mineral
surface.12,36,37 In the presence of MnO2/com, resorption is less favorable due to the lower SSA
and higher pHpzc of 5.6� 0.1.
Doubling the concentration of MnO2/com (3.4 g L�1) resulted in faster transformation of IDMP
(see Figure C.3). In agreement with the results discussed earlier, the data could be fitted
according to Model ET, yielding a two–orders of magnitude higher reaction rate constant
(kET � 0.4� 0.1 h�1) in comparison to half the MnO2/com concentration. The ratio of dissolved
Mn to degraded IDMP was 0.1 and thus significantly lower than for 1.7 g L�1 MnO2/com, likely
due to more available surface sites and thus a higher extend of IDMP and Mn(II) sorption. The
lower concentration of dissolved Mn is also consistent with the higher reaction rate constant
observed for the higherMnO2 concentration. Sorption ofMn(II) was shown to lead to structural
changes in birnessite–type manganese oxides induced by the formation of Mn(III).38 The
proposedmechanism comprises (i) sorption ofMn(II) to vacant sites on themineral surface and
subsequent (ii) comproportionation of Mn(II) and surrounding Mn(IV).39–41 The formation
of weakly stabilized Mn(III) via the reduction of MnO2 by bisulfite has shown to increase the
reaction rate constant for the oxidation of methyl blue at MnO2 by three orders of magnitude.42
As also O–donor ligands such as phosphonates and phosphate were shown to stabilize Mn(III)
in solution, a similar kind of Mn(III)–stabilization mechanism by complexation with IDMP or
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its transformation products (e.g., phosphate) is conceivable in the IDMP–MnO2 system.18,43
Hence, themore pronounced resorption ofMn(II) and subsequent formation of reactiveMn(III)
can explain the much faster reaction for a doubled MnO2/com concentration.

Effect of pH and Mn(III)–content on the transformation kinetics
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Figure 4.2: Temporal profile of IDMP (including the fit according to Model ET), ortho–phosphate,
the phosphorusmass balance (MBP = [IDMP]+ [PO 3–

4 ]) and dissolvedmanganese in the presence
of 1.7 g L�1 commercial MnO2 at (a) pH 3.0� 0.2 (20 mM formate) and (b) pH 8.0� 0.1 (20 mM
Tris) (for data at pH 6, please see Figure 4.1(b)). Shown are average concentrations of duplicate
batch experiments. Error bars represent one standard deviation for the measured concentrations
and the error was calculated via Gaussian error propagation for the MBP, respectively.

Experiments conducted at pH 3 and 8 revealed a faster transformation of IDMP at MnO2 with
decreasing pH (see Figure 4.2 for experiments with MnO2/com and Figure C.4 for experiment
at pH 8 with MnO2/synth). The experiment at pH 3 could be fitted according to Model ET, while
Model PF gave high parameter uncertainties (see Table C.1). This is in line with the hypothesis
of strong sorption of IDMP at pH 3 due to electrostatic attraction facilitated by the positive
surface charge of the mineral. The data for pH 8 could be described by both models. However,
Model ET again yielded smaller uncertainties, similar to the results for pH 6 (see Table C.1).
By applying Model ET, rate constants of 0.31� 0.06 h�1 and p2.1� 0.4q � 10�3 h�1 for pH 3 and
pH 8, respectively, were obtained. IDMP transformation at MnO2/synth and pH 8 could also be
described by Model ET and the obtained reaction rate constant was about three times higher
(p7� 1q � 10�3 h�1) than for MnO2/com. Hence, the difference in the transformation kinetics
of the experiments conducted at pH 8 was significantly smaller than at pH 6 (kET–values
differed by the factor of 100). The inverse relation of reaction rate and pH is in accordance
with various studies on the oxidation of anionic organics by manganese dioxide minerals, such
as substituted phenols or small organic acids (including phosphonoformic acid).9,18,44 Four
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factors were proposed to account for the inverse relation of reaction rate and pH, namely (i)
stronger sorption of anions to MnO2 at lower pH, (ii) increasing redox potential of MnO2 with
decreasing pH, (iii) faster electron transfer at lower pH and (iv) higher surface charge density
MnO2 at low pH. Among these factors, the redox potential is assumed to be the most dominant
one.10

Dissolution of MnO2/com at pH 3 was significantly more pronounced compared to pH 6 with
Mn(aq):IDMPdegraded–ratios increasing from 1.1 at early time points to 1.8 at the end of the
experiment. This observation indicates accelerated reductive dissolution of the mineral, poten-
tially due to side reactions between the manganese dioxide and formate, as shown for other
small organic acids.18 Consequently, dissolved manganese concentrations for the experiment at
pH 3 are inconclusive, calling for the use of a different buffer system for future experiments.
At pH 8, the Mn(aq):IDMPdegraded–ratio was smaller than 0.5 during the entire course of the
experiment. Moreover, only in this experiment the ratio decreased over time from 0.3 to 0.2.
This observation can be rationalized by strong (re–)adsorption of Mn(II) to the mineral surface,
which is reasonable considering the negative net charge ofMnO2/com at pH 8 (pHpzc(MnO2/com)
= 5.5).
To evaluate the effect of the Mn(III)–content of MnO2 minerals on the reaction rates, an exper-
iment with Mn(III)–enriched MnO2/com was conducted at pH 8. To this end, HEPES rather
than Tris buffer was used as HEPES can partially reduce Mn(IV)O2, leading to an enrichment
of Mn(III) surface sites (see appendix C for characterization).45 Following this approach, the
Mn(III)–content of MnO2/com was increased from 1 % to 9 %. Transformation of IDMP at the
Mn(III)–enriched mineral was significantly faster, with an increase of kET by a factor of 80 (see
Figure C.5 for temporal profile). Although kET was used to compare the experiments, fitting
the data according to Model PF gave almost identical parameter values and parameter uncer-
tainties like Model ET for this experiment. The faster transformation at the Mn(III)–enriched
MnO2 is in accordance with published studies showing the promoting effect of Mn(III) surface
sites on the transformation rate of organic compounds, such as phenol and bisphenol A at
Mn(III)/Mn(IV) mixed oxides.46,47

In conclusion, oxidative transformation of IDMP at MnO2 was observed in all experiments.
The kinetic models implied that electron transfer within the Mn(IV)–IDMP precursor complex
was rate–determining. However, formation of the precursor–complex (i.e., sorption) as the
slowest step within the multistep reaction could not be ruled out in some experiments based
on this approach. To get deeper insights into the underlying processes of IDMP oxidation at
MnO2, carbon CSIA was applied as a complementary tool.
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Effect of MnO2 mineralogy and pH on the observed kinetic carbon isotope fractionation
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Figure 4.3: Double–logarithmic Rayleigh plot showing carbon isotope fractionation of IDMP for
varying experimental conditions: Applied mineral, mineral loading (1.7 g L�1 if not stated oth-
erwise), pH and buffer (formate (pH 3), MES (pH 6) and Tris (pH 8) if not stated otherwise).
Additionally, shown are the linear regressions according to the Rayleigh model normalized to the
first data point after t0 (i.e., excluding t0). Error bars were calculated by means of Gaussian error
propagation assuming an error of the δ13C–value of 0.5‰.

