nature portfolio

Peer Review File

Glyphosate is a transformation product of a widely used
aminopolyphosphonate complexing agent

Corresponding Author: Dr Philipp Martin

This file contains all reviewer reports in order by version, followed by all author rebuttals in order by version.

Version 0:
Reviewer comments:
Reviewer #1

(Remarks to the Author)

The manuscript investigated the abiotic degradation of DTPMP by Mn-dioxide minerals. The formation of glyphosate
highlighted another possible source of glyphosate other than agricultural application of glyphosate-based herbicides. This is
the first study demonstrating the formation of glyphosate from DTPMP via abiotic oxidation by naturally existing minerals
(MnQ2). The study is straightforward and easy to follow. However, some major and minor issues need to be resolved or
justified before publication.

Major suggestions:

1. Is the studied concentration level of MNO2 within the range of Mn minerals in the natural environments or in the
wastewater treatment systems? If so, as determined in this study, the mol % of glyphosate that is produced from abiotic
degradation of DTPMP by MnO2 is very low (up to 0.16 mol %). Is this comparable to the biotic degradation of DTPMP?

2. The manuscript is lack of sufficient discussions on the mechanisms that lead to the observed results. For example, what is
causing a lower formation rate of glyphosate but not AMPA under anoxic conditions? Potential impact of DTPMP:Mn ratios
on the composition of degradation products or maybe even on the degradation pathways?

3. The study is also lack of sufficient investigation into the degradation process.

a. Since DTPMP and many of its intermediate products are oxidatively degraded, MnO2 should be reduced, but there is no
analysis to confirm this Mn reduction.

b. In addition, O2 might have oxidized the reduced Mn(ll) to Mn(lll), which is also catalyzed by MnO2, as proposed by the
authors; however, there is no analysis to confirm this formation of Mn(lll) phases in the solid phase.

c. Moreover, a much higher degradation rate was observed at 1 g/L MnO2 than 0.1 g/L, is it still higher after normalizing the
rate to the specific surface area of the mineral?

d. A rough calculation: 0.1 g/L MnO2 is about 1.1 mM MnO2, if the mineral is pure without any other elements. Is this amount
sufficient to accept enough electrons to completely oxidize 1 mM DTPMP and some of its intermediate products? This may
also provide us some insights into the potential role of O2 during the degradation process.

Detail comments:

1. Figure 1: Based on the structure of DTPMP, it seems that cleavage of the red C—P bond or the C—P bonds on the other
side of the molecule, instead of the labeled i) C—P bond, can also generate the same product. How to differentiate which C—
P bond was cleaved? In addition, a proposed degradation scheme showing all measured and possible degradation
products will be helpful for the audience to understand the degradation pathways.

2. Line 54: another recent publication showing glyphosate as a degradation product of APPs:

Drzyzga, D; and Lipok, J. (2017) Analytical insight into degradation processes of aminopholyphosphonates as potential
factors that induce cyanobacterial blooms. Environ. Sci. Pollut. Res. 24: 24364-24375.

3. Line 109: pH: what is the general pH range of wastewater in the treatment plants? How about neutral and slightly alkaline
pH conditions?

4. Line 147: suggest a detailed discussion on the impact of DTPMP:Mn ratio on the composition/abundance of different
major degradation products. It seems that a higher ratio may favor the accumulation of some intermediate products.

5. Line 151: the concentration of unidentified TP X seems to be similar or higher than orthophosphate in Figure 3. Any other
analysis, such as 2-D NMR or tandem MS, to confirm the identity of this compound?

6. Figure 4: Concentration of AMPA is way much higher than glyphosate. Is it due to rapid degradation of glyphosate to
AMPA? Or is it possible that AMPA directly formed, bypass the formation of glyphosate?



7.Line 201 and Table 2: why less glyphosate formed under anoxic conditions? Less degradation from its precursor
compounds? However, if glyphosate is the necessary precursor of AMPA, less formation of AMPA in anoxic conditions
shoule also be observed. Does this suggest that glyphosate is not a necessary precursor to AMPA?

8. Line 214: if Mn(lll) formed on mineral surface, other analytical techniques can be used to confirm the change in oxidation
state of Mn in the solid phase or the formation of a new Mn(lll)-mineral on the surface of MNnO2?

9. Line 324: use of the buffer: does the buffer interact with MnO2 as well? Is the pH change after the reaction monitored?

Reviewer #2

(Remarks to the Author)

The authors of this manuscript were members of a team that published a paper in Water Research (ref 14) in October 2024
suggesting that municipal wastewater treatment plants in Europe are important, but under-recognized sources of glyphosate.
They also proposed that aminopolyphosphonates, mainly from laundry detergents are transformed to produce glyphosphate.
In this manuscript, the authors propose that manganese in wastewater is responsible for the conversion of the
aminopolyphosphonates diethylenetriamine penta(methylene phosphonate) (DTPMP) into glyphosate through a reaction
pathway that has a relatively low yield (i.e., <0.2%). Overall, | found the hypothesis of the authors to be interesting and the
topic of the research to have substantial implications for efforts to control glyphosate pollution. Recognizing that this is an
initial communication, it seems reasonable that some of the details needed to fully characterize these reactions might not be
available. Nonetheless, | remain unconvinced that the authors have proven that this reaction is the source of the glyphosate.
Given the potential significance of the findings of this study, | believe that a more thorough analysis of the processes and a
better justification of the experimental conditions is needed prior to publication.

My specific concerns about the manuscript are detailed below.

1. If l understand the hypothesis correctly, the authors set out to determine if the reaction between DTPMP and Mn takes
place between the location where it is first used (e.g., in laundry washing machines) and the discharge of a conventional
wastewater treatment plant. The experiments described in the manuscript do not give me confidence that the reaction has
been studied under environmentally relevant conditions as the authors claim. My first concern is that most chelating reagents
like DTPMP will exist as complexes with metals. Have the authors proven that glyphosate is produced when the DTPMP is
complexed by Fe(lll), Ca(ll) or other metals that are present in sewage?

2. Similarly, the authors chose to study extremely high concentrations of a crystalline manganese oxide. The form of the
manganese oxide is known to play a very significant role in the transformation of organic compounds. | was disappointed in
the supporting information, which did not give data on the polymorph of Mn oxide. Moreover, | do not understand the
justification for assuming the presence of 100 or 1000 mg/L of pure Mn oxides in wastewater. The suspended solids in raw
sewage or activated sludge mainly consist of organic matter with relatively low concentrations of minerals, like silica and
iron oxides. Even under the unlikely situation in which sewage were to contain high concentrations of manganese oxides, it
is likely that the surfaces would be covered with protein, biopolymers, surfactants and other substances that could block or
slow the interactions of DTPMP with the surface. Under some conditions, sulfide might also form other Mn-containing
minerals (e.g., MnS). Can the authors better justify the concentrations of Mn oxides used in these experiments? Do these
reactions take place in the presence of other substances present in sewage?

3. The experiments were conducted at pH 6 using MES as a buffer. Oxidation reactions involving Mn-oxides tend to exhibit a
strong pH dependence. Were these reactions replicated at higher pH values (e.g., pH 7-8 are typical of sewage and treated
wastewater)?

4. The reaction between MnO2 and DTPMP appears to have been studied by other authors. The formation of glyphosate as
a minor transformation product seems to be thermodynamically possible and the fact that it is a minor pathway could help
explain the fact that this reaction has not been considered by others. However, the lack of a quantitative treatment of the
observed formation of glyphosate leaves the reader wondering whether the explanation is valid. If data are available on
DTPMP concentrations in sewage and wastewater treatment plants, it should be possible to convert the observed losses of
the parent compound into glyphosate concentrations formed in the process by using the yield measurements. Have the
authors made these kinds of calculations? If so, can they explain the observations reported in the Water Research paper?

5. Consideration of the fate of DTPMP in wastewater without discussion of the possible importance of biotransformation of
the compound seems incomplete. Is this compound transformed in sewage or in sewage treatment plants? If so, could
biotransformation explain the observed formation of glyphosate?

6. The discussion of reaction kinetics needs considerable improvement. For example, | found the description of pseudo-zero
order kinetics to be quite confusing. Yes, one might observe zero-order kinetics for some catalytic reactions, but drawing
lines based on one or 4-5 data points (i.e., those where the parent compound is present at concentrations above the
detection limit and then calculating r2 values and rate constants to four significant figures and attempting to interpret
mechanisms is an over-reach.

7. The authors state that Mn2+ also oxidizes DTPMP but they did only included results form a single experiment conducted
with 1 mM of DTPMP and 1 mM Mn2+. In this experiment products were only observed after about 5 days. | struggle to relate
this very unrealistic experiment and the timeframes needed to see the formation of glyphosate to the overall hypothesis of
the authors. Stating that Mn2+ and oxygen can produce glyphosate under environmentally relevant conditions, as stated in



the abstract, seems like another over-reach.
Reviewer #3

(Remarks to the Author)

The study shows for the first time that glyphosate can be produced in trace amounts by the reaction of an aminophosphonate
with manganese oxides under neutral pH conditions. This is a remarkable result in the field of water pollution, as the origin
of glyphosate in the environment has recently been the subject of debate in Europe. The context is well described and
supported by appropriate, up-to-date references. This study clearly shows that glyphosate can be produced by the
transformation of a widely used non-toxic organic compound, and not just by its use in agriculture.

Glyphosate is not the main transformation product, which explains why it has been overlooked until now. Thus, specific
analytical methods have been used in this study for its analysis at trace level. Results also show that concentrations of
manganese oxide and dissolved oxygen strongly influence the yield of glyphosate formation and that glyphosate can also
be formed in presence of dissolved manganese ions and oxygen for long reaction time. Interesting result also is the stability
of glyphosate in presence of an excess of manganese oxide.

A reaction scheme is proposed based on literature data, which will need to be revised slightly (see remark below). The data
are of high quality and obtained with the appropriate protocols and analytical methods. Protocols and methods are generally
well described.

The authors suggest that this reaction can occur in wastewater treatment plants because aminophosphonates are used as
complexing agents with detergents and manganese oxides are present in sewage sludge. However, the authors do not
demonstrate that this reaction actually occurs in wastewater treatment plants. The experiments were carried out with a high
concentration of aminophosphonate (1 mM) in pure aqueous suspensions of manganese oxides. The lower concentration of
aminophosphonate and the presence of biomass and dissolved organic matter in a real wastewater treatment plant probably
greatly reduce the significance of this reaction. This is a point that should be discussed further or possibly illustrated by
carrying out new experiments, for example in the presence of biomass and/or dissolved effluent organic matter. It is well
known that organic matter can adsorb onto manganese oxides and strongly inhibit their reactivity.

Below are some detailed comments.

1. The mechanism in Figure 1 needs to be revised slightly. If the initial cleavage takes place on the C-P bond, a methyl
group must remain on the nitrogen, so the amine remains a tertiary amine and not a secondary amine as shown. In fact, the
initial step would involve cleavage of the C-N bonds at both nitrogen atoms. These concomitant cleavages probably explain
the small quantities of glyphosate formed during this transformation, compared with IDMP that is directly produced from one
C-N bond cleavage.

2. Proposed protocol also involves the formation of an aldehyde compound as intermediate. This compound can be detected
using the FMOC derivatization method. Have any tests been carried out to identify this compound, for example by LC-
HRMS?

3. Line 81. Meaning of IDMP is missing

4. Line 302. Unit for conductivity is uS/cm not uS/cm2.

5. Line 315. l assume it should read “was purchased” instead of “and purchased”.

6. Line 319. Indicate in the protocol how MnO2 suspensions were mixed during experiments or give reference.

7. Line 320. Falcon® instead of falcon

8. Line 327. It is stated here that due to the high sorption of DTPMP, the residues were desorbed by adding sodium
phosphate and sodium hydroxide. Itis not clear what the residues are here, i.e. residual DTPMP or all transformation
products, including AMPA and glyphosate. In other words, please state whether the desorption procedure was used prior to
any analysis of the transformation products. If so, how does this procedure affect the LOD and LOQ and what is the
proportion of sorbed TPs?

9. Table 2. Typo: LOQ for glyphosate is 0.198 uM not 0.189 pM.

Version 1:
Reviewer comments:
Reviewer #1

(Remarks to the Author)

The authors have done a great job answering my concerns/questions and revising the manuscript. Though my concerns on
reduction and transformation of Mn-minerals are not resolved in this revision, | agree that these analyses are not the main
focus of this study and can be done in future studies. Overall, the manuscript is well improved.

Reviewer #2

(Remarks to the Author)

| appreciate the efforts that the authors have made to address comments made by the three reviewers and am happy to see
that they have included some additional experiments to address several of my main concerns about the extrapolation of the
data in laboratory experiments to conditions in the environment.

| recognize that the intention of this manuscript is to demonstrate a proof of concept that MnO2 can oxidize DTPMP under
conditions encountered in sewage but | am still concerned about the issue of the MnO2 polymorphs and their concentration.