To quantify the kinetic carbon isotope fractionation associated with IDMP oxidation, all data
sets were fitted according to the Rayleigh model (R2 ¥ 0.96, Figure C.6). Linear fitting resulted
in negative y–intercepts for most of the experiments. The extent of the negative shift was
seemingly correlated with the extent of sorption in the experiments, i.e., increasing with (i) the
MnO2 concentration at constant pH, (ii) decreasing pH at a constant MnO2 concentration, and
(iii) SSA of the mineral at constant pH. In accordance with this hypothesis, lower (more nega-
tive) y–intercepts were observed for (i) 3.4 g L�1 MnO2/com at pH 6 and (ii) 1.7 g L�1 MnO2/com
at pH 3 in comparison to 1.7 g L�1 MnO2/com at pH 6 and pH 8. This observation is indicative
of a shift in the slope of the linear regression, i.e., a less pronounced isotope enrichment factor
at early in comparison to later time points. The findings suggest that the observed isotope
fractionation at early time points is caused by a superimposition of a fractionating process (i.e.,
the transformation of IDMP) and a non/weaker fractionating process, likely sorption. Conse-
quently, the observed isotope fractionation patterns support the hypothesis of superimposed
sorption and oxidation at the beginning of the experiment, as proposed based on the modeled
kinetics and the measured dissolved manganese concentrations. To avoid misinterpretation
based on varying extent of IDMP sorption in the different experiments, the Rayleigh plots were
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normalized to t1 or t2, depending on the experiment in accordance with the normalization
applied on the kinetic data and double–logarithmic Rayleigh plots with a constant slope were
obtained, resulting in a consistent origin of all linear fits (see Figure 4.3).
The sorption–corrected Rayleigh plots revealed that the oxidation of IDMP at MnO2 is asso-
ciated with a normal kinetic isotope effect resulting in a significant enrichment (¡ 1‰) in
13C during all experiments. The obtained εC–values ranged between �3.8� 0.4‰ (95 % CI)
and �8.4� 0.5‰ (see Table 4.1). For all experiments at pH 6, similar enrichment factors
were obtained (�4.2� 0.6‰ for MnO2/synth, �5.2� 0.4‰ for MnO2/com and �3.8� 0.4‰ for
a doubled concentration of MnO2/com). This observation implied that the carbon isotope frac-
tionation does not depend on the (i) reaction rates and (ii) sorption capacities of the system,
as these two parameters differed significantly between the setups at pH 6.
Increasing the pH from 6 to 8 had no effect on the kinetic isotope fractionation for neither of
both minerals. Deviations between the εC–values were 0.2‰ and 0.7‰ for MnO2/synth and
MnO2/com, respectively and thus smaller/ equal to the corresponding confidence intervals.
However, decreasing the pH from 6 to 3 led to a small but significant increase in the observed
isotope fractionation (εC = �7.7� 0.8‰) associated with the oxidation at MnO2/com.
Oxidation of IDMP at the Mn(III)–rich MnO2/com at pH 8 was associated with the highest
isotope fractionation observed in this study, with an εC–value of �8.4� 0.5‰ and thus around
3‰ lower than for the oxidation at the non–modified MnO2/com.
Summarizing, for most of the experiments, comparable εC–values were obtained (�3.8� 0.4‰
to �5.9� 0.7‰), implying that (i) reaction kinetics, as well as (ii) sorption had no significant
effect on the observed kinetic carbon isotope fractionation. However, oxidation of IDMP (i)
at pH 3 and (ii) at pH 8 and Mn(III)–rich MnO2/com were associated with a (slightly) higher
isotope fractionation (εC of �7.7� 0.8‰ and �8.4� 0.6‰, respectively).

Implications of the observed kinetic carbon isotope fractionation on the proposed reaction
scheme

Oxidation of organics at manganese oxides is proposed to be a three step reaction comprising
formation of a reactant–MnO2 precursor complex (adsorption of the reactant), electron transfer
within the precursor, and finally break down of the reactant by bond cleavage.10 In the case
of IDMP oxidation to its (stable) transformation products (TPs) at a Mn(IV) surface site
(=Mn(IV)), the reaction can be described by Equations 4.4 to 4.7:

��MnpIVq � IDMP ÝÝáâÝÝ r��MnpIVq, IDMPs (4.4)
r��MnpIVq, IDMPs ÝÝáâÝÝ r��MnpIIIq, IDMP·s (4.5)
r��MnpIIIq, IDMP·s ÝÝÑ r��MnpIIIq, TPs (4.6)

r��MnpIIIq, TPs ÝÝáâÝÝ ��MnpIIIq � TP (4.7)
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Within the multistep reaction, IDMP breakdown via C�P bond cleavage (Equation 4.6) is the
only step for which a pronounced kinetic carbon isotope effect is expected due to the involve-
ment of a carbon atom. In order to estimate the maximum observable kinetic carbon isotope
effect, the semiclassical Streitwieser limit for C�P bond cleavage was calculated based on vi-
brational frequencies from the literature for different (amino–)phosphonates.25 This approach
resulted in an εC,max–value of around �25‰ (for calculations see appendix C). Hence, based
on the observed isotope enrichment factors of�3.8� 0.4‰ to�8.4� 0.5‰ for IDMP oxidation
at MnO2 (see Table 4.1), it can be concluded that the intrinsic kinetic isotope fractionation of
the bond cleavage step was (partially) masked by preceding, non/ weak fractionating steps,
i.e., either by the formation of the precursor complex or by electron transfer (Equation 4.4 and
4.5). As in neither of these steps carbon atoms are involved, a negligible kinetic carbon isotope
effect can be expected.23 This hypothesis is in accordance with studies proposing fast break
down after electron transfer and thus a rate–limitation by either adsorption or electron transfer
during oxidation of organics at MnO2.32

Based on the observed kinetic carbon isotope fractionation, rate–limitation by sorption can
be excluded. In this case, the observed kinetic carbon isotope fractionation should increase
with higher MnO2 surface area at a given pH, as the driving force and thus rate constant for
sorption is increasing. However, the obtained isotope enrichment factor was independent of
the MnO2/com concentration at pH 6 (see Table 4.1). A similar behavior was reported for the
oxidation of substituted anilines at MnO2.48 The subsequent electron transfer within the precur-
sor complex likely takes place between the secondary amine–N to the Mn(IV/III) surface site,
leading to the formation of a N–centered radical, as proposed for the oxidation of ATMP, AMPA
and glyphosate at manganese oxides and for Mn(II)–catalyzed oxidation of ATMP by dissolved
oxygen.12–14,49 The critical role of the amine functional group was supported by observations
that N–free phosphonates were not degraded at manganese oxide and by Mn(II)–catalyzed
oxidation.34,49 Due to the facts that (i) sorption was ruled out as rate–limiting step and (ii) a
carbon KIE associated with the one–electron oxidation of the amine–N and manganese oxide
surface can be excluded, the electron transfer step was proposed as (partially) rate–limiting
within themultistep reaction. Subsequently, the N–centered radical formed via electron transfer
(rapidly) breaks down to a methylene radical via C�P bond cleavage. Oxidation of the methy-
lene radical likely involves dissolved oxygen species based on the observed concentrations of
dissolved Mn(II), which is in accordance with the oxidation of ATMP at Mn(III)OOH in the
presence of oxygen.12 Stable transformation products (besides ortho–phosphate) are presum-
ably AMPA and N–phosphonomethylene carbamate, in analogy to the proposed mechanisms
for ATMP and glyphosate.12–14

Summarizing, the insights obtained by the observed kinetic isotope fractionation are in ac-
cordance with the kinetics, suggesting (partial) rate–limitation of the electron transfer within
the multistep reaction. The more pronounced εC–values for low pH–value and increased
Mn(III)–content indicate – in line with dara from literature – faster electron transfer in these
setups.
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Conclusion and environmental implications

The presented study provides the first detailed investigation on the oxidation of amino–(poly–
)phosphonic acids on Mn(III)/Mn(IV) mixed oxides. It was shown that IDMP is transformed
at MnO2 under varying environmental conditions (pH, MnO2 mineralogy, Mn(III)–content in
the system) with the transformation kinetics following the behavior described in literature for
anionic organic model compounds. These results emphasize the so far barely investigated role
of manganese oxides in the environmental fate of amino–(poly–)phosphonic acids. Kinetic and
isotope data suggested that electron transfer is rate–limitingwithin themultistep reaction under
conditions investigated in this study. Despite a comparable isotope fractionation observed in
most experiments (�3.8� 0.4‰ to �5.9� 0.7‰), (i) a low pH-value of 3 and (ii) an elevated
Mn(III)–content (9 % vs. 1 %) facilitated electron transfer, resulting in a more pronounced
kinetic isotope fractionation (�7.7� 0.8‰ and �8.4� 0.5‰). Consequently, while qualitative
evidence of MnO2–driven IDMP oxidation is possible under the investigated conditions due
to the significant enrichment of 13C in all experimental setups, the observed variations of
the εC–values hamper an unequivocal identification of the reaction pathway. The system is
even more complex for aminopolyphosphonates, as they can additionally be transformed via
homogeneous Mn(II)–catalyzed oxidation, leading to an autocatalytic behavior under oxic con-
ditions as soon as the manganese oxide is reductively dissolved upon aminipolyphosphonate
oxidation.12,49 As the homogeneous Mn(II)–catalyzed oxidation of ATMP also shows kinetic
isotope fractionation that varies with the Mn–ATMP speciation (see chapter 3), a superimposi-
tion of the two processes may result in an ambiguous isotope fractionation pattern, preventing
mechanistic interpretations solely based on carbon CSIA.
The results of this study call for more research on the kinetic isotope effects associated with
the homogeneous and heterogeneous Mn–driven oxidation of amino–(poly–)phosphonates
in order to get a better understanding of the individual processes: (i) Studying the oxidation
of small aminophosphonates, e.g., AMPA at manganese oxides with varying properties (e.g.,
Mn(III)–content and mineralogy) under varying conditions (oxygen level, pH) on the one
hand can give more insights on the underlying processes of the reaction at the mineral surface.
(ii) Transformation of aminopolyphosphonates (e.g., ATMP) at MnO2 on the other hand can
provide a deeper understanding of the autocatalytic Mn–cycle and the relative importance of
the homogeneous and heterogeneous oxidation pathways. Moreover, complementary methods
such as transformation product identification via high resolution mass spectrometry and 2–D
isotope analysis (δ15N/δ13C) have a great potential to provide deeper insights into the under-
lying reaction mechanisms of IDMP/ aminophosphonate oxidation.50,51 However, LC–IRMS
systems are only available for carbon CSIA so far. Thus, the development of a derivatization
protocol for IDMP would be needed in order to allow nitrogen CSIA of IDMP by GC–IRMS as
shown for glyphosate.28
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5.1 Conclusions

(Amino–)polyphosphonate chelating agents ((A)PPs) are ionic chemicals increasingly used
in industrial and household applications. However, their fate in technical and environmental
systems is not fully understood yet, partially due to a lack of suitable analytical methods.1,2
Processes considered to be relevant for the environmental fate of APPs include the homoge-
neous and heterogeneous oxidation in the presence of manganese and dissolved oxygen. The
elucidation of these reaction pathways solely by product analysis, however, is hampered by the
fact that most transformation products are unspecific.3,4 Compound–specific carbon isotope
analysis (carbon CSIA) is a promising tool to narrow this knowledge gap by providing insights
into transformation processes solely based on the isotopic signature of the parent compound.5
Therefore, the presented work aimed to establish stable carbon isotope analysis as a tool to
study the environmental fate of APPs and to apply this method in laboratory batch experiments
to further elucidate the pathways and mechanisms of Mn–driven oxidation of APPs in the
presence of oxygen.
The major outcomes of the presented thesis are:
(i) the successful development of an analytical framework for carbon CSIA of three widely
used (A)PPs by LC–IRMS,
(ii) the proof of concept for the differentiation between equilibrium sorption and degradation
of APPs by means of carbon CSIA and
newmechanistic insights into (iii) homogeneous and (iv) heterogeneous Mn–driven oxidation
of APPs.
A brief synopsis of how the major goals of this work were achieved follows.
(i) The widely used PPs HEDP, ATMP and EDTMP could be separated successfully on an
anion–exchange column under acidic conditions using a diluted sulfuric acid eluent. The
method was also suitable to separate ATMP and its transformation products from laboratory
batch experiments. The acidic separation conditions were beneficial to keep the CO2 back-
ground in the IRMS low. In addition, the acidic pH prevented adverse effects of cations on
the chromatographic separation due to complexation of the PPs as described for methods
applying alkaline eluents.6 Optimization of the oxidation conditions within the LC–IRMS
interface showed that low persulfate concentrations (factor three to six lower compared to
values described in literature) were sufficient to mineralize the PPs quantitatively to CO2 which
increased filament lifetime and consequently minimized instrument downtime. Thus, the
developed method successfully improved the throughput of the LC–IRMS by optimization of
the oxidation conditions.
(ii) The presented work provides for the first time data on the carbon isotope effect associated
with the equilibrium sorption onto goethite, as well as Mn(II)–catalyzed oxidation of ATMP.
Under the investigated conditions sorption of ATMP did not lead to a detectable carbon isotope
effect whereas oxidation led to a significant kinetic isotope fractionation. These results imply
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that carbon CSIA is a suitable tool to assign ATMP removal from the aqueous phase to either
sorption or transformation. Hence, CSIA has great potential as a complementary tool to concen-
tration analysis to distinguish different removal processes and thus to improve a process–based
assessment of the fate of ATMP (and likely other (A)PPs) in wastewater treatment plants as
well as receiving surface waters.
(iii) By combining the data from carbon CSIA and concentration analysis with equilibrium
speciation modeling, the mechanisms contributing to Mn(II)–catalyzed oxidation of ATMP by
molecular oxygen in homogeneous aqueous solution could be clarified and expanded. The
experimental data confirmed that intermediate Mn(III)ATMP complexes play a central role in
the reaction pathway. These Mn(III)–complexes of ATMP, however, are not only subjected to
self–decomposition initiated by an intermolecular electron transfer, as proposed so far. Rather,
they also act as catalytically active oxidants leading to the oxidation of free ATMP, which
matches the reported well known property of Mn(III)–complexes as strong oxidants.7,8 This
second reaction pathway has major implications for the environmental fate of APPs. In natural
systems, Mn(III)APP–intermediates likely react foremost with any reductants present at ele-
vated concentrations, such as (complex) natural organic matter (NOM). As a consequence,
APPs in the presence of dissolved manganese are (partially) trapped in catalytic complexes,
resulting in a diminished potential of Mn(II)–catalyzed oxidation for APP transformation.
(iv) The heterogeneous Mn–driven oxidation of APPs at manganese dioxide was investi-
gated using IDMP as a model compound, which is in contrast to ATMP resilient towards
Mn(II)–catalyzed oxidation in homogeneous solution. Experiments with different manganese
dioxides at varying pH showed first order transformation kinetics and moderate kinetic car-
bon isotope enrichment factors (around �5� 1‰) which were significantly smaller than the
maximum theoretically observable enrichment factor for C�P bond cleavage (�25‰). Based
on these findings, electron transfer within the precursor surface–complex was proposed as
rate–limiting step rather than the sorption or bond cleavage. Under acidic conditions (pH
3) and at Mn(III)–enriched manganese dioxide, electron transfer was accelerated, leading
to a more pronounced observed kinetic isotope fractionation of approximately �8.0� 0.5‰.
Hence, the results obtained by carbon CSIA matched the modeled kinetic data with regard
to the proposed underlying reaction mechanism. Furthermore, the distinct carbon isotope
fractionation implied that carbon CSIA can be used to trace IDMP removal in environmental as
well as technical systems via oxidation at MnO2 – without the need for information on potential
transformation products.
Overall, the presented work demonstrates that carbon CSIA is a promising, so far unexploited
tool to study the environmental chemistry of aminopolyphosphonate chelating agents. The
first data on sorption and transformation of ATMP and IDMP suggested that isotope analysis
can be used to estimate the share of sorption and transformation on the removal of APPs from
the aqueous phase. The role of Mn–driven oxidation for APP removal in technical and envi-
ronmental systems proposed in the literature could be supported only partially. New insights
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obtained by the presented work imply that APPs are not only transformed in the presence
of manganese and oxygen, but also (partially) trapped in catalytic Mn(III)–complexes under
certain conditions, diminishing the potential of Mn–driven oxidation for oxidative breakdown
of APPs. Apart from these findings in homogeneous systems, also in heterogeneous systems
(i.e., in the presence of manganese oxides), APPs possibly stabilize intermediate Mn(III)–
species formed upon the reduction of the minerals. As a result, the complexation could hinder
the disproportionation of the Mn(III), allowing the Mn(III)–APP complexes to act as potent
oxidants. Similar effects were described for other complexing agents, such as pyrophosphate.9
Hence, application of carbon CSIA succeeded in providing mechanistic insights into sorption
and transformation processes of APPs under controlled laboratory conditions. Yet, prior to
the application of carbon CSIA to study these processes in–situ in complex environmental or
technical settings, more research is needed with respect to (i) the analytical limitations, (ii)
the potential isotope fractionation associated with sorption, as well as the underlying reaction
mechanisms of (iii) homogeneous and (iv) heterogeneous Mn–driven APP oxidation.