If the editor is comfortable with the publication of a result that is still somewhat speculative | would not object, as long as the
authors are more direct about the nature of the extrapolation that they have made. With respect to the concentration of Mn-
oxides present in the samples, | accept the idea that wastewater solids (e.g., sludge or mixed liquour suspended solids may
contain 1 g/kg of Mn and that these experiments may approximate the concentrations detected in wet wastewater sludge (as
the authors indicate in their response to my comment but this is not the question that the authors have set out to answer nor
is it the meaningful question for the research. Sewage consists of a small amount of wastewater solids suspended in a
relatively large volume of water. For example, is the sewage contained 1 gram of solids per liter of water then these
experiments would have been conducted with Mn concentrations that are three orders of magnitude higher than those that
are encountered in the environment. Perhaps biogenic Mn-oxides are much more reactive than the particles used in these
experiments, but a better acknowledgment of this limitation is needed.

Similarly, | still find it surprising that the authors have been so casual about the form of Mn-oxides used in the experiments. It
is hardly surprising that some random Mn oxide on the shelf of the lab included a few different crystalline phases and some
amorphous oxides when analyzed by XRD. The presence of amorphous phases does not convince me that this is a
surrogate for biogenic Mn-oxides. The absence of any data on where the Mn oxide originated (if it is from a mineral
collection) or how it was synthesized (if it is synthetic) is a minimum expectation for a scientific study. As it stands, the
experiments reported here are irreproducible because the type of Mn-oxide remains undefined. If the editor is willing to
publish this work without such information a clearer statement is needed indicating that only one type of Mn oxide was
studied, that its provenance is uncertain and that Mn oxides in sewage might behave in a much different manner because
they will form by different mechanisms and will be more intimately associated with organic matter is necessary.

The fact that glyphospate does not form when DTPMP is added to raw wastewater (without amending with Mn-oxides) is
evidence that there is an issue that requires further study.

Reviewer #3

(Remarks to the Author)

This manuscript presents the results of a study showing that the transformation of EDTMP phosphonate by MnO2 can be a
source of glyphosate, a pesticide widely used in agriculture for weed control. The authors have made significant changes to
the original version. The objectives of the study are clearer and the new experiments with wastewater reinforce its relevance
(but certain characteristics of wastewater are not usual, see below). The authors have responded very carefully to all the
reviewers' comments and made the appropriate corrections.

However, there are still minor issues that need to be addressed before possible publication.

Minor detailed comments:

Line 232. Yield of glyphosate is 0.03 mol% (corresponding to 0.3 pM) not 0.03 pM.

Line 238. Please rephrase “Glyphosate and AMPA concentrations only rose after 1.5 respectively 1 hour, even though
DTPMP” by, for example, “Glyphosate and AMPA concentrations only rose after 1.5 and 1 hour, respectively, even though
DTPMP...”

Line 240. | would change “The maximum AMPA and glyphosate concentrations formed differed between the four
experiments » by “The maximum concentrations of AMPA and glyphosate formed differed between the four experiments”

Line 285. In “Glyphosate and AMPA yields were up to 0.06 mol-% (glyphosate) and 10.3 mol-% (AMPA) after 168 hours”, |
would specify that it is in waste water.

Table 8. The effluent conductivity, ~100 mS/cm (i.e. 66 g NaCl/L equivalent), is particularly high for wastewater and given
the ion concentrations in Table 7; this conductivity is probably not correct. Similarly, DOC (11.6 mg/L) seems relatively low
for a wastewater influent (usual values for DOC are more between 100 and 300 mg/L in influent) and comparatively to the
COD of 195 mg/L (which is low for influent but high for a treated waste water). Is this sample characteristic of a wastewater
influent? Is this sample a wastewater influent or a treated wastewater effluent? Please clarify.

Supporting information
Caption of Figure S-5. The following sentence is not clear. Please rephrase. “Aqueous concentration of DTPMP quantified

by means of IC-ICP-MS and total concentrations of glyphosate and AMPA quantified by means of LC-QQQ after
derivatization in the replica the experiments over 96 hours using 1.0 g/L MnO2 under oxic conditions.”



Open Access This Peer Review File is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were
made.

In cases where reviewers are anonymous, credit should be given to '"Anonymous Referee' and the source.

The images or other third party material in this Peer Review File are included in the article’s Creative Commons license,
unless indicated otherwise in a credit line to the material. If material is not included in the article’s Creative Commons
license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.

To view a copy of this license, visit hitps://creativecommons.org/licenses/by/4.0/



AUTHOR RESPONSE TO REVIEWER COMMENTS

We would like to thank the reviewers for their very valuable comments which were insightful
and helpful in improving our work and highlighting the novelty and relevance of our
experimental results.

We performed additional experiments in the wastewater matrix that confirmed our earlier
results obtained in pure water and substantially revised the text to address the two main
points of criticism of the reviewers:

i) The relevance of  glyphosate formation from DTPMP  under
technically/environmentally relevant conditions

ii) Unclear formulation of the objectives and scope of the study

Our new data on glyphosate formation in the wastewater matrix strengthen our earlier
conclusions that manganese-driven oxidation of DTPMP is a potentially relevant source of
glyphosate in technical and environmental systems. This is further supported by additional
data on oxidation by dissolved Mn?*,/O., which showed that glyphosate is formed from
DTPMP even in the absence of the strong oxidant MnO..

In regard to the scope of our study, we have emphasized that it is a proof-of-concept work.
We reworded those parts of the manuscript where it could be assumed that we were
attempting to elucidate the underlying reaction mechanisms in detail. Accordingly, we have
removed discussions of potential or unidentified transient products of DTPMP
transformation. Finally, we clarified that although the study provides experimental evidence
that glyphosate forms from manganese-driven DTPMP transformation under
environmentally relevant conditions, it cannot be used to quantitatively assess de novo
glyphosate formation and inputs to European surface waters.

In the following section, we respond to the comments and, where appropriate, present the
corresponding amendments in the revised version of the manuscript. The comments of the
reviewers are presented in black font, while our responses are in italics and the revisions are
in red font and indented.



Reviewer #1 (Remarks to the Author):

The manuscript investigated the abiotic degradation of DTPMP by Mn-dioxide minerals. The
formation of glyphosate highlighted another possible source of glyphosate other than
agricultural application of glyphosate-based herbicides. This is the first study demonstrating
the formation of glyphosate from DTPMP via abiotic oxidation by naturally existing minerals
(MnO.). The study is straightforward and easy to follow. However, some major and minor
issues need to be resolved or justified before publication.

Major suggestions:

1. Is the studied concentration level of MnO, within the range of Mn minerals in the natural
environments or in the wastewater treatment systems? If so, as determined in this study, the
mol % of glyphosate that is produced from abiotic degradation of DTPMP by MnQO, is very low
(upto 0.16 mol %). Is this comparable to the biotic degradation of DTPMP?

Response:

We would like to thank the reviewer for her/his insightful comments. In the following we will
address separately:

a) Manganese concentrations

Ourwork aims to provide experimental evidence for the formation of glyphosate from DTPMP
in the presence of manganese. As such, it is designed as a proof-of-concept study that sets
the stage for follow-up studies addressing more specific objectives, such as the extent to
which such processes can explain elevated glyphosate concentrations observed in surface
waters.

The mere comparison of total Mn or MnOcontents in natural or technical environments with
the MnO; mineral concentrations used in this study to judge on its environmental relevance
is challenging. This is due to the importance of MnOysurface areas forthe mineral’s reactivity.
Mn oxides often occur as fine-grained particles or coatings in the environment’, which
increases the available surface and therefore the reactivity. In our case, we used pure Mn
oxide. Nevertheless, we compiled total Mn contents in natural and technical environments
to contextualize our concentrations:

The range of Mn concentration in wastewater sludge is 600 - 1,500 mg/kg respectively 3,300
- 3,900 dry mass according to the German environment agency? resp. Milik et al. (2017)3. The
moisture content in sewage sludge is typically 290 %, depending on the type of sludge’.



Upon the assumption of 95 % moisture content, Mn concentrations regarding the wet mass
are in the range of 30 to 195 mg/kg. Hence our lower MnO, concentration (0.1 g/L) matches
the range of total Mn in wet wastewater sludge. The total Mn content in topsoils typically
ranges between 20 and 3000 mg/kg* with typical levels around 600 mg/kg®. The porosity of
hyporheic zone sediments is usually in the range of 0.3 to 0.4, thus by assuming a porosity of
0.35 we arrive at about 400 mg/kg wet mass. The equilibrium between MnOx minerals and
Mn?* in solution depends on the pH, redox conditions (Mn" and Mn" oxides are generally
more stable at higher pH values and under oxidizing conditions® and in the presence of Mn**
oxidizing micro-organisms’).

b) Biotransformation

Knowledge on the biotransformation of aminopolyphosphonates (APPs) like DTPMP is still
scarce. Few studies investigated APP biotransformation, but the presence of manganese in
all bacterial growth media and the observation of APP transformation in abiotic controls
(DTPMP in the pure medium without bacteria) or the lack of sufficient negative controls
impairs the conclusion that the microbes are using the DTPMP as (sole) phosphorus source.
Rather, it seems conceivable that the microbes use PO,*-P or AMPA-P resulting from abiotic
Mn-driven transformation of DTPMP to facilitate growth, due to the presence of Mn** and O..
The abiotic transformation of aminotrismethylenephosphonate (ATMP) by Mn? /0., was
already investigated in detail in previous studies®'°. | could be shown that even if the
Mn?*:ATMP ratio is as low as 1:100, ATMP is completely transformed after approximately 30
hours. Negative controls from i) Steber & Wierich (1987)"" , ii) Schowanek & Verstraete
(1990)'2 and iii) Drzyzga & Lipok (2017)"" showed chemical ATMP (i and iii) and GBMP (iii) and
DTPMP (ii and iii) transformation in non-inoculated growth media in the dark, while Riedel et
al. (2023 and 2024a and 2024b)">"® miss cell free controls of DTPMP in the used bacterial
growth medium. This raises significant questions regarding the occurrence of the actual
extent of DTPMP biotransformation in these studies.

The formation of glyphosate from DTPMP biotransformation has never been reported
anywhere until now.

However, thanks to the reviewers’comments, we realized there was a gap in our manuscript.
In the revised version of the manuscript, we amended the conclusion with a small paragraph
on biotic APP degradation and the role of manganese in the bacterial growth medium. It now
reads:

Lines 346 to 354:

In addition, our findings may also provide new clues for revisiting APP
biotransformation studies. All bacterial growth media used in published APP

3



biotransformation studies contain dissolved manganese®*-%'. Thus, manganese-
driven oxidation may occur in parallel with or instead of biotransformation of DTPMP
and other APPs. Martin et al (2022)" showed that even at a molar ratio of 1:100
(Mn:ATMP), ATMP was completely degraded within 30 hours. Thus, it is conceivable
that in biotransformation studies under oxic conditions in the presence of dissolved
Mn?*, microorganisms may utilize chemical transformation products of APPs, such as
phosphate, IDMP, or AMPA, as a phosphorus source rather than or in addition to
directly metabolizing the target APPs.

2. The manuscript is lack of sufficient discussions on the mechanisms that lead to the
observed results. For example, what is causing a lower formation rate of glyphosate but not
AMPA under anoxic conditions? Potential impact of DTPMP:Mn ratios on the composition of
degradation products or maybe even on the degradation pathways?

Response:

We agree with the reviewer that we do not discuss the mechanism in detail. As mentioned
earlier, this manuscript is an initial communication on the observation that glyphosate can
form from DTPMP via an environmentally relevant oxidation process. A part of our team
investigated the mechanism of IDMP (as a model compound for APPs) on MnQO; in detail
(Réhneltetal. 2023, see response to comment 3 b). However, the focus of our current study
is onthe formation of the critical and so far overlooked product glyphosate. The identification
of other transformation products/intermediates, which are important for deciphering a
detailed reaction mechanism and pathway, is beyond the scope of this study. The elucidation
of the reaction mechanisms of the oxidation of DTPMP in heterogeneous and homogeneous
solution and the identification of the numerous transient products is extremely challenging
and a study in itself.

Thanks to the reviewers’ comments, we realized during the revision process that we put too
much emphasis on further transformation products like X, Y, Z, without going into more detail
oridentifying their chemical structures, and as a result leaving the reader with questions. As
the identification of those compounds and - especially — the elucidation of the
transformation mechanism would require quite different analytical methods (e.g., high-
resolution mass spectrometry (HRMS), compound-specific stable isotope analysis (CSIA),
Fourier-transform infrared spectroscopy (FTIR)) and further experiments (e.g., isotope-
labelling, different concentration set-ups, different minerals), this would be beyond the
scope for this “proof-of concept” study.