5.2 Outlook

Regarding (i) the analytics of APPs by LC–IRMS future work primarily should address the
low sensitivity and selectivity with respect to matrix interference of the instrumentation. First,
an optimization of the chromatographic performance is recommended, for instance by using
more appropriate column dimensions (smaller diameter and/ or particle size). Moreover, a
chromatographic system with a gradient option is likely a prerequisite for a baseline separation
of APPs in high–matrix samples, such as environmental waters. But first and foremost, analysis
of APPs at environmentally relevant concentrations requires the development of suitable en-
richment techniques. The reason for this is the low inherent sensitivity of the IRMS, resulting
in limits of precise isotope analysis which are about 103 – 104 times higher than the expected
APP concentrations in the low µg L�1–range.10,11 These high anticipated enrichment factors
entail also sample clean–up, as otherwise an overload of the system with matrix components is
likely.12 To this end, solid–phase extraction using molecular–imprinted polymers (MIP–SPE)
is a promising approach, which can selectively enrich phosphonates, such as glyphosate and
AMPA.13,14 However, in case of non–quantitative sorption and/or desorption of the APPs on/
from the polymer, a throughout investigation of possible isotope fractionation associated with
the phase transfer is needed, in order to guarantee true and precise measurements. Recent
studies on large volume SPE showed that carbon CSIA of pesticides from environmental sam-
ples after a 2� 105–fold enrichment is feasible.15 Apart from the limitations of the LC–IRMS
for carbon CSIA, a system for stable nitrogen isotope analysis (δ15N) would be of exceptional
help to get further insights into the investigated processes. The combination of δ13C and δ15N
would allow to separate masking processes from changes within the reactions mechanisms as
masking by preceding rate–limiting steps (e.g., sorption) shows no element–specific isotope
effect.16 However, a commercial LC–IRMS interface for δ15N–CSIA is not yet available.
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5.2 Outlook

Further work on (ii) the differentiation between sorption and transformation should aim to
narrow the knowledge gap on isotopic effects associated with sorption of APPs onto natural
sorbents. Especially sorbents need to be studied, for which other sorption mechanisms than for
goethite are conceivable (i.e., nometal (hydr–)oxides, but for instance activated carbon or clays).
Moreover, information on potential isotope fractionation associated with slow sorption kinetics
such as retarded intra–particle diffusion is needed in order to be able to assess the behavior of
APPs in non–equilibrium systems, as recently discussed for chlorinated hydrocarbons.17,18

In order to get deeper insights into (iii) the homogeneous Mn(II)–catalyzed APP oxidation
by dissolved oxygen, studies on the reactivity of the Mn(III)–intermediates towards model
reductants (e.g., quinones, thiosulfate, NOM) are proposed. Thereby, a more comprehensive
understanding on the relative importance of APP oxidation via complex self–decomposition
versus trapping of APPs in catalytic Mn–complexes for the fate of APPs in the presence of
dissolved manganese could be acquired. This information is a prerequisite to assess the signifi-
cance of Mn(II)–catalyzed oxidation in natural or technical settings for the transformation of
APPs in the aqueous phase. Furthermore, the influence of competing ligands on the oxidation
of APPs in the presence of manganese and oxygen should be studied. Natural or synthetic
chelating agents such as EDTA or pyrophosphate likely occur together with APPs in technical
and environmental systems and might lead to either an attenuation or enhancement of APP
transformation. On the one hand, they compete with APPs to form complexes with manganese
and therefore inhibiting APP oxidation via self–decomposition of Mn(III)APP–intermediates.
On the other hand, the presence of other chelating agents might lead to the formation of their
corresponding Mn(III)–complexes – either by the oxidation of Mn(II)–complexes or the re–
complexation of Mn(III) formed by the oxidation of Mn(II)–APP complexes.19,20 In case they
are more reactive than the Mn(III)APP–complexes, oxidation of APPs could be promoted.7,8

Future studies on (iv) heterogeneous oxidation at manganese oxides should investigate the
variability of the observed εC–values and the underlying mechanisms. The results from this
work indicated that the electron transfer rate primarily determines the observable isotope
fractionation. However, the governing factors remain partially unclear so far. Thus, studying
the effect of the MnO2 mineralogy (e.g., Mn(III)–content and oxidation–potential) on the trans-
formation of aminophosphonates, which are resilient towards homogeneous Mn(II)–catalyzed
oxidation (such as IDMP and AMPA) and differ in their reduction potential might give further
valuable insights. In line with this, the role of dissolved manganese and oxygen on the system
with respect to Mn(III)–formation should be studied.
As the first results for the oxidation of IDMP at MnO2 have shown, numerical modeling of the
transformation kinetics has the potential to give further insights into the underlyingmechanisms
of Mn–driven oxidation of APPs. In future studies, more sophisticated models combining ki-
netics and isotope effects can be applied to better understand homogeneous and heterogeneous
Mn–driven APP oxidation, as already successfully realized for other multistep transformation
processes.21–23 However, a prerequisite for this are more experimental data on (intermediate)
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5 General conclusions and outlook

transformation products with respect to concentrations and isotopic composition.
As soon as a comprehensive understanding of the individual processes is obtained, the su-
perimposed homogeneous and heterogeneous Mn–driven oxidation of APPs in the presence
of manganese oxide can be studied. Applying the gained insights on the isolated processes,
carbon CSIA (in combination with numerical modeling) might be feasible to estimate the
relative share of homogeneous and heterogeneous oxidation on the transformation of APPs
in complex systems containing manganese oxide as well as dissolved manganese. Ultimately,
these findings would allow a more comprehensive assessment of the importance of Mn–driven
oxidation for the environmental fate of APPs.
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LC–IRMS chromatograms
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Figure A.1: Representative LC–IRMS chromatogram of the polyphosphonates HEDP, ATMP and
EDTMP at concentrations of 50 mg L�1. The first three peaks correspond to CO2 reference gas
pulses.
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Figure A.2: Representative LC–IRMS chromatogram of IDMP at concentrations of 20 mg L�1. The
first three peaks correspond to CO2 reference gas pulses.
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Stepwise integration of ATMP in a sample from an ATMP degradation experiment and
corresponding isotope ratio trace

The ATMP peak was integrated manually in approximately 50 mV steps using the skimmed
background algorithm (see Figure A.3). The δ13C–value of the automatically integrated peak
(Peak Nr. 9) was �15.87‰ and the average δ13C–value of all manually integrated peaks (Peak
Nr. 11+ to 30+) was �15.82� 0.03‰ (n = 10).

Figure A.3: LC–IRMS chromatogram of ATMP (2) and one of its unknown degradation products
(1) from an ATMP degradation experiment. The sample was diluted to an ATMP concentration of
50 mg L�1. The upper panel shows the ratio of the m/z 45 and m/z 44 mass traces.
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Oxidation temperature experiment with increased persulfate concentration
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Figure A.4: Peak area (orange squares, left axis) and uncorrected isotopic signature (blue circles,
right axis) of HEDP (a), ATMP (b) and EDTMP (c) (n = 3) over the oxidation temperature
(60 g L�1 persulfate at 50µL min�1). The horizontal lines correspond to themean isotopic signature
(including a 0.5‰ error) for the range with stable isotopic signatures (marked by a vertical line).

Comparison of the IRMS sensitivities for oxalate and DIC in FIA mode

Oxalic acid (¥ 99.0 % (RT), Sigma–Aldrich, Steinheim, Germany) and potassium bicarbonate
(for analysis, Merck, Darmstadt, Germany) were used for preparation of the aqueous stan-
dards. 50µL of the standards were injected by an UltiMate3000 HPLC–system (Thermo Fisher
Scientific, Germering, Germany). As eluent 4 mM sulfuric acid was used, delivered at a flow
rate of 500µL min�1. Analysis of carbon isotope ratios was conducted on a Delta V Plus IRMS,
which was hyphenated to the HPLC via a LC Isolink interface (both Thermo Fisher Scientific,
Bremen, Germany). The eluent stream was mixed in a mixing-tee with 1.5 M phosphoric
acid and 30 g L�1 sodium persulfate, which were delivered at flow rates of 50µL min�1 and
75µL min�1, respectively. Organic carbon in the eluent stream was converted to CO2 at 99.9 �C.
After cooling the eluent stream down to room temperature, the CO2 was transferred into the
gas phase by a counter–stream of helium at a flow rate of 1.9 mL min�1.
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Figure A.5: Sensitivities for carbonate (DIC) and oxalate in FIA mode. The obtained peak areas
were normalized to the average peak area of the reference gas pulses to account for varying ion
source performance.

Sensitivities of oxalate and polyphosphonates at different persulfate concentrations
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Figure A.6: Sensitivities for oxalate and polyphosphonates at persulfate concentrations 30 g L�1

(a) and 60 g L�1 (b). The obtained peak areas were normalized to the average peak area of the
monitoring gas pulses to account for varying ion source performance.
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Sorption isotherms and degradation profile
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Figure A.7: (a) Sorption isotherms for the sorption of ATMP onto goethite in the absence and
presence of calcium or magnesium. An error of 10 % was assumed for aqueous and sorbed ATMP
concentration. (b) Degradation profile for manganese catalyzed degradation of ATMP bymolecular
oxygen. For the ATMP concentration an error of 5 % was assumed.

Calculation of carbon isotope enrichment factor for C�P bond cleavage according to the
Streitwieser limit

The Streitwieser limit for C–P bond cleavagewas calculated according to the following equation:1

KIE �
1

exp
�
�100� hcṽ

2kT

�
1�

b
µL
µH

		 (A.1)

with the Planck constant h � 6.626� 10�34 J s, the speed of light c � 2.998� 108 m s�1, the
Boltzmann’s constant kB � 1.381� 10�23 J K�1 and the absolute temperature T (298 K). µL and
µH are the reduced masses of 12C and 13C in the C–P bond, respectively. For the vibrational
wave number ṽ of the C–P bond a conservative value of 650 cm�1 was used, which is the lowest
value found in the literature and hence yields the smallest isotope effect.2
With these assumptions, a Streitwieser limit of 1.045 was computed. This value was converted
to an observable carbon isotope enrichment factor according to the equation below:3

εC �

�
1

KIE
� 1



�

x
n

1
z

(A.2)

With the number of carbon atoms n � 3, the number of carbon atoms in the reactive position
x and the carbon atoms in intramolecular competition z. Due to the symmetric character of
ATMP, x � z � 3 was assumed, yielding an enrichment factor of �14.4‰.
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Figure B.1: Concentrations of ATMP, ortho–phosphate and the phosphorus mass balance (MB
= ATMP + PO 3–

4 ) over time during transformation of ATMP (1 mM initial concentration) in
the presence of molecular oxygen for initial Mn:ATMP ratios of (a) 1:100, (b) 1:10, (c) 1:2 and
(d) 1:1 (corresponding to Mn(II) concentrations of 0.01 mM to 1 mM) at pH 6.8 � 0.1. Shown
are the average concentrations of duplicate batch experiments. Error bars for ATMP and PO 3–

4
represent one standard deviation and the standard deviation of the mass balance was calculated
using Gaussian error propagation.
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Effect of the dissolved oxygen concentration on transformation kinetics and carbon isotope
fractionation