Consequently, we focus more on glyphosate and AMPA formation in the revised version of
the manuscript. The additional experiments conducted and added in a new sub-section,
also focus on DTPMP, glyphosate and AMPA solely. Furthermore, we emphasized that the
identification of intermediates and elucidation of the reaction mechanism is a great and
challenging task to tackle in future work. The new text parts now read as follows:

Lines 180 to 200:

During DTPMP transformation, the formation of various phosphorus-containing TPs
was monitored in the aqueous phase using ion chromatography (IC) coupled to
inductive-coupled plasma mass spectrometry (ICP-MS). Fig. 3 shows an exemplary
chromatogram (1 g/L MnO,, anoxic conditions, reaction time of 2 h, aqueous phase)
next to a mix-standard of 30 ppb P (0.97 uM) per compound. The main TPs identified
based on retention times and reference compounds in all experiments were IDMP
and phosphate, consistent with previous studies’® "%, Based on the initial DTPMP
concentration, IDMP formation reached up to 97 mol-% (0.1 g/L MnO,, anoxic
conditions), while PO.* formation peaked at 153 mol-%
(1.0 g/L MnO,, oxic conditions). Regarding phosphate, the maximum molar yield
amounts to 500 mol-%, due to DTPMP’s five phosphonate moieties. DTPMP, IDMP,
and PO,* concentrations over time in the aqueous phase are depicted in
supplementary Fig. S4.

In the exemplary chromatogram shown in Fig. 3, a double peak is visible at the
retention time of AMPA (83.0 s), while a triple peak is observed around the RT of
glyphosate (167.5 s). Both peaks, evenif considered to be the respective compounds,
were below the LOQs (0.9 ppb P for AMPA and 1.7 ppb P for glyphosate) and therefore
represent an almost negligible fraction within the TP spectrum. Thus, it is not
surprising that the formation of glyphosate has so far been mostly overlooked.

Lines 339 to 345:

Overall, this study for the first time provides experimental evidence for conversion of
a widely used non-toxic commodity compound into a highly debated pesticide' %
under environmentally relevant reaction conditions. While we could demonstrate
that the reaction is chemically feasible in the laboratory, future research should
elucidate in detail how environmental conditions affect glyphosate formation from
DTPMP and related APPs, the formation and identification of key intermediates and
field studies including yields in wastewater treatment plants.



3. The study is also lack of sufficient investigation into the degradation process.

a. Since DTPMP and many of its intermediate products are oxidatively degraded, MnO,
should be reduced, but there is no analysis to confirm this Mn reduction.

Response:

We agree with the reviewer on the mechanistic issue. However, in this study we did not set
out to analyze/quantify Mn?* in solution because i) we know it is formed and ii) interpretation
of the Mn?*,, data is not straightforward. We will explain this in detail below:

In a former study, a part of our team investigated the transformation of IDMP on manganese
dioxide, in which we elucidated Mn? formation’®. We showed that in accordance with the
literature'”, Mn?* was formed. In the presented study, direct DTPMP oxidation by MnO, was
also visible to the eye as MnQO; dissolution in the reaction suspensions, as the mineral
concentration was visibly depleted and the suspension changed its color from colorless to
yellowish/brownish toward the end of the experiments. Thus, it is justified to presume that
MnO:; is reduced and Mn?* is formed in our DTPMP experiments.

We now emphasized in the revised manuscript that generally Mn** forms upon Mn" reduction
by organic compounds, hence the revised paragraph now reads:

Lines 150 to 157:

The rate enhancing role of oxygen may be related to multiple processes involving
different redox states of manganese as reported in literature. Under oxic conditions,
Mn?* (formed by the reduction of Mn" 263°) js known to catalyze DTPMP (and ATMP,
EDTMP) oxidation by O, (Mn#/0,) in homogeneous solution?®**, However, the much
slower reaction kinetics of DTPMP in homogeneous solution (1 mM Mn?* and O,)
compared to the heterogeneous systems found in this study clearly show that the
strongly enhancing role of O, in MnO; experiments must be due to processes other
than mere Mn?*/0O, interaction, probably involving the formation of Mn"' on the mineral
surface.

Although we appreciate the comment, we feel confident that the quantification of formed
aqueous Mn?* does not help answer our research questions, which rather refer to the
formation and yield of glyphosate and AMPA and less on the mechanism. The elucidation of
the reaction mechanism involving the organic compounds, investigating the redox reaction
from the inorganic site (Mn", Mn", Mn") would require different experiments and analytical
techniques, such as, e.g., FTIR and X-ray photoelectron spectroscopy (XPS).

Additionally, we want to point out the difficulties of quantifying and interpreting the amount
of formed Mn?* in the investigated system. In a previous work (R6hnelt et al. 2023°) a part of
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our team calculated the total amount of Mn?* released from IDMP oxidation by MnQ, —
aqueous and sorbed, as Mn? can sorb to the mineral surface — via i) the aqueous Mn
measured in each experiment and ii) a sorption isotherm recorded in a buffered solution
without IDMP. This was — of course — an approximation, as recording a sorption isotherm of
Mn?*on MnQ,in the IDMP matrix is not possible, as IDMP s oxidized, MnO,reduced and more
Mn?* released continuously. However, with that approximation we found roughly one Mn?
released for each IDMP molecule transformed.

DTPMP as a precursor increases the complexity, as several reactions occur simultaneously.

1. A plethora of transformation products forms, which are partly further transformed
themselves.

2. DTPMP (and plausibly also some transformation products) also reacts with Mn?*/0,
in solution.

3. MnO; acts catalytically in addition to its direct oxidation capacity (see responses
below).

4. Mn?" itself will undergo sorption onto the MnQ, to a certain extent. Yet, estimating the
amount of sorbed Mn?* here based on the sorption isotherm in a buffered solution
without the polyphosphonate matrix is too much of an outreach in our eyes.

Thus, the interpretation of Mn?',, data would be quite inconclusive. This is the rationale
behind the decision not to invest effort in determining the concentration of Mn?*,, while
designing the experiments.

b. In addition, O2 might have oxidized the reduced Mn'" to Mn", which is also catalyzed by
MnO., as proposed by the authors; however, there is no analysis to confirm this formation of
Mn'"' phases in the solid phase.

Response:

This is correct, we did not analyze any mineral phases after the reaction. The reason for this
is that we do not focus on the heterogeneous oxidation mechanism in this study and do not
intend to explain it in detail. However, thanks to the reviewers’comment we realized that we
should elaborate in more detail on possible underlying processes. As we observed a clear
dependency of the transformation kinetics on the presence of oxygen, we name/discuss in
the revised manuscript three different plausible processes well described in literature, how
oxygen interacts with MnO; and could potentially influence (increase) DTPMP oxidation by
MnO.. The text now reads:



Lines 150 to 162:

The rate enhancing role of oxygen may be related to multiple processes involving
different redox states of manganese as reported in literature. Under oxic conditions,
Mn?* (formed by the reduction of Mn" 263°) js known to catalyze DTPMP (and ATMP,
EDTMP) oxidation by O, (Mn?*/0,) in homogeneous solution?®:34, However, the much
slower reaction kinetics of DTPMP in homogeneous solution (1 mM Mn?" and O,)
compared to the heterogeneous systems found in this study clearly show that the
strongly enhancing role of O, in MnO, experiments must be due to processes other
than mere Mn?*/0O, interaction, probably involving the formation of Mn"' on the mineral
surface.

Manganese minerals with elevated Mn" content appear to be more reactive oxidants
303536 |n heterogeneous systems containing Mn?* and MnO,, Mn"" can be formed by
comproportionation and be associated with the mineral surface or reside in
solution®. Furthermore, MnO, can catalyze the oxidation of Mn" by O, to Mn" %,
Finally, MnO2 itself may act as a direct oxidant but also as a catalyst in connection
with O, %,

In a previous study (Réhnelt et al. 2023'%), a part of our team intensively investigated the

heterogenous oxidation mechanism of IDMP by MnQ.. In the study presented here, on the
contrary, we conducted a proof-of concept study on the formation of glyphosate from the
manganese-driven oxidation of DTPMP, which main research questions are:

l)

1)

1)

Can glyphosate form from DTPMP via an environmentally relevant oxidation
process (MnO; or Mn?*/0,)?

a. Does this formation take place under anoxic and oxic conditions?

Which maximum molar yields of glyphosate and AMPA can be achieved via this
process?

Which effect has an environmentally relevant matrix (wastewater) on glyphosate
& AMPA formation?

c. Moreover, a much higher degradation rate was observed at 1 g/L MnO, than 0.1 g/L, is it
still higher after normalizing the rate to the specific surface area of the mineral?

Response:

We thank the reviewer for that important suggestion. We normalized the pseudo-0"-order
reaction rates to the available mineral surface (m?/L) and added the normalized degradation
rates to Table 1. The normalized reaction rates showed a slightly different trend than the non-
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normalized ones. Still, the oxic experiments are fastest, but the lower concentrated mineral
suspensions (0.1 g/L) show higher normalized reaction rates than the higher concentrated
ones (1.0 g/L). Those insights indicate the involvement of catalytic activity of MnO, next to
direct oxidation by MnQ.. Direct oxidation by MnO, was also optically visible in the reaction
suspensions, as the mineral concentration was visibly depleted and the suspension
changed its color from colorless to yellowish/brownish toward the end of the experiments.
The text now reads:

Lines 146 to 151:

Normalization of the reaction rate constants to the specific surface area (Knorm)
provided further insights into the role of oxygen and available surface area. Knorm-
values showed that the oxic experiments were faster compared to their anoxic
counterparts.

The rate enhancing role of oxygen may be related to multiple processes involving
different redox states of manganese as reported in literature.

Table 1 Pseudo-0™" order reaction rate constants (k) and those reaction rate constants normalized to the surface
area (knorm) for DTPMP transformation in the four experiments with MnO:z in MES buffer. The standard errors of the
linear regression are given as *x. R? is the regression coefficient of the linear regression from the start of the
experiment until complete DTPMP transformation (24 h excluded for 0.1 g/L anoxic due to low data point density).
The time interval denotes the time interval/timepoints included in the linear regression.

¢(MnO,) 1.0g/L 0.1g/L 1.0g/L 0.1g/L
(0 % oxic oxic anoxic anoxic
kin pM/h 2729 =800 650 = 106 946 + 26 1333
Knorm in
pmol/(m?*h) 42 12 10116 14.7+0.4 20.6 0.5
R? 0.842 0.859 0.996 0.988

Linear section
inh 0-0.35 0-1.5 0-0.67 0-6.0




d. Arough calculation: 0.1 g/L MnO;is about 1.1 mM MnQO,, if the mineral is pure without any
other elements. Is this amount sufficient to accept enough electrons to completely oxidize
1 mM DTPMP and some of its intermediate products? This may also provide us some insights
into the potential role of O2 during the degradation process.

Response:

We thank the reviewer for the comment and agree. The electron capacity of 0.1 g/L MnQ;
(1.1 mM), would certainly not be enough to oxidize DTPMP repeatedly to yield that number of
intermediates and transformation products. In the revised manuscript including the
normalized reaction rates to Table 1, it is shown that i) the normalized reaction rates of the
oxic experiments are three to five times higher than those of the anoxic ones and ii) the
normalized reaction rates of the 0.1 g/L MnQO, experiments are higher than those of the
1.0 g/L experiments (see above). This indicates that MnO, also acts catalytically, as shown
for the oxidation of toluene by MnO, 8. Based on the comment, we added the following
discussion:

Lines 163 to 169:

Previous research on IDMP transformation using the same sample of MnO;
demonstrated that roughly two electrons are accepted by MnO, per transformation
of one IDMP molecule®®. Thus, the electron-accepting capacity of 0.1 g/L MnO,,
which corresponds to 1.1 mM MnQO,, cannot explain the complete transformation of
1 mM DTPMP to smaller transformation products, which are partially further oxidized.
Moreover, as normalized reaction rate constants both under oxic and anoxic
conditions were higher for low mineral concentrations (0.1 g/L vs. 1.0 g/L) a catalytic
role of MnO; next to its direct oxidation activity is evident.

Detail comments:

1. Figure 1: Based on the structure of DTPMP, it seems that cleavage of the red C-P bond or
the C-P bonds on the other side of the molecule, instead of the labeled i) C-P bond, can also
generate the same product. How to differentiate which C-P bond was cleaved? In addition,
a proposed degradation scheme showing all measured and possible degradation products
will be helpful for the audience to understand the degradation pathways.