Experimental setup and sampling were analogue to the experiments described in chapter 3.
The experiments were conducted at pH 6.8� 0.1 (buffered with 20 mM MES) with an initial
Mn:ATMP ratio of 1:1 (1 mM), as for this experiment the highest initial transformation rate was
observed and thus the highest O2 consumption was expected. In total three different setups
were tested. Setup 1 (open) represented the setup described in chapter 3, i.e., open bottles
and fast stirring (750 rpm). Setup 2 (saturated) was continuously purged with synthetic air
(20.5 % O2/ 79.5 % N2, Westfalen, Münster, Germany) to ensure oxygen saturated conditions
over the complete course of the experiment. Setup 3 (closed) represented oxygen limited
conditions. To this end, the bottle was closed with a butyl rubber stopper before the addition of
the MnCl2 solution, resulting in an initial liquid:gas ratio of approximately 1.8 (75 mL:41 mL)
and consequently an initial O2:ATMP ratio of 5 (375µmol:75µmol). Sampling for setup 3 was
conducted with 5 mL plastic syringes and the withdrawn sample volume was replaced by N2
in order to ensure constant pressure conditions and oxygen limitation in the bottle.
Quantification of dissolved oxygen was quantified in the setups 1 and 2 in–situ with an OXY–4 ST
(G3) oxygen meter, equipped with an oxygen dipping probe (PreSens, Regensburg, Germany).
In setup 3, the quantification was conducted non–invasively from the outside of the bottles
(which were equipped with oxygen sensor foils), using a fiber optic oxygen meter (Fibox3,
PreSens, Regensburg, Germany).
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Figure B.2: Data of the experiments conducted at different dissolved oxygen levels and pH 6.8� 0.1
with an initial Mn:ATMP ratio of 1:1 (1 mM). Temporal profiles of (a) ATMP and (b) dissolved
oxygen. Shown are the average concentrations of duplicate batch experiments. Error bars represent
one standard deviation. (c)Double–logarithmic Rayleigh plot showing carbon isotope fractionation
of ATMP. Error bars were calculated by means of Gaussian error propagation assuming an error of
the δ13C value of 0.5‰.
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Figure B.3: Temporal transformation profiles of ATMP in the presence of molecular oxygen and
varying amounts of Mn(II). Shown are the average concentrations of duplicate batch experiments.
Error bars represent one standard deviation. For better visualization, the concentrations are plotted
on a logarithmic scale.

Determination of stepwise Mn(II)ATMP–normalized transformation rate constants

In order to determine the influence of the Mn(II)ATMP concentration on the ATMP transfor-
mation rates, stepwise initial (0th order) transformation rate constants were used. To this end,
a linear regression for segments n in the cptq{cp0q vs. time plots was calculated from three
consecutive data points (n to n� 2) (R2 ¥ 0.8). Subsequently, the next slope was calculated for
the data points n� 1 to n� 3. The graphical result is exemplarily shown for the experiment
with an initial Mn:ATMP ratio of 1:2 in Figure B.4.
The resulting rates kpnqwhere than normalized to the calculated concentration of Mn(II)ATMP
complexes at the beginning of interval n, resulting in the normalized rate constant knormpnq.

98



0.3

0.6

0.9

0 2 4 6

t in h

(c
(t

)/
c(

0)
) A

T
M

P

Figure B.4: Transformation of ATMP for an initial Mn(II):ATMP ratio of 1:2 (corresponding to
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Figure B.5: Kinetics and isotope fractionation of ATMP in unbuffered experiments conducted at
pH 3.6� 0.1. (a) Temporal transformation profiles of ATMP in the presence of molecular oxygen
for different initial Mn:ATMP ratios (corresponding to Mn(II) concentrations of 0.01 mM to 2 mM).
Shown are the average concentrations of duplicate batch experiments. Error bars represent one
standard deviation. (b) Double–logarithmic Rayleigh plot showing carbon isotope fractionation of
ATMP (1 mM initial concentration) during transformation in the presence of molecular oxygen for
different initial Mn:ATMP ratios (corresponding to Mn(II) concentrations of 0.01 mM to 2 mM),
including the linear regressions according to the Rayleigh model. Error bars were calculated by
means of Gaussian error propagation assuming an error of the δ13C value of 0.5‰.
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Figure B.6: Calculated concentrations of bimolecular Mn(II)ATMP complexes (ATMP concen-
tration of 1 mM) (a) as function of pH in the presence of 1 mM MnCl2 and (b) as function of
Mn(II) concentration at pH 6.8. The temperature was set to 20 �C and 20 mM NaNO3 was used as
background electrolyte. Acidity constants for ATMP and equilibrium constants for Mn(II)ATMP
complexes were taken from Lacour, et al.1 and Popov, et al.,2 respectively.
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Figure B.7: Kinetics and isotope fractionation of ATMP in unbuffered experiments conducted at pH
7.2� 0.1. (a) Temporal transformation profiles of ATMP in the presence of molecular oxygen for
different initial Mn:ATMP ratios (corresponding to Mn(II) concentrations of 0.1 mM to 0.4 mM).
Shown are the average concentration of duplicate batch experiments. Error bars represent one
standard deviation. (b) Double–logarithmic Rayleigh plot showing carbon isotope fractionation of
ATMP (1 mM initial concentration) during transformation in the presence of molecular oxygen for
different initial Mn:ATMP ratios (corresponding to Mn(II) concentrations of 0.1 mM to 0.4 mM),
including the linear regressions according to the Rayleigh model. Error bars were calculated by
means of Gaussian error propagation assuming an error of the δ13C value of 0.5‰.
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Calculation of stepwise enrichment factors

Thedouble logarithmic Rayleigh plots for experiments conducted at pH6.8withMn(II):ATMP(0)
of 1:5, 1:2 and 1:1 were evaluated in detail, as for these initial Mn(II):ATMP ratios the range
of complexed ATMP fractions varied considerably during the course of the experiments
(∆ fcompl ¥ 0.13 for the single experiments, see Table B.1). The detailed analysis of the double–
logarithmic Rayleigh plots of these experiments showed curved rather than linear shapes even
though the linear fits had R2 values of ¥ 0.97 (see Figure B.8(a)). This non–linear behavior is
in line with distinctly negative y–intercepts of the linear regressions (¤ �0.7‰) for all four
experiments and indicative for changes in the underlying isotope fractionation. In order to
highlight this non–linear behavior, isotope enrichment factors were calculated stepwise follow-
ing a procedure proposed by Mundle, et al. (2013).3 To this end, three consecutive data points
were fitted to the Rayleigh model, yielding the stepwise calculated enrichment factor εCpnq for
the respective segment n (see Table B.2). In Figure B.8(b) the resulting εCpnq–values against
the Mn(II)–complexed ATMP fraction at the beginning of the segment n are shown. In all
four experiments, the εCpnq–value decreased with increasing complexed ATMP fraction. When
plotting εCpnq–values as function of the complexed ATMP fraction for the experiments with
Mn(II):ATMP(0) = 1:5 and 1:2 almost identical slopes were obtained (�7� 2‰ to �10� 3‰,
see Table B.2). In addition, the trends were in good agreement with the overall trend for all
experiments with varying initial complexed ATMP fractions (�9� 2‰). The offset to more
negative values for Mn(II):ATMP(0) = 1:5 can be attributed to the lower number of data points
for this experiment, leading to an overestimation of the isotope fractionation, especially at
early time points (see Figure B.9 for comparison of point densities & calculations). The results
of the experiment with Mn(II):ATMP(0) = 1:1 showed a steeper slope (�25� 15‰) and a
weaker coefficient of determination, which can be rationalized by the less pronounced changes
in the complexed fraction of ATMP of 0.13 during this experiment in comparison to the other
experiments (∆ fcompl ¥ 0.40).
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Figure B.8: (a) Linearized Rayleigh plot for experiments at pH 6.8� 0.1 with initial Mn(II):ATMP
ratios of 1:5, 1:2 and 1:1. Error bars were calculated by means of Gaussian error propagation
assuming an error of the δ13C–value of 0.5‰. (b) Stepwise calculated enrichment factors (obtained
from linear regressions of three consecutive data points) vs. the complexed fraction of ATMP at
the start of the segment (i.e., the first point of the regression) for experiments at pH 6.8� 0.1 with
Mn(II):ATMP(0) of 1:5, 1:2 and 1:1. The black dashed line represents the linear regression taken
from Figure 3.3.