Response:

We agree with the reviewer that multiple C-N cleavages could lead to the same result, as the
DTPMP molecule consists of recurrent moieties. Glyphosate can be formed from any
phosphonate group in the DTPMP molecule. The purpose of this scheme is to show one
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possible pathway of how to yield glyphosate. Based on the comment, we realized that we
need to emphasize this in the caption of Figure 1. A discrimination of the position of the bond
cleavage is not possible without isotope-labelling of specific atoms with the current
analytical methodology available.

However, thanks to this comment and Reviewer #3 it became clear that we must clarify the
cleavages shown in Figure 1. We have shown one C-N and one C-P cleavage in the scheme,
because PO/ is a major and widely known transformation product of DTPMP and all other
phosphonates. However, for glyphosate to be formed we ultimately need two C-N bond
cleavages, as glyphosate contains a secondary amine function. This is why we updated
Figure 1 for the revised version of the manuscript, now showing two C-N bond cleavages plus
terminal C oxidation to yield the formation of glyphosate.

We thank the reviewer for the suggestion to include more chemical structures. We decided
to include AMPA, IDMP and PO/ in Figure 1, as it is important to understand that AMPA will
probably form primarily directly from DTPMP or via IDMP and is - in addition to that - a
transformation product of glyphosate. Figure 1 and its caption now read:
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Fig. 1 Schematic representation of the formation of phosphate, AMPA, IDMP and glyphosate (proposed) from
DTPMP. Phosphate can form via one C-P bond cleavage (iv), IDMP is formed via one C-N bond cleavage (ii), while
AMPA is formed via two C-N bond cleavages (i, ii). We propose one pathway for the formation of glyphosate from
DTPMP via two C-N bond cleavages (i, iii) and oxidation of the terminal C first to the aldehyde (v) and then to the
carboxylic acid (vi). The symmetry of the DTPMP molecule, which contains five phosphonate groups, allows
multiple equivalent bond cleavages to lead to the same resultant product. For clarity, only one representative
option for each potential cleavage is illustrated. All compounds are depicted in their fully deprotonated forms.

2. Line 54: another recent publication showing glyphosate as a degradation product of APPs:

Drzyzga, D; and Lipok, J. (2017) Analytical insight into degradation processes of
aminopholyphosphonates as potential factors that induce cyanobacterial blooms. Environ.
Sci. Pollut. Res. 24: 24364-24375.

Response:

We thank the reviewer for the comment. However, upon thorough examination of the study
by Drzyzga and Lipok (2017)"", we can conclusively state that the research does not
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demonstrate the formation of glyphosate as a metabolic product resulting from the
degradation of DTPMP by cyanobacterial species (Table 6, p. 24372). The only APP from
which 1.5 uM glyphosate were formed is GBMP. GBMP already possesses a carboxylic acid
group, thus, to yield glyphosate, a C-N bond needs to be cleaved, but no oxidation to a
carboxylic acid as in DTPMP transformation is necessary.

3. Line 109: pH: what is the general pH range of wastewater in the treatment plants? How
about neutral and slightly alkaline pH conditions?

Response:

We thank the reviewer for that question. The general pH of untreated wastewater in WWTPs
is mostly around 7.5 to 8'°. We regard this comment and further questions below on the
impact of metal cations, anions and NOM as very essential. In order to account for these
comments, we conducted new experiments using sterile-filtered wastewater (pH 8) as our
matrix. Both experiments started with 1 mM DTPMP, with either 1 g/L MnO, or T mM Mn?* as
oxidant/catalyst. The new subchapter “Formation of glyphosate and AMPA from DTPMP in
wastewater matrix” now reads:

Lines 272 to 295:

To address the environmental relevance of the observations in pure water,
experiments containing 1 g/L MnO, and 1 mM Mn?* were conducted in wastewater
(pH 8, sterile filtrated; see Materials & Methods for details on the wastewater
sample). In control experiments with unspiked wastewater with and without MnO, or
Mn?, negligible glyphosate and AMPA concentrations were occasionally detected
(see Fig. S6). Dissolved manganese in the wastewater sample was below the
detection limit (<0.04 mg/L).

DTPMP transformation kinetics with 1.0 g/L MnO, in the wastewater matrix were
slower than in MES buffer at pH 6 (see Fig. S7 b) in line with a lower oxidation potential
of manganese oxides at higher pH*"*¢, as well as increased electrostatic repulsion
between DTPMP and the mineral surface (point of zero charge of 5.6)%04,
Furthermore, differences between the experiments with MES buffer and wastewater
are likely due to the complex wastewater-matrix containing organics (such as other
complexing agents) and cations (e.g., calcium), which were reported to influence APP
transformation and sorption'®%°. Glyphosate and AMPA yields were up to 0.06 mol-%
(glyphosate) and 10.3 mol-% (AMPA) after 168 hours. However, in wastewater spiked
with 1 mM Mn?*, DTPMP transformation kinetics were faster and had higher
glyphosate and AMPA yields compared to MES-buffered pure water at pH 6 (see Fig.
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5.) In wastewater spiked with 1 mM Mn?#, the highest glyphosate yield (0.42 mol-%) of
all experiments conducted in this study was observed (see Table 2), albeit only after
240 h. Possibly, the reaction kinetics are faster at pH 8 due to stronger complex
formation of Mn" and DTPMP, such as shown for ATMP28, At higher pH, less protons
compete with metalions presentin solution and DTPMP is more negatively charged®'.
Furthermore, Mn"' complexes might play a role at higher pH. While the stability of Mn"
complexes varies depending on the ligand, certain ligands including desferrioxamine
B show higher stability of Mn" complexes at pH values between 7-11°2,

4. Line 147: suggest a detailed discussion on the impact of DTPMP:Mn ratio on the
composition/abundance of different major degradation products. It seems that a higher ratio
may favor the accumulation of some intermediate products.

Response:

We thank the reviewer for the comment. This manuscript is a proof-of-concept study and
focuses the formation of glyphosate and AMPA, not the elucidation of the mechanism. We
realized that labelling and describing unknown transformation products raised many
questions that we cannot answer yet. Therefore, we revised the subchapter “Formation of
TPs from DTPMP?” and omitted the lettering for unknown substances in Figure 3. It now reads:

Lines 180 to 200:

During DTPMP transformation, the formation of various phosphorus-containing TPs
was monitored in the aqueous phase using ion chromatography (IC) coupled to
inductive-coupled plasma mass spectrometry (ICP-MS). Fig. 3 shows an exemplary
chromatogram (1 g/L MnO,, anoxic conditions, reaction time of 2 h, aqueous phase)
next to a mix-standard of 30 ppb P (0.97 uM) per compound. The main TPs identified
based on retention times and reference compounds in all experiments were IDMP
and phosphate, consistent with previous studies’®'®2, Based on the initial DTPMP
concentration, IDMP formation reached up to 97 mol-% (0.1 g/L MnO,, anoxic
conditions), while PO,*> formation peaked at 153 mol-% (1.0 g/L MnO,, oxic
conditions). Regarding phosphate, the maximum molar yield amounts to 500 mol-%,
due to DTPMP’s five phosphonate moieties. DTPMP, IDMP, and PO,* concentrations
over time in the aqueous phase are depicted in supplementary Fig. S4.

In the exemplary chromatogram shown in Fig. 3, a double peak is visible at the
retention time of AMPA (83.0 s), while a triple peak is observed around the RT of
glyphosate (167.5 s). Both peaks, evenif considered to be the respective compounds,
were below the instrumental LODs (0.9 ppb P for AMPA and 1.7 ppb P for glyphosate)

14



and therefore represent an almost negligible fraction within the TP spectrum. Thus, it
is not surprising that the formation of glyphosate has so far been mostly overlooked.

To verify glyphosate and AMPA formation during DTPMP transformation, we used
FMOC derivatization and subsequent quantification by means of reversed-phase
high-performance liquid chromatography (RP-HPLC) coupled to a triple-quadrupole
(QQQ) mass spectrometer, an established trace analysis method for glyphosate and

AMPA3-41,
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IDMP
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Fig. 3 Phosphorus-selective IC-ICP-MS chromatogram of the aqueous fraction of duplicate A of the experiment
containing 1.0 g/L MnO2 under anoxic conditions, reaction time 2 h (see Fig. 2 c), overlayed by the chromatogram
of a 30 ppb P standard mix including the denoted compounds (30 ppb P per compound). The sample was diluted
1:1000 to match the calibration range. Abbreviations for standard compounds not described in the text: 2-AEP =
2-aminoethylphosphonate, MPA = methylphosphonate, PAA = phosphonoacetic acid.

5. Line 151: the concentration of unidentified TP X seems to be similar or higher than
orthophosphate in Figure 3. Any other analysis, such as 2-D NMR or tandem MS, to confirm
the identity of this compound?

Response:

We thank the reviewer for the suggestion and agree that undoubtedly it is vital to further
investigate the intermediates to better understand the formation pathway and mechanisms
of glyphosate in the investigated system. However, as mentioned in the previous answer the
(tentative) identification of intermediates by non-target/ suspected-target analysis requires
a separate study and is beyond the scope of the presented work. Thus, we mentioned this
important future work in the outlook of our manuscript:
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Lines 341 to 345:

While we could demonstrate that the reaction is chemically feasible in the laboratory,
future research should elucidate in detail how environmental conditions affect
glyphosate formation from DTPMP and related APPs, the formation and identification
of key intermediates and field studies including yields in wastewater treatment
plants.

6. Figure 4: Concentration of AMPA is way much higher than glyphosate. Is it due to rapid
degradation of glyphosate to AMPA? Or is it possible that AMPA directly formed, bypass the
formation of glyphosate?

Response:

We thank the reviewer for the valuable input. We now clarified in the manuscript that AMPA
formation can bypass glyphosate formation. AMPA itself is a well-known transformation
product of APPs including DTPMP?°-23, |In addition, it should be noted that theoretically
3 mole of AMPA but only 2 mole of glyphosate can form from one mole DTPMP.

Lines 56 to 59:

Aminopolyphosphonates (APPs), which are widely used in laundry detergents in the
EU'S, are known precursors of aminomethylphosphonate (AMPA)'"-2', Since the basic
structure of glyphosate is already present in certain APPs (see Fig. 1), APPs are
suspected precursors for glyphosate, too'>22,

Lines 70 to 73:

Transformation of APPs (photolysis, Mn?*/0,, MNOOH) with AMPA, iminodi(methylene
phosphonate) (IDMP) and phosphate as major TPs (see Fig. 1) is well documented in
the literature’ 92628, However, evidence for glyphosate formation is limited to
ozonation of EDTMP in drinking water?? [...].

To yield AMPA, merely two C-N bonds in DTPMP need to be cleaved (second bond cleavage
on a different position than for glyphosate, see new Figure 1). The formation of glyphosate
involves two C-N cleavages, too, followed by the dual oxidation of the terminal C — which is
apparently quite unlikely to occur (see molar yields glyphosate). If glyphosate then is subject
to another C-N cleavage, we would also arrive at AMPA. Thus, we assume that the monitored
AMPA evolving via the “glyphosate pathway” is highly unlikely. This is further supported by
the “long-term” stability of glyphosate concentrations, as glyphosate concentrations do
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increase or stay constant over the course of the experiments (up to 240 h in a wastewater
experiment). In the complex matrix of evolving transformation and intermediate products,
glyphosate is presentin comparably very low concentrations (see Figure 3) probably a rather
small and weak complexing agent (one phosphonate group) compared to other
transformation products (TPs) exhibiting two to four phosphonate groups. Therefore, it seems
reasonable that the MnO. mineral surface (or Mn#in solution) is primarily complexed with
other TPs and therefore not accessible for glyphosate.

Additionally, if glyphosate would be so instable, that it almost immediately transforms to
AMPA and is just a very short-lived intermediate, we would not expect to see stable or even
increasing glyphosate concentrations over days, while the AMPA concentrations are
magnitudes higher from the very beginning.

Thanks to the reviewers’ comments we realized that this needed to be emphasized in the
text. The revised text now reads:

Lines 259 to 266:

This experiment demonstrates that AMPA and glyphosate — even in the most reactive
suspension after 4 days — are not completely transformed. This is interesting, as the
oxidation of glyphosate and AMPA on manganese oxides has been extensively studied
and both compounds can be oxidized by MnO, 4%, Thus, further investigations are
required to better understand the stability and further transformation of glyphosate
and AMPA in consecutive reactions. The accumulation of TPs during the experiment
creates a complex matrix that may impede the reaction between AMPA or glyphosate
and MnO.. These TPs potentially occupy the mineral surface, reducing the active sites
available for further reactions.
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Fig. 1 Schematic representation of the formation of phosphate, AMPA, IDMP and glyphosate (proposed) from
DTPMP. Phosphate can form via one C-P bond cleavage (iv), IDMP is formed via one C-N bond cleavage (ii), while
AMPA is formed via two C-N bond cleavages (i, ii). We propose one pathway for the formation of glyphosate from
DTPMP via two C-N bond cleavages (i, iii) and oxidation of the terminal C first to the aldehyde (v) and then to the
carboxylic acid (vi). The symmetry of the DTPMP molecule, which contains five phosphonate groups, allows
multiple equivalent bond cleavages to lead to the same resultant product. For clarity, only one representative
option for each potential cleavage is illustrated. All compounds are depicted in their fully deprotonated forms.