Table B.1: Dependency of the carbon isotope enrichment factor on the complexed ATMP fraction
for the reassessed experiments (initial Mn:ATMP ratios of 1:5, 1:2 and 1:1), as well as the overall
trend for all experiments. Shown is the spanned range of complexed ATMP fractions (∆ fcompl), the
slope of the linear regression (dεC{d fcompl) including its 95 % confidence interval, the coefficient of
determination and the number of experimental data points n.

Starting ATMP ∆ fcompl dεC{d fcompl R2 n
and Mn(II) (95 % CI)
concentration in‰
1 mM ATMP 0.13 �25� 15 0.65 10
1 mM Mn(II)
1 mM ATMP 0.4 �9� 5 0.88 6
0.5 mM Mn(II)
2 mM ATMP 0.44 �10� 3 0.90 8
1 mM Mn(II)
5 mM ATMP 0.73 �7� 2 0.97 6
1 mM Mn(II)

Overall 0.82 �9� 2 0.92 11
trend (Figure 3.3)
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Table B.2: Compilation of stepwise calculated enrichment factors. Shown is the evaluated segment
of the Rayleigh plot (n, with a and b representing duplicate experiments), the corresponding range
of the data points on the lnp f q–axis, the calculated complexed fraction of ATMP at the beginning of
the segment (i.e. for the highest lnp f q–value) and the calculated enrichment factor.

Starting ATMP n range lnp f q fcompl,0pnq εCpnq in‰
and Mn(II)
concentration
1 mM ATMP 1a – 0.97 – 0.00 0.82 – 7.7
1 mM Mn(II) 1b – 0.93 – 0.00 0.82 – 7.9

2a – 1.13 – – 0.34 0.87 – 8.7
2b – 1.05 – – 0.28 0.87 – 9.0
3a – 1.32 – – 0.97 0.92 – 10.4
3b – 1.25 – – 0.93 0.92 – 11.1
4a* – 1.57 – – 1.11 0.93 – 8.3
4b* – 1.75 – – 1.17 0.94 – 11.3
5a* – 1.88 – – 1.26 0.93 – 10.8
5b* – 2.13 – – 1.37 0.94 – 11.6

1 mM ATMP 1a – 1.30 – 0.00 0.51 – 6.0
0.5 mM Mn(II) 1b – 1.38 – 0.00 0.51 – 6.0

2a – 1.81 – – 0.58 0.73 – 7.1
2b – 1.89 – – 0.67 0.76 – 7.3
3a – 2.09 – – 1.30 0.87 – 9.6
3b – 2.15 – – 1.38 0.87 – 9.3

2 mM ATMP 1a – 0.94 – 0.00 0.49 – 6.3
1 mM Mn(II) 1b – 0.96 – 0.00 0.49 – 6.3

2a – 1.34 – – 0.31 0.62 – 6.7
2b – 1.35 – – 0.29 0.62 – 6.9
3a – 1.85 – – 0.94 0.86 – 9.0
3b – 1.85 – – 0.96 0.86 – 9.0
4a – 1.98 – – 1.34 0.90 – 10.9
4b – 1.95 – – 1.35 0.90 – 11.0

5 mM ATMP 1a – 1.24 – 0.00 0.20 – 6.0
1 mM Mn(II) 1b –1.60 – 0.00 0.20 – 6.4

2a – 1.82 – – 0.63 0.37 – 7.0
2b – 2.12 – – 0.92 0.49 – 8.0
3a – 1.82 – – 0.63 0.63 – 8.8
3b – 2.56 – – 1.60 0.79 – 10.6

*Calculated for a second, identically treated experiment with longer runtime.
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Modeling the effect of a reduced experimental point density on the observed stepwise
calculated isotope enrichment factor

Calculations were conducted for a simulated experiment with an ATMP starting concentration
of 4.8 mM (i.e., equal to the conducted experiment), a MnCl2 concentration of 1 mM, pH 6.8
and 20 �C.
Speciation of ATMP in the presence of Mn(II) was calculated in the PhreeqC software package,4
using the wateq4f database, supplemented with the acidity constants for ATMP and the
equilibrium constants for mononuclear Mn(II)ATMP complexes.1,2 The fraction of Mn(II)–
complexed ATMP was calculated for remaining ATMP fractions ( f � cptq{cp0q) of 0.05 to 1
with ∆ f � 10�3. Complexed fractions between these discrete values were interpolated by
means of a 4th order regression (R2 = 0.9996).
The expected carbon isotope enrichment factor (εC) as a function of the Mn(II)–complexed
ATMP fraction( f compl), was calculated by means of the linear regressions obtained by fitting
the ( εC–values of all experiments (εC � �9.32‰� fcompl � 1.93‰, see Figure 3.3).
The nominated isotopic ratio over the remaining ATMP fraction was then calculated stepwise
by means of the obtained speciation dependent enrichment factors for a fraction step size (∆ f )
of 0.001 according to the Rayleigh equation:

ln
�

Rptq
Rp0q



n
�
�
ln p f qn � ln p f qn�1

�
� εC,n�1 � ln

�
Rptq
Rp0q



n�1

(B.1)

From the obtained dataset, data points were subsampled in a way that the modeled ln(f)
values matched the experimental ones (absolute averaged error � one standard deviation =
0.001� 0.002). The stepwise isotope enrichment factors were finally calculated according to
the three–point linear regression method described in chapter 3. The averaged absolute error�
one standard deviation between the calculated and experimental stepwise enrichment factors
was equal to 0.6� 0.2‰.
The results of themodel visualized as double–logarithmic Rayleigh plot and stepwise calculated
enrichment factors can be found in Figure B.9.
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Figure B.9: (a) Double–logarithmic Rayleigh plot and (b) stepwise calculated carbon isotope
enrichment factors (εCpnq) as function of the fraction of ATMP complexed with Mn(II) ( fcomplpnq).
Shown as black dashed lines are the modeled theoretical values, based on the assumed dependency
of the isotope enrichment factor on the complexed ATMP fraction. Furthermore, the experimental
data and the values calculated from the model taking into account the experimental point density
are shown.

Estimation of the maximum observable carbon isotope fractionation factor for C–P bond
cleavage

The Streitwieser limit for C–P bond cleavage, i.e., the theoretically maximum intrinsic kinetic
isotope effect based on vibrational energy differences was calculated according to the following
equation:5,6

KIE �
1

exp
�
�100� hcṽ

2kT

�
1�

b
µL
µH

		 (B.2)

with the Planck constant h � 6.626� 10�34 J s, the speed of light c � 2.998� 108 m s�1, the
Boltzmann’s constant kB � 1.381� 10�23 J K�1 and the absolute temperature T (298 K). µL and
µH are the reduced masses of 12C and 13C in the C–P bond, respectively. For the vibrational
wave number ṽ of the C–P bond a value of 750 cm�1 was used, which lays well in the range,
reported for various amino and non–amino phosphonates.7–9

With these assumptions, a Streitwieser limit of 1.052 was computed. This value was converted
to a maximum observable carbon isotope enrichment factor according to the equation below:10

εC �

�
1

KIE
� 1



�

x
n

1
z

(B.3)
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With the number of carbon atoms n � 3, the number of carbon atoms in the reactive position
x and the carbon atoms in intramolecular competition z. Due to the symmetric character of
ATMP, x � z � 3 was assumed, yielding an enrichment factor of �16.6‰.
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Figure B.10: Absorbance of 1 mM ATMP + 20 mM MES in the absence and presence of 1 mM
MnCl2. Mn(III)ATMP represents the absorbance of 1 mM Mn(II)ATMP after the addition of
0.2 mM KMnO4, leading to the oxidation of complexed Mn(II) to Mn(III) as reported earlier for
Mn(II)EDTA.11
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Materials and methods

Preparation of self–synthesized MnO2

The protocol for the synthesis of MnO2/synth via the reduction of KMnO4 by H2O2 under acidic
conditions was adapted from Villegas et al..1 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 KMnO4 (EMSURE,
Merck) solution was added to the acidic hydrogen peroxide solution with approximately
1.5 mL min�1 under constant rapid stirring. After a reaction time of 60 min, stirringwas stopped
and the particles were allowed to settle for another 60 min. The result was a dark–brown
mineral phase and a clear supernatant, indicating complete reduction of the permanganate.
The supernatant was discarded and the particles were re–suspended in 160 mL ultrapure
water. Afterwards, the suspension was distributed equally into 50 mL glass vials, centrifuged
at 1000 rcf for 15 min. The particles were washed with ultrapure water and centrifuged several
times until the supernatant was circumneutral and had a conductivity of ¤ 1.5µS cm�1. The
washed particles were collected on a 0.45µm filter (polyamide, Whatman, Dassel, Germany) in
a vacuum filtration manifold and dried at 80 �C for 24 h. Finally, the dried mineral was crushed
in a mortar and stored in a desiccator over silica gel up to its final use.

Characterization of MnO2

The point of zero charge was determined on a Zetasizer Nano ZSP (Malvern Pananalytical,
Malvern, United Kingdom) in folded capillary zeta cells at 20 �C. Measurements were con-
ducted in triplicates with 10 to 15 runs, each. For analysis, 50 mg L�1 MnO2 suspensions were
prepared in 10 mM NaCl + 10 mMMES buffer and the pH was adjusted by 0.1 M or 1 M NaOH
and HCl. 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.
BET specific surface areawas analyzed on a Gemini VII 2390 (Micrometrics, Norcross, GA, United
States) by nitrogen sorption–desorption isotherms. Samples were degassed before analysis
over night under vacuum at 120 �C.
Powder X-ray diffraction (XRD) was performed using a D8 Discover (Bruker, Billerica, MA,
United States) equipped with a Cu–source (Cu–Kα radiation, λ � 1.541 84Å) with a beam
voltage and current of 40 kV and 20 mA, respectively.
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Mn(III)–content was determined by pyrophosphate (PP)–extraction and subsequent spec-
troscopic quantification.2 For extraction of available Mn(III), 1 mM (0.087 g L�1) or 17 mM
(1.5 g L�1) MnO2 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 concen-
tration of Mn(III)PP was calculated based on the molar absorption coefficient at 258 nm of
6750 M�1cm�1.3

Figure C.1: XRD patterns of the commercial and self–synthesized manganese oxide.
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Figure C.2: Zeta potential (ZP) as function of the pH for the commercial and self–synthesized
MnO2 (50 mg L�1 in 10 mM NaCl + 10 mM MES). Additionally shown are the linear regressions
used for the calculation of the point of zero charge. Error bars were calculated by Gaussian error
propagation from the ZP deviations of instrumental triplicate measurements.
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Results and discussion

Table C.1: Pseudo first and second order rate constant according to Model PF (kPF, including 95 %
confidence interval) and Model ET (kET), respectively. All experiments were conducted with an
initial IDMP concentration of 1 mM at 22� 2 �C.
pH 3 6 8
Buffer formate MES Tris HEPES
Manganese 1.7 1.7 1.7 3.4 1.7 1.7 1.7
dioxide com. synth. com. com. synth. com. com.
(g L�1)
kPF � 95 % p0.16� 283q 0.31 p3� 588q 0.6 p10� 2q p1.2� 0.6q 0.21
(CI) �10�3 �0.06 �10�5 �0.2 �10�3 �10�3 �0.04
(mM�1h�1)

kET � 95 % 0.31 0.32 p3� 2q 0.4 p7� 1q p2.1� 0.4q 0.16
(CI) (h�1) �0.06 �0.03 �10�3 �0.1 �10�3 �10�3 �0.03

Mn(aq)MBPPO4
3-IDMP

0.0

0.3

0.6

0.9

1.2

0 2 4 6

t in h

c 
in

 m
M

Figure C.3: Temporal profile of IDMP (including the fit according to Model ET), ortho–phosphate,
the phosphorus mass balance (MBP = [IDMP] + [PO 3–

4 ] and dissolved manganese in the presence
of 3.4 g L�1 commercial MnO2 at pH 6.0� 0.1 (20 mM MES). Shown are the average concentrations
of duplicate batch experiments. Error bars represent one standard deviation for the measured
concentrations and the error for theMBP was calculated viaGaussian error propagation, respectively.
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Figure C.4: Temporal profile of IDMP (including the fit according to Model ET), ortho–phosphate,
the phosphorus mass balance (MBP = [IDMP] + [PO 3–

4 ]) and dissolved manganese in the pres-
ence of 1.7 g L�1 self–synthesized MnO2 at pH 8.0 � 0.1 (20 mM Tris). Shown are the average
concentrations of duplicate batch experiments. Error bars represent one standard deviation for the
measured concentrations and the error for the MBP was calculated via Gaussian error propagation,
respectively.
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Figure C.5: Temporal profile of IDMP (including the fit according to Model ET), ortho–phosphate,
the phosphorusmass balance (MBP = [IDMP]+ [PO 3–

4 ]) and dissolvedmanganese in the presence
of 1.7 g L�1 commercial MnO2 at pH 8.0� 0.1 (20 mM HEPES). Shown are the average concentra-
tions of duplicate batch experiments. Error bars represent one standard deviation for the measured
concentrations and the error for the MBP was calculated via Gaussian error propagation, respec-
tively.
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Figure C.6: Double–logarithmic Rayleigh plot showing carbon isotope fractionation of IDMP for
varying experimental conditions: Applied mineral, mineral loading (1.7 g L�1 if not stated oth-
erwise), pH and buffer (formate (pH 3), MES (pH 6) and Tris (pH 8) if not stated otherwise.
Additionally shown are the linear regressions according to the Rayleigh model normalized to T0.
Error bars were calculated by means of Gaussian error propagation assuming an error of the δ13C
value of 0.5‰.

Estimation of the maximum observable carbon isotope fractionation factor for C–P bond
cleavage

The Streitwieser limit for C–P bond cleavage, i.e., the theoretically maximum intrinsic kinetic
isotope effect based on vibrational energy differences was calculated according to the following
equation:4,5

KIE �
1

exp
�
�100� hcṽ

2kT

�
1�

b
µL
µH

		 (C.1)

with the Planck constant h � 6.626� 10�34 J s, the speed of light c � 2.998� 108 m s�1, the
Boltzmann’s constant kB � 1.381� 10�23 J K�1 and the absolute temperature T (298 K). µL and
µH are the reduced masses of 12C and 13C in the C–P bond, respectively. For the vibrational
wave number ṽ of the C–P bond a value of 750 cm�1 was used, which lays well in the range,
reported for various (amino–)phosphonates.6–8

With these assumptions, a Streitwieser limit of 1.052 was computed. This value was converted
to a maximum observable carbon isotope enrichment factor according to the equation below:9
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With the number of carbon atoms n � 2, the number of carbon atoms in the reactive position
x and the carbon atoms in intramolecular competition z. Due to the symmetric character of
IDMP, x � z � 2 was assumed, yielding an enrichment factor of �24.8‰.
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