7. Line 201 and Table 2: why less glyphosate formed under anoxic conditions? Less
degradation from its precursor compounds? However, if glyphosate is the necessary
precursor of AMPA, less formation of AMPA in anoxic conditions shoule also be observed.
Does this suggest that glyphosate is not a necessary precursor to AMPA?

Response:

We thank the reviewer for the comment. However, as explained in the previous comment,
glyphosate is not a necessary precursor for AMPA — AMPA formation will most likely bypass
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glyphosate formation. While AMPA formation just relies on two C-N bond cleavages,
glyphosate formation additionally requires the dual oxidation of a terminal C to reach the
carboxylic acid. Apparently, molecular oxygen is somehow involved in the formation of the
carboxylic acid, while the C-N bond cleavages to reach AMPA do not require molecular
oxygen. This might be connected to differing reaction pathways with/without the presence of
molecular oxygen: If oxygen is present, the reaction rates for DTPMP transformation (see
above and Table 1) are much higher. We conclude that this is due to the involvement of
catalytic MnQO4/O; activity, next to the direct oxidizing capacity of MnQO:..

We refer to our detailed answer on AMPA formation bypassing glyphosate.

We supplemented the introduction and discussion in the manuscript to make this clear to
the reader.

Introduction:

New Figure 1 + caption, please see answer above.
Results and Discussion:

Lines 211 to 212:

While AMPA is the main TP of glyphosate in the environment”'42, the main path for
AMPA formation from DTPMP is via two C-N bond cleavages (see Fig. 1).

8. Line 214: if Mn" formed on mineral surface, other analytical techniques can be used to
confirm the change in oxidation state of Mn in the solid phase or the formation of a new Mn''-
mineral on the surface of MnO,?

Response:

We thank the reviewer for this comment and copy our answer from above to a similar
question from Reviewer 1: This is correct, we did not analyze any mineral phases after the
reaction. The reason is that we do not aim at explaining the heterogenous oxidation
mechanism in detail in this paper. However, thanks to the reviewers’ comment we realized
that we should elaborate in more detail on possible underlying processes. As we could
observe a clear dependency of the transformation kinetics on the presence of oxygen, we
name/discuss in the revised manuscript three different plausible processes well described
in literature, how oxygen interacts with MnQO, and could potentially influence (increase) the
DTPMP oxidation by MnQO,. The text now reads:
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Lines 150 to 162:

The rate enhancing role of oxygen may be related to multiple processes involving
different redox states of manganese as reported in literature. Under oxic conditions,
Mn?* (formed by the reduction of Mn" 263°) js known to catalyze DTPMP (and ATMP,
EDTMP) oxidation by O, (Mn?*/0,) in homogeneous solution?®:34, However, the much
slower reaction kinetics of DTPMP in homogeneous solution (1 mM Mn?" and O,)
compared to the heterogeneous systems found in this study clearly show that the
strongly enhancing role of O, in MnO, experiments must be due to processes other
than mere Mn?*/0O, interaction, probably involving the formation of Mn"' on the mineral
surface.

Manganese minerals with elevated Mn" content appear to be more reactive oxidants
303536 |n heterogeneous systems containing Mn?* and MnO,, Mn"" can be formed by
comproportionation and be associated with the mineral surface or reside in
solution®. Furthermore, MnO, can catalyze the oxidation of Mn" by O, to Mn" %,
Finally, MnO2 itself may act as a direct oxidant but also as a catalyst in connection
with O, %,

9. Line 324: use of the buffer: does the buffer interact with MnO, as well? Is the pH change
after the reaction monitored?

Response:

We would like to thank the reviewer for the comment. We asked this question ourselves and
therefore investigated the influence of MES within our work from last year (Rohnelt et al.
2023)'S, where we investigated IDMP transformation on MnO.. We conducted the same
experiment twice, keeping the pH constant by i) buffering with MES or ii) titrating, and did not
observe any difference in IDMP transformation. (The data is shown in the Supporting
Information page 3 of that manuscript.) As higher APPs such as DTPMP are sorbing much
stronger to MnQO, and form much stronger complexes with Mn?* 24, we consider it plausible
that MES does not have any effect on DTPMP transformation by either MnO, or Mn?*/0..

We thank the reviewer for the suggestion concerning the pH stability. We now included
Figure S1in the Supporting Information showing the pH over time in several experiments and
controls. The pH remained stable with a deviation of < + 0.4 pH-units for each individual
experimental condition. The first paragraph in “DTPMP transformation by manganese” of
“Results & Discussion” now reads:
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Lines 123 to 128:

The experiments were carried out in purified water (buffered at pH 6) as well as in

sterile-filtered wastewater (pH 8) as matrix. The pH values were monitored and are

depicted in Fig. S1.
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Figure S 1: pH values over time in four different experiments (Exp.) including controls (c1-c3, respectively).

a): Exp.: 1.0 g/L MnO: oxic in MES; b): Exp.: 1 mM MnCl: oxic in MES, ¢1: no MnCl; ¢): Exp.: 1.0 g/L MnO:>

oxic in wastewater, ¢1: pure wastewater, ¢2: no MnOz, ¢3: no DTPMP; d): Exp.: 1 mM MnClz oxic in

wastewater, ¢1: no DTPMP.
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Reviewer #2 (Remarks to the Author):

General remarks:

The authors of this manuscript were members of a team that published a paper in Water
Research (ref 14) in October 2024 suggesting that municipal wastewater treatment plantsin
Europe are important, but under-recognized sources of glyphosate. They also proposed that
aminopolyphosphonates, mainly from laundry detergents are transformed to produce
glyphosphate. In this manuscript, the authors propose that manganese in wastewater is
responsible for the conversion of the aminopolyphosphonates diethylenetriamine
penta(methylene phosphonate) (DTPMP) into glyphosate through a reaction pathway that
has a relatively low yield (i.e., <0.2%). Overall, | found the hypothesis of the authors to be
interesting and the topic of the research to have substantialimplications for efforts to control
glyphosate pollution. Recognizing that this is an initial communication, it seems reasonable
that some of the details needed to fully characterize these reactions might not be available.
Nonetheless, | remain unconvinced that the authors have proven that this reaction is the
source of the glyphosate. Given the potential significance of the findings of this study, |
believe that a more thorough analysis of the processes and a better justification of the
experimental conditions is needed prior to publication.

General response:

We thank the reviewer for the positive assessment and insightful criticism of our work. To
address the environmental relevance of our study, we performed additional experiments in
sterile-filtered wastewater. The results of these experiments demonstrate that glyphosate
and AMPA can be formed from DTPMP via manganese-driven oxidation under near-
environmental conditions. Furthermore, the evaluation by reviewer #2 highlighted potential
issues with the original manuscript. To address this, we have rephrased certain sections of
the text in the revised version, emphasising that the study's conclusion is not the
identification of the source of glyphosate in surface waters. Instead, the aim is to present a
novel hypothesis regarding a potential source.

Please find our response to detailed questions below.

My specific concerns about the manuscript are detailed below.

1. If | understand the hypothesis correctly, the authors set out to determine if the reaction
between DTPMP and Mn takes place between the location where it is first used (e.g., in
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laundry washing machines) and the discharge of a conventional wastewater treatment
plant. The experiments described in the manuscript do not give me confidence that the
reaction has been studied under environmentally relevant conditions as the authors claim.
My first concern is that most chelating reagents like DTPMP will exist as complexes with
metals. Have the authors proven that glyphosate is produced when the DTPMP is complexed
by Fe(lll), Ca(ll) or other metals that are present in sewage?

Response:

We thank the reviewer for that detailed feedback. Since the comment touches on several
issues, we will address them one by one.

a) Research questions and aim of this work

We would like to thank the reviewer for her/his constructive feedback.
Aminopolyphosphonates are often reported to be rather persistent’>?*7. Schwientek et al.
(2024) raised the question whether APPS are a source of glyphosate, which would then
have to form in WWTPs. However, AAPs are reported not to be well biodegradable?, which
raises the question if other than biotic pathways may be relevant. With our previous
experience on phosphonate reaction with manganese oxides’®, we investigated this abiotic
reaction pathway to learn, if glyphosate may - at all - form from DTPMP. First, aqueous model
solutions were investigated at circumneutral pH and the relevance of oxygen was considered
as would be the case under oxic/anoxic conditions in WWTPs and in sediment.

The knowledge on glyphosate formation from DTPMP by manganese-driven oxidation being
chemicallyfeasible presents greatindicators for practical research. Mn oxides are important
oxidants in the environment, Mn is ubiquitous in the environment and — in quite high
concentrations — in wastewater sludge?.

Thanks to this comment we realized that we needed to redefine the scope and aim of this
study — a proof-of-concept work that shows that glyphosate formation from DTPMP is
chemically feasible under technically and environmentally relevant reaction conditions
(circumneutral pH, technically/environmentally relevant oxidant).

Hence, we revised some text parts, they now read:
Lines 32 to 39:

The ubiquitous presence of manganese in natural and engineered systems underscores
the potential importance of Mn-driven DTPMP transformation as a previously overlooked
source of glyphosate in aquatic systems. While further research is needed to evaluate
the factors controlling the product spectrum and glyphosate yields from DTPMP
transformation in technical and natural settings, our results challenge the current
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paradigm that herbicide application is the sole source of environmental glyphosate
contamination. Consequently, current strategies and approaches to protect water
resources from glyphosate contamination need to be reconsidered and expanded.

Lines 317 to 324:

Our study demonstrates for the first time that manganese potentially plays a key role in
converting the widely used complexing agent DTPMP in a multi-step reaction to the
herbicide glyphosate. The reaction proceeds at circumneutral pH at MnO, minerals both
in the absence and presence of dissolved oxygen but also in homogeneous solution in
the presence of Mn?*/0,, even in wastewater. Under all conditions studied, AMPA and
glyphosate were transformation products, AMPA up to 27.1 mol-% and glyphosate up to
0.42 mol-%.

Lines 355 to 358:

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

b) Environmental relevant conditions

Next, we would like to focus on the question concerning environmentally relevant conditions
and especially metal cations present in solution. We thank the reviewer for this important
comment and agree that in technical/natural systems high fractions of APPs are complexed,
mainly with calcium and magnesium?®°. In order to account for this in the revised version of
the manuscript, we collected wastewater (pH 8) just after the mechanical cleaning in the
wastewater treatment plant in Tubingen, southwest Germany. We conducted new
experiments with this undiluted matrix with both MnQO, (i) and Mn?/0. (ii) as the
oxidant/catalyst. The wastewater contained (inter alia) 72 mg/L (1.8 mM) Ca?** and 13 mg/L
Mg?* (0.5 mM), as well as 100 mg/L SO (1.0 mM) and 11.6 mg/L DOC.

In this wastewater matrix we observed glyphosate and AMPA formation. Interestingly, the
experiment with wastewater and 1 mM Mn?* under oxic conditions led to the highest
glyphosate yield of all experiments (0.42 mol%). We are confident that the results of the new
experiments improve the manuscript and strengthen its relevance.

The new experimental results are added as a new subchapter “Formation of glyphosate and
AMPA from DTPMP in wastewater matrix” as follows:
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Lines 272 to 307:

To address the environmental relevance of the observations in pure water,
experiments containing 1 g/L MnO, and 1 mM Mn? were conducted in wastewater
(pH 8, sterile filtrated; see Materials & Methods for details on the wastewater
sample). In control experiments with unspiked wastewater with and without MnO, or
Mn?, negligible glyphosate and AMPA concentrations were occasionally detected
(see Fig. S6). Dissolved manganese in the wastewater sample was below the
detection limit (<0.04 mg/L).

DTPMP transformation kinetics with 1.0 g/L MnO, in the wastewater matrix were
slower than in MES buffer at pH 6 (see Fig. S7 b) in line with a lower oxidation potential
of manganese oxides at higher pH*"“¢, as well as increased electrostatic repulsion
between DTPMP and the mineral surface (point of zero charge of 5.6)%%%,
Furthermore, differences between the experiments with MES buffer and wastewater
are likely due to the complex wastewater-matrix containing organics (such as other
complexing agents) and cations (e.g., calcium), which were reported to influence APP
transformation and sorption'®%°. Glyphosate and AMPA yields were up to 0.06 mol-%
(glyphosate) and 10.3 mol-% (AMPA) after 168 hours. However, in wastewater spiked
with 1 mM Mn?#, DTPMP transformation kinetics were faster and had higher
glyphosate and AMPA yields compared to MES-buffered pure water at pH 6 (see Fig.
5.) In wastewater spiked with 1 mM Mn?#, the highest glyphosate yield (0.42 mol-%) of
all experiments conducted in this study was observed (see Table 2), albeit only after
240 h. Possibly, the reaction kinetics are faster at pH 8 due to stronger complex
formation of Mn" and DTPMP, such as shown for ATMP?, At higher pH, less protons
compete with metalions presentin solution and DTPMP is more negatively charged®'.
Furthermore, Mn"'complexes might play a role at higher pH. While the stability of Mn"
complexes varies depending on the ligand, certain ligands including desferrioxamine
B show higher stability of Mn"' complexes at pH values between 7-11%2.

25



1000 - a) .35 250
13.0
800" o 41200
= n 42.5
3 s =1
£ 600+ 1 =4150 ¢
= 20 2 £
% = <
. 1> o
& 400 155 1100 =
o 5 <
T 11.0 ©
200 = = 150
m ® 105
OH-—I—,—i——,—-—-—,—I——.—,—v— 0.0 40
1000 - .35 250
b) (]
s130
800 & 41200
. 125
= =
3.
£ 6001 u - . 1, 24150 =
= . - 20 2 £
o " = <
= 152> o
& 400 12 &4100 =
o 15} s
T + 41.0 ©
200 150
105
Ol—l~—l—|—i—v—|—v—l—|—l—v—l—|—-—l- 0.0 40
0 50 100 150 200 250

Timeinh

Fig. 5 DTPMP (black), glyphosate (red) and AMPA (blue) concentrations during oxidation of 1 mM DTPMP by 1 mM
Mn?* in the experiments containing a) pure 20 mM MES buffer (pH 6) and b) wastewater (pH 8) as matrices.
DTPMP was quantified using IC-PAD, glyphosate and AMPA were quantified using LC-QQQ. Error bars represent
absolute errors between experimental duplicates.
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Table 2 Maximum total AMPA and glyphosate yields given in mol-% of the initial quantified DTPMP concentration.
Errors for the latter represent absolute errors between duplicates. MES denotes experiments in agueous 20 mM
MES buffer at pH 6, while WW stands for sterile-filtered wastewater at pH 8. The timepoint denotes the time of
maximum observed AMPA resp. glyphosate formation.

c¢(MnO2) c¢(Mn?)in AMPAmax in - Timepoint  Glymax in Timepoint
0O, Matrix

in g/L mM mol-% inh mol-% inh

1.0 - oxic MES 10.1+0.2 35 0.16+0.02 1.0

0.1 - oxic MES 45%0.2 3.0 0.16£0.01 28

1.0 - anoxic MES 5.0%1.0 6.0 0.06 +0.00 24

0.1 - anoxic MES  10.1%+0.5 24 0.03+0.00 24

1.0 - oxic WW 10.3+0.3 168 0.06 +0.01 168

- 1.0 oxic MES 6.7+0.7 185 0.07+0.00 185

- 1.0 oxic WW 27.1+05 240 0.42+0.01 240

The wastewater characterization can be found in the Materials & Methods part and in the Sl.
Materials & Methods
Lines 434 to 442:

The wastewater was sampled at 10 am on September 9, 2024 from the municipal
wastewater treatment plantin Lustnau (Tubingen, SW Germany), at the outflow of the
mechanical treatment. The wastewater was then filtered with different filter systems:
I) coffee filter (Melitta, Minden, Germany), ll) folded filters 595 %2 (Whatman Int. Ltd,
Buckinghamshire, UK), Ill) glass fibre round filters GF 55 (Schleicher & Schuell,
Dassel, Germany) and finally IV) sterile S-PAK 0.22 pm filters (Merck, Darmstadt,
Germany). This filtered wastewater was used undiluted as matrix for the experiments.
The initial pH of the wastewater was 8. The changes in pH development over time are
shown in Fig. S1. Detailed information regarding the composition of the wastewater
are provided below.
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Lines 560 to 576:
Wastewater Characterization

The wastewater sample taken from the WWTP in Lustnau (Tubingen, Germany) on
September 10, 2024, had a pH value of 7.94. The dissolved organic carbon (DOC)
measured as non-purgeable organic carbon (NPOC), was determined to be 11.6
mg/L. Table 7 summarizes the results of the wastewater sample characterization
using IC with conductivity detection and MP-AES (for analytical methods see the
Supporting Information). Table 8 contains additional information on the 24h-mixed
sample monitored by the wastewater treatment plant.

Table 7 Anions and cations quantified in the wastewater sample using IC with conductivity detection, except
for Mn and Fe, which were quantified using microwave-plasma atomic emission spectroscopy (MP-AES), and

therefore are not assigned cationic charges.

Anion cin mg/L Cation cin mg/L
F 0.23 Na* 27.9

Cr 39.1 NH4* 13.0

NO2 0.7 K* 7.8

Br 0.04 Mg? 13.3

NOs 71 Ca? 71.3
POs* 3.3 Mn <0.04
SO4* 99.4 Fe <0.02

Table 8 Wastewater parameters recorded for a 24-hour mixed sample in the WWTP Lustnau on September

10, 2024. COD stands for “chemical oxygen demand”.

Parameter Value

COD 195 mg/L

P total 2.27 mg/L
Conductivity 99.36 mS/cm
Temperature 18.8 °C
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2. Similarly, the authors chose to study extremely high concentrations of a crystalline
manganese oxide. The form of the manganese oxide is known to play a very significant role
in the transformation of organic compounds. | was disappointed in the supporting
information, which did not give data on the polymorph of Mn oxide. Moreover, | do not
understand the justification for assuming the presence of 100 or 1000 mg/L of pure Mn
oxides in wastewater. The suspended solids in raw sewage or activated sludge mainly
consist of organic matter with relatively low concentrations of minerals, like silica and iron
oxides. Even under the unlikely situation in which sewage were to contain high
concentrations of manganese oxides, it is likely that the surfaces would be covered with
protein, biopolymers, surfactants and other substances that could block or slow the
interactions of DTPMP with the surface. Under some conditions, sulfide might also form
other Mn-containing minerals (e.g., MnS). Can the authors better justify the concentrations
of Mn oxides used in these experiments? Do these reactions take place in the presence of
other substances present in sewage?

Response:

Again, we thank the reviewer for those important suggestions. As before, we will refer to
different aspects of that comment separately:

a) MnO,polymorphism

Referring to the question about the MnQO; polymorph: Indeed, the MnO; crystal structure has
a great influence on the reactivity. However, as this is a proof-of-concept study, we do not
regard the detailed discussion of the used MnQ; as relevant. Still, we agree with the reviewer
that it is important to provide data on the mineral for future research. Therefore, we recorded
XR diffractograms of the MnO; used in this study (Figure S11). We now added a sentence
describing the XR diffractograms:

Lines 553 to 558:

The point of zero charge (pHpzc) of the manganese dioxide was determined at pH 5.6
* 0.1 using zeta potential measurements. The X-ray diffractogram (see Fig. S11)
showed a mostly amorphous structure, interspersed with some crystalline domains
(pyrolusite, akhtensite).

As Mn oxides in natural environments are primarily produced biogenically”?®!, they mostly
exhibit an amorphous structure'”32. Thus, we regard the used mineral as a good
representative for the MnO, family found in natural environments.

b) Mn oxide concentration
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As reviewer #1 asked the same question concerning the MnQO, concentration, we copied the
answer from above:

Ourwork aims to provide experimental evidence for the formation of glyphosate from DTPMP
in the presence of manganese. As such, it is designed as a proof-of-concept study that sets
the stage for follow-up studies addressing more specific objectives, such as the extent to
which such processes can explain elevated glyphosate concentrations observed in surface
waters.

The mere comparison of total Mn or MnO,contents in natural or technical environments with
the MnO; mineral concentrations used in this study to judge on its environmental relevance
is more challenging than it seems. This is due to the importance of MnOy surface areas for
the mineral’s reactivity, as reactions occur at the surface. Mn oxides often occur as fine-
grained particles or coatings in the environment’, which increases the available surface and
therefore the reactivity. In our case, we used pure Mn oxide. Nevertheless, we compiled total
Mn contents in natural and technical environments to contextualize our concentrations:

The range of Mn concentration in wastewater sludge is 600—- 1,500 mg/kg resp. 3,300 - 3,900
dry mass according to the German environment agency? resp. Milik et al. (2017)°. The
moisture content in sewage sludge is typically 290 %, depending on the type of sludge’.
Upon the assumption of 95 % moisture content, Mn concentrations regarding the wet mass
are in the range of 30 to 195 mg/kg. Hence our lower MnO, concentration (0.1 g/L) matches
the range of total Mn in wet wastewater sludge. The total Mn content in topsoils typically
ranges between 20 and 3000 mg/kg* with typical levels around 600 mg/kg®. The porosity of
hyporheic zone sediments is usually in the range of 0.3 to 0.4, thus by assuming a porosity of
0.35 we arrive at about 400 mg/kg wet mass. The equilibrium between MnOx minerals and
Mn?* in solution depends on the pH, redox conditions (Mn" and Mn" oxides are generally
more stable at higher pH values and under oxidizing conditions® and in the presence of Mn?*
oxidizing micro-organisms’).

c) Presence of other substances

We thank the reviewer for this suggestion. We conducted new experiments in a wastewater
matrix. The wastewater contained a DOC concentration of 11.5 mg/L, cation and anion
concentrations can be found in Materials & Methods, “Wastewater Characterization”. Even
in this matrix, DTPMP was transformed, while glyphosate and AMPA formed. The experiment
containing MnO; proceeded slower in wastewater (pH 8) than its counterpart in ultrapure
water with MES buffer (pH 6), while the experiment containing Mn?* proceeded faster in
wastewater. The new experimental results are added as a new subchapter “Formation of
glyphosate and AMPA from DTPMP in wastewater matrix” as follows:
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Lines 272 to 295:

To address the environmental relevance of the observations in pure water,
experiments containing 1 g/L MnO, and 1 mM Mn?* were conducted in wastewater
(pH 8, sterile filtrated; see Materials & Methods for details on the wastewater
sample). In control experiments with unspiked wastewater with and without MnO, or
Mn?, negligible glyphosate and AMPA concentrations were occasionally detected
(see Fig. S6). Dissolved manganese in the wastewater sample was below the
detection limit (<0.04 mg/L).

DTPMP transformation kinetics with 1.0 g/L MnO, in the wastewater matrix were
slower than in MES buffer at pH 6 (see Fig. S7 b) in line with a lower oxidation potential
of manganese oxides at higher pH*"“¢, as well as increased electrostatic repulsion
between DTPMP and the mineral surface (point of zero charge of 5.6)%%%,
Furthermore, differences between the experiments with MES buffer and wastewater
are likely due to the complex wastewater-matrix containing organics (such as other
complexing agents) and cations (e.g., calcium), which were reported to influence APP
transformation and sorption'®%°. Glyphosate and AMPA yields were up to 0.06 mol-%
(glyphosate) and 10.3 mol-% (AMPA) after 168 hours. However, in wastewater spiked
with 1 mM Mn?*, DTPMP transformation kinetics were faster and had higher
glyphosate and AMPA yields compared to MES-buffered pure water at pH 6 (see Fig.
5.) In wastewater spiked with 1 mM Mn?#, the highest glyphosate yield (0.42 mol-%) of
all experiments conducted in this study was observed (see Table 2), albeit only after
240 h. Possibly, the reaction kinetics are faster at pH 8 due to stronger complex
formation of Mn'" and DTPMP, such as shown for ATMP28, At higher pH, less protons
compete with metalions presentin solution and DTPMP is more negatively charged®'.
Furthermore, Mn"'complexes might play a role at higher pH. While the stability of Mn"
complexes varies depending on the ligand, certain ligands including desferrioxamine
B show higher stability of Mn" complexes at pH values between 7-11°2,

3. The experiments were conducted at pH 6 using MES as a buffer. Oxidation reactions
involving Mn-oxides tend to exhibit a strong pH dependence. Were these reactions
replicated at higher pH values (e.g., pH 7-8 are typical of sewage and treated wastewater)?

Response:

We thank the reviewer for this important suggestion. We conducted new experiments with
wastewater at pH 8. The new experimental results are added as a new subchapter

“Formation of glyphosate and AMPA from DTPMP in wastewater matrix” in lines 272 to 295,
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Figure 5 and Figure S7. As expected, DTPMP oxidation on MnO, was slower in this matrix at
pH 8, as the oxidation capacity of MnO, depends on the pH. Still, AMPA and glyphosate
formation was monitored. The DTPMP oxidation by Mn?'/O, on the contrary was faster than
compared to pH 6 and solely MES buffer.

We wrote a new subchapter “Formation of glyphosate and AMPA from DTPMP in wastewater
matrix”, which is inserted in our answer above.

4. The reaction between MnO,; and DTPMP appears to have been studied by other authors.
The formation of glyphosate as a minor transformation product seems to be
thermodynamically possible and the fact that it is a minor pathway could help explain the
fact that this reaction has not been considered by others. However, the lack of a quantitative
treatment of the observed formation of glyphosate leaves the reader wondering whether the
explanation is valid. If data are available on DTPMP concentrations in sewage and
wastewater treatment plants, it should be possible to convert the observed losses of the
parent compound into glyphosate concentrations formed in the process by using the yield
measurements. Have the authors made these kinds of calculations? If so, can they explain
the observations reported in the Water Research paper?

Response:
We thank the reviewer for the comment. We will answer separately:
a) Otherresearch on DTPMP oxidation by MnO,

To our knowledge, there is no published work investigating the oxidation of DTPMP by MnO..
However, there is research investigating ATMP, EDTMP and DTPMP transformation on Mn**/0,
10.33)  and ATMP transformation on MnOOH®°3%, There is our work from previous year
investigating IDMP oxidation by MnO. '® and multiple studies investigating glyphosate and/or
AMPA oxidation by MnQ,3*%. Therefore, no comparison to earlier work is possible and no
changes to the text were made.

b) Quantitative assessment of big scale glyphosate formation

As mentioned in the general answer to reviewer #2, we realized that the scope of the work
could be misunderstood in the original version of the manuscript. The aim of this manuscript
is to present a “proof of concept” study, in which we show, that glyphosate can form during
DTPMP oxidation by an environmentally relevant oxidant and under environmentally relevant
conditions (pH 6 and 8, see new experiments using wastewater). We provide information and
data from controlled laboratory experiments and point out manganese (either (i) Mn®*in the
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presence of O, or (ii) MnO,) as an important oxidant found in the environment and in WWTPs,
potentially playing a role in DTPMP transformation in natural and technical systems.

We now clarified in the manuscript that although the study provides experimental evidence
that glyphosate forms from manganese-driven DTPMP transformation under
environmentally relevant conditions, it cannot be used to quantitatively assess de novo
glyphosate formation and inputs to European surface waters.

Lines 32 to 39:

The ubiquitous presence of manganese in natural and engineered systems
underscores the potential importance of Mn-driven DTPMP transformation as a
previously overlooked source of glyphosate in aquatic systems. While further
research is needed to evaluate the factors controlling the product spectrum and
glyphosate yields from DTPMP transformation in technical and natural settings, our
results challenge the current paradigm that herbicide application is the sole source
of environmental glyphosate contamination. Consequently, current strategies and
approaches to protect water resources from glyphosate contamination need to be
reconsidered and expanded.

Lines 339 to 345:

Overall, this study for the first time provides experimental evidence for conversion of
a widely used non-toxic commodity compound into a highly debated pesticide3®*
under environmentally relevant reaction conditions. While we could demonstrate
that the reaction is chemically feasible in the laboratory, future research should
elucidate in detail how environmental conditions affect glyphosate formation from
DTPMP and related APPs, the formation and identification of key intermediates and
field studies including yields in wastewater treatment plants.

Lines 355 to 358:

Overall, our work offers a scientific basis to rationalize recent and unexpected
findings of elevated glyphosate concentrations in European WWTP effluents?®4? and
suggests that manganese may play a crucial role in this phenomenon, potentially
serving as a key factor in understanding the underlying mechanisms.

A comprehensive investigation into the processes occurring within wastewater treatment
plants (WWTPs) or sewer systems, and to which extent these can accountfor the glyphosate
concentrations detected in surface waters, constitutes a separate research endeavor, which
will be addressed in multiple follow-up studies. We consider the proposed calculations
based on ouryield data to be speculative. Our experiments are primarily designed to address
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fundamental research questions. The complexity of processes in WWTPs far exceeds the
scope of our current study. Therefore, we are hesitant to extrapolate quantitative estimates
from our yields. Robust calculations require more research to investigate actual processes
and glyphosate yields across different WWTPs, potentially using isotope-labeled DTPMP.
Additionally, accurate usage volumes of DTPMP (and EDTMP, as it could also potentially form
glyphosate) remain unknown.

Consequently, we conclude that there is insufficient data on both glyphosate yields and
DTPMP (and EDTMP) concentrations to perform these calculations with confidence, and we
do not consider this aspect within our current research scope.

5. Consideration of the fate of DTPMP in wastewater without discussion of the possible
importance of biotransformation of the compound seems incomplete. Is this compound
transformed in sewage or in sewage treatment plants? If so, could biotransformation explain
the observed formation of glyphosate?

Response:

We thank the reviewer for that comment. As another reviewer had the same question, we
copy our answers from above:

a) Biodegradation of aminopolyphosphonates

Knowledge on the biotransformation of aminopolyphosphonates (APPs) like DTPMP is still
scarce. Few studies investigated APP biotransformation, but the presence of manganese in
all bacterial growth media and the observation of APP transformation in abiotic controls
(DTPMP in the pure medium without bacteria) or the lack of sufficient negative controls
leaves serious doubtthat the microbes are using the DTPMP as phosphorus source. It seems
conceivable that the microbes use PO/-P or AMPA-P resulting from abiotic Mn-driven
transformation of DTPMP to facilitate growth, due to the presence of Mn** and O,. The abiotic
transformation of aminotrismethylenephosphonate (ATMP) by Mn#*/0, was already
investigated in detail in previous studies®’. | could be shown that even if the Mn?*:ATMP ratio
is as low as 1:100, ATMP is completely transformed after approximately 30 hours. Negative
controls fromi) Steber & Wierich (1987)"", ii) Schowanek & Verstraete (1990)'? and iii) Drzyzga
& Lipok (2017)"" showed chemical ATMP (i and iii) and GBMP (iii) and DTPMP (ii and iii)
transformation in non-inoculated growth media in the dark, while Riedel et al. (2023 and
2024a and 2024b)'3"* miss cell free controls of DTPMP in the used bacterial growth medium.
This raises significant questions regarding the occurrence of the actual extent of DTPMP
biotransformation in these studies.
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The formation of glyphosate from DTPMP biotransformation has never been reported
anywhere until now.

However, thanks to the reviewers’comments, we realized there was a gap in our manuscript.
In the revised version of the manuscript, we amended the conclusion with a small paragraph
on bijotic APP degradation and the role of manganese in the bacterial growth medium. It now
reads:

Lines 346 to 354:

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

6. The discussion of reaction kinetics needs considerable improvement. For example, |
found the description of pseudo-zero order kinetics to be quite confusing. Yes, one might
observe zero-order kinetics for some catalytic reactions, but drawing lines based on one or
4-5 data points (i.e., those where the parent compound is present at concentrations above
the detection limit and then calculating r2 values and rate constants to four significant
figures and attempting to interpret mechanisms is an over-reach.

Response:

We thank the reviewer for the comment. We think we might have unfortunately phrased the
paragraph about DTPMP transformation in a way that we arrived at some kind of
misunderstanding. We do not want to interpret mechanisms based on the pseudo-0"-order
reaction rates. The reason to derive reaction rates in the first place was merely to compare
the different experiments with respect to kinetics. As the reaction mechanism is quite
complex, discovering the “actual” reaction order and/or deriving a model suiting all
experiments is challenging. The pseudo-0" order kinetics resulted in satisfactory fits, while
the experimental data did not conform to either first or second order kinetic models.
Therefore, we have chosen a linear regression (pseudo-0" order) as an approximation to
compare the reaction speeds.
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Thanks to this comment, we adjusted the text to make clear that the fits are an approximation
to allow relative comparison:

Lines 134 to 139:

To evaluate the DTPMP transformation kinetics, pseudo 0™"-order rate constants were
determined as no higher reaction order adequately described the kinetics across all
four MnO, experiments. These constants were derived by linear regression
considering the time intervals described in Table 1. This approach allowed for a
comparative kinetic analysis of the four MnO, experiments.

Regarding the fits, we agree with the reviewer that we might have overstated their statistical
quality. Thus, we have reduced the number of significant digits for the rate constants and R?
values. This shall provide more transparency for the numbers derived. To be more
transparent with respect to the data point used for the fits, we also amended Table 1 by the
time interval included in the linear regression.
Table 1 Pseudo-0" order reaction rate constants (k) and those reaction rate constants normalized to the surface
area (knorm) for DTPMP transformation in the four experiments with MnO; in MES buffer. The standard errors of the
linear regression are given as *x. R? is the regression coefficient of the linear regression from the start of the

experiment until complete DTPMP transformation (24 h excluded for 0.1 g/L anoxic due to low data point density).
The linear section indicates the time interval/timepoints included in the linear regression.

c(Mn0O,) 1.0g/L 0.1g/L 1.0g/L 0.1g/L
(o)} oxic oxic anoxic anoxic

kin uM/h 2729 =800 650 = 106 946 = 26 1333

kncrmin
pmol/(m?*h) 42 12 101 =16 14.7£0.4 20.6+0.5
R? 0.842 0.859 0.996 0.988
Linear section

inh 0-0.35 0-1.5 0-0.67 0-6.0

By deriving the pseudo-zero order reaction rate constants, we noticed that the anoxic
reactions could be described well by a linear fit, while the oxic experiments could not. This
was mentioned, as it could be a hint for some other mechanism/other parallel reactions
taking place. A possible explanation would be e.g., direct oxidation (oxic & anoxic) and
catalytic activity of the MnO. in presence of O, (oxic experiments), as oxic experiments were
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much faster. Subsuming, we merely used pseudo-0" order reaction rates to relatively
compare the four experiments with each other, but not to make detailed mechanistic
interpretations from linear regressions. Additionally, the derivation of rate constants enabled
us to normalize them to the available surface area of the mineral. This is now included in the
discussion and Table 1 in the revised version of the manuscript. It now reads:

Lines 146 to 157:

Normalization of the reaction rate constants to the specific surface area (Knorm)
provided further insights into the role of oxygen and available surface area. Knom-
values showed that the oxic experiments were faster compared to their anoxic
counterparts.

The rate enhancing role of oxygen may be related to multiple processes involving
different redox states of manganese as reported in literature. Under oxic conditions,
Mn?* (formed by the reduction of Mn" 263°) js known to catalyze DTPMP (and ATMP,
EDTMP) oxidation by O, (Mn?*/0,) in homogeneous solution?®:34, However, the much
slower reaction kinetics of DTPMP in homogeneous solution (1 mM Mn?* and O,)
compared to the heterogeneous systems found in this study clearly show that the
strongly enhancing role of O, in MnO, experiments must be due to processes other
than mere Mn?*/0O, interaction, probably involving the formation of Mn" on the mineral
surface.

7. The authors state that Mn?* also oxidizes DTPMP but they did only included results form a
single experiment conducted with 1 mM of DTPMP and 1 mM Mn?. In this experiment
products were only observed after about 5 days. | struggle to relate this very unrealistic
experiment and the timeframes needed to see the formation of glyphosate to the overall
hypothesis of the authors. Stating that Mn?* and oxygen can produce glyphosate under
environmentally relevant conditions, as stated in the abstract, seems like another over-
reach.

Response:

We thank the reviewer for that comment. Indeed, we only showed a single DTPMP + Mn?*/0,
experiment in the first version of the manuscript.

Thanks to the reviewers’comments we repeated the experiment and monitored it for a longer
time span, i.e, 180 hours. The DTPMP data is included in the Supporting Information in Figure
S3, while DTPMP, glyphosate and AMPA concentrations over time are depicted in Figure 5 a)
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in the main text. The corresponding paragraph describing glyphosate and AMPA formation in
this experiment now reads:

Lines 247 to 253

To elucidate the significance of heterogeneous (MnO,) and homogeneous (Mn?*/0,)
oxidation reactions on product formation, an experiment with 1 mM DTPMP and
1 mM dissolved Mn?* (MnCl,) was conducted under oxic conditions (buffered at pH
6). Neither glyphosate nor AMPA formation was observed within the first 24 hours (see
Fig. 5 a). After 137 hours (~5.5 days), however, 6.3 = 0.2 mol-% AMPA and 0.06 = 0.01
mol-% glyphosate were quantified. AMPA and glyphosate concentrations stayed
almost constant until 185 h yielding 6.8 = 0.7 mol-% (AMPA) and 0.07 £ 0.00 mol-%
(glyphosate).
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Figure 5: DTPMP (black), glyphosate (red) and AMPA (blue) concentrations during oxidation of 1 mM DTPMP by
1 mM Mn?*in the experiments containing a) pure 20 mM MES buffer (pH 6) and b) wastewater (pH 8) as matrices.
DTPMP was quantified using IC-PAD, glyphosate and AMPA were quantified using LC-QQQ. Error bars represent
absolute errors between experimental duplicates.

Further, we conducted a new experiment investigating DTPMP oxidation by Mn?'/0; in
wastewater (Figure 5 b). This new experiment shows the highest glyphosate yield of all
experiments and thus clearly underlines the environmental relevance of this process. The
experimental results of both experiments (in MES and in wastewater matrix), together with
an experiment containing 1 g/L MnO. in wastewater are now added to Table 2.
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Table 2 Maximum total AMPA and glyphosate yields given in mol-% of the initial quantified DTPMP concentration.
Errors for the latter represent absolute errors between duplicates. MES denotes experiments in agueous 20 mM
MES buffer at pH 6, while WW stands for sterile-filtered wastewater at pH 8. The timepoint denotes the time of
maximum observed AMPA resp. glyphosate formation.

¢(MnO2) c¢(Mn?)in AMPAmax in - Timepoint  Glymax in Timepoint
(07} Matrix

in g/L mM mol-% in h mol-% inh

1.0 - oxic MES 10.1+£0.2 3.5 0.16+0.02 1.0

0.1 - oxic MES 45+0.2 3.0 0.16£0.01 28

1.0 - anoxic MES 5.0+1.0 6.0 0.06 £0.00 24

0.1 - anoxic MES 10.1+£0.5 24 0.03+0.00 24

1.0 - oxic WWwW 10.3+£0.3 168 0.06 £ 0.01 168

- 1.0 oxic MES  6.7+0.7 185 0.07+0.00 185

- 1.0 oxic WWwW 271105 240 0.42+0.01 240

We do not regard the observed time frames as a problem, but rather as another argument for
the process’ environmental relevance, as glyphosate and AMPA are stable for days after

complete DTPMP transformation in the reaction solutions and suspensions.
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Reviewer #3 (Remarks to the Author):

General remarks:

The study shows for the first time that glyphosate can be produced in trace amounts by the
reaction of an aminophosphonate with manganese oxides under neutral pH conditions. This
is a remarkable result in the field of water pollution, as the origin of glyphosate in the
environment has recently been the subject of debate in Europe. The context is well described
and supported by appropriate, up-to-date references. This study clearly shows that
glyphosate can be produced by the transformation of a widely used non-toxic organic
compound, and not just by its use in agriculture.

Glyphosate is not the main transformation product, which explains why it has been
overlooked until now. Thus, specific analytical methods have been used in this study for its
analysis at trace level. Results also show that concentrations of manganese oxide and
dissolved oxygen strongly influence the yield of glyphosate formation and that glyphosate
can also be formed in presence of dissolved manganese ions and oxygen for long reaction
time. Interesting result also is the stability of glyphosate in presence of an excess of
manganese oxide.

Areaction scheme is proposed based on literature data, which will need to be revised slightly
(see remark below). The data are of high quality and obtained with the appropriate protocols
and analytical methods. Protocols and methods are generally well described.

The authors suggest that this reaction can occur in wastewater treatment plants because
aminophosphonates are used as complexing agents with detergents and manganese oxides
are present in sewage sludge. However, the authors do not demonstrate that this reaction
actually occurs in wastewater treatment plants. The experiments were carried out with a
high concentration of aminophosphonate (1 mM) in pure aqueous suspensions of
manganese oxides. The lower concentration of aminophosphonate and the presence of
biomass and dissolved organic matter in a real wastewater treatment plant probably greatly
reduce the significance of this reaction. This is a point that should be discussed further or
possiblyillustrated by carrying out new experiments, for example in the presence of biomass
and/or dissolved effluent organic matter. Itis well known that organic matter can adsorb onto
manganese oxides and strongly inhibit their reactivity.

Response:

We would like to thank the reviewer for the positive feedback regarding the conceptualization
of our work. We agree with the reviewer that information on the reaction investigated in
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environmentally relevant matrices is essential to strengthen the environmental implications
of our findings. Therefore, we included results from additional experiments in a wastewater
matrix (sampled after mechanical treatment) in the revised manuscript. The new
experimental results are presented ins a new subchapter “Formation of glyphosate and
AMPA from DTPMP in wastewater matrix” as follows:

Lines 272 to 295:

To address the environmental relevance of the observations in pure water,
experiments containing 1 g/L MnO, and 1 mM Mn?* were conducted in wastewater
(pH 8, sterile filtrated; see Materials & Methods for details on the wastewater
sample). In control experiments with unspiked wastewater with and without MnO, or
Mn?, negligible glyphosate and AMPA concentrations were occasionally detected
(see Fig. S6). Dissolved manganese in the wastewater sample was below the
detection limit (<0.04 mg/L).

DTPMP transformation kinetics with 1.0 g/L MnO, in the wastewater matrix were
slower than in MES buffer at pH 6 (see Fig. S7 b) in line with a lower oxidation potential
of manganese oxides at higher pH*"*¢, as well as increased electrostatic repulsion
between DTPMP and the mineral surface (point of zero charge of 5.6)%04,
Furthermore, differences between the experiments with MES buffer and wastewater
are likely due to the complex wastewater-matrix containing organics (such as other
complexing agents) and cations (e.g., calcium), which were reported to influence APP
transformation and sorption'®%°. Glyphosate and AMPA yields were up to 0.06 mol-%
(glyphosate) and 10.3 mol-% (AMPA) after 168 hours. However, in wastewater spiked
with 1 mM Mn?*, DTPMP transformation kinetics were faster and had higher
glyphosate and AMPA yields compared to MES-buffered pure water at pH 6 (see Fig.
5.) In wastewater spiked with 1 mM Mn?#, the highest glyphosate yield (0.42 mol-%) of
all experiments conducted in this study was observed (see Table 2), albeit only after
240 h. Possibly, the reaction kinetics are faster at pH 8 due to stronger complex
formation of Mn'" and DTPMP, such as shown for ATMP28, At higher pH, less protons
compete with metalions presentin solution and DTPMP is more negatively charged®'.
Furthermore, Mn"' complexes might play a role at higher pH. While the stability of Mn"
complexes varies depending on the ligand, certain ligands including desferrioxamine
B show higher stability of Mn"' complexes at pH values between 7-11%.

Concerning the initial concentration of DTPMP, we agree with the reviewer that an initial
DTPMP concentration of 1mM is unlikely in environmental or technical systems.
Nevertheless, as this is a proof-of-concept study, we conducted the experiments with
DTPMP concentrations in a concentration range, that allowed us to quantify glyphosate
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without involving enrichment steps, as this adds another complexity dimension and source
of error. Investigating realistic DTPMP concentrations in WWTP influents — <0.05-2 uM
(Nowack & Stone 1998) —would already require enrichment for the parent compound DTPMP
using our IC-PAD method. For glyphosate, if assuming similar molar yields as detected now,
enrichment by a factor of 200-1000 would be needed for the LC-QQQ method described in
the paper. The maximum published enrichment factor for glyphosate we could find was 18,
using molecularly imprinted polymers®. Thus, if feasible at all, it would first require method
development.

Consideration of realistic DTPMP concentrations (0.05 to 2 uM) is highly recommended at
later stages in more applied and case specific work.

Below are some detailed comments.

1. The mechanism in Figure 1 needs to be revised slightly. If the initial cleavage takes place
onthe C-P bond, a methyl group must remain on the nitrogen, so the amine remains a tertiary
amine and not a secondary amine as shown. In fact, the initial step would involve cleavage
of the C-N bonds at both nitrogen atoms. These concomitant cleavages probably explain the
small quantities of glyphosate formed during this transformation, compared with IDMP that
is directly produced from one C-N bond cleavage.

Response:

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

We want to elaborate why we initially marked the C-P bond cleavage (copied from above):
We have shown one C-N and one C-P cleavage in the scheme, because PO,* is a major and
widely known transformation product of DTPMP and all other phosphonates. But — you are
right — in order to yield glyphosate, we ultimately need two C-N bond cleavages, as
glyphosate contains a secondary amine function. This is why we updated Fig. 1, now showing
two C-N bond cleavages but also the formation of phosphate.
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2. Proposed protocol also involves the formation of an aldehyde compound as intermediate.
This compound can be detected usingthe FMOC derivatization method. Have any tests been
carried out to identify this compound, for example by LC-HRMS?

Response:

We thank the reviewer for this comment. We did not analyse aldehyde formation in this work.
However, in our study on the transformation of IDMP on MnQO. in detail (R6hnelt et al. 2023),
we found the corresponding aldehyde (N-formyl-AMPA) formed from IDMP. This provided the
necessary grounds for our hypothesis that glyphosate formation from DTPMP is plausible in
the first place.

3. Line 81. Meaning of IDMP is missing

Response:

We thank the reviewer and added the abbreviation for IDMP:
Line 70 to 72:

Transformation of APPs (photolysis, Mn?*/0O,, MNOOH) with AMPA, iminodi(methylene
phosphonate) (IDMP) and phosphate as major TPs (see Fig. 1) is well documented in
the literature’-19-26-28,

4. Line 302. Unit for conductivity is uS/cm not uS/cm2.

Response:

We thank the reviewer and corrected the mistake accordingly:
Lines 389 to 391:

The water used for the experiments and IC-PAD measurements was purified by an
ultrapure water purification system (Barnstead, GenPure Pro, Thermo Scientific,
Waltham, MA, USA) down to a conductivity below 0.06 pS/cm.

5. Line 315. | assume it should read “was purchased” instead of “and purchased”.
Response:

We agree with the reviewer. The sentence now reads:
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Lines 404 to 407:

For IC-ICP-MS eluent preparation, aqueous ammonia solution (25-27 %, for trace
analysis) was purchased from VWR International LLC (Radnor, PA, USA) and
diethylenetriaminepentaacetic acid (DTPA) from Honeywell/Fluka (Charlotte, NC,
USA).

6. Line 319. Indicate in the protocol how MnO, suspensions were mixed during experiments
or give reference.

Response:
We thank the reviewer and agree. The text now reads as follows:
Lines 420 to 422:

The reaction suspensions were shaken in an overhead-shaker with a speed of 25 rpm.
For a detailed description of the sampling procedure, we refer to Rohnelt et al.?®.

7. Line 320. Falcon® instead of falcon
Response:

We agree partially with the reviewer. Indeed, we did not use Falcon tubes. Therefore, we use
the term “centrifugation tubes” and added the manufacturer in the revised manuscript. It
now reads:

Lines 413 to 414:

The experiments (duplicates with one control) were conducted in 50 mL
centrifugation tubes (polypropylene, Fisher Scientific, Waltham, MA, USA) in the
presence of ambient[...].

8. Line 327. It is stated here that due to the high sorption of DTPMP, the residues were
desorbed by adding sodium phosphate and sodium hydroxide. It is not clear what the
residues are here, i.e. residual DTPMP or all transformation products, including AMPA and
glyphosate. In other words, please state whether the desorption procedure was used prior
to any analysis of the transformation products. If so, how does this procedure affect the LOD
and LOQ and what is the proportion of sorbed TPs?
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Response:

We thank the reviewer for the comment. The residue refers to the mineral pellet after
centrifugation, opposed to the supernatant. In order to improve the clarity of the description,
we updated the sentence, which now reads:

Lines 422 to 424:

To desorb residual analytes from the mineral pellet after centrifugation and sampling
the supernatant (aqueous phase), the mineral pellet was treated with 0.1 M NaOH
and 0.1 M NaH:PO, in the ultrasonic bath for 30 minutes®.

9. Table 2. Typo: LOQ for glyphosate is 0.198 uM not 0.189 uM.
Response:
We thank the reviewer and agree.

The relatively high LOQ value was caused by high background in this measurement
sequence, and together with the comparably low glyphosate concentrations in this
experiment, we weren’t able to quantify glyphosate. This is why we repeated the glyphosate
measurement in this experiment after thoroughly cleaning the LC-QQQ. This time, the
background was lower, leading to a lower LOQ (0.04 uM) and thus, we could then quantify
glyphosate with a concentration of 0.26 +*0.02 uM at the last timepoint, corresponding to a
yield of 0.03 +0.00 mol%.

We added the new experimental results to Table 2 and moved it to the new subchapter.

Additionally, we now thought it would be advisable to add a table with LOD/LOQ values for
glyphosate and AMPA formation to the Supporting Information. This can be found as Table
S1inthe Supporting Information.
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Table S 1: LOD and LOQ values for glyphosate and AMPA in ug/L for each measurement sequence for the
LC-QQQ measurements. The approach used to derive those LOD/LOQ values is described in Materials &

Methods. The controls are displayed below the respective experiment.

Experiment glyphosate AMPA
Manganese 0O: matrix LOD LOQ LOD LOQ
1.0 g/L MnO2 oxic MES 10.48 17.44 6.41 10.03
0.1 g/L MnO2 oxic MES 5.09 12.13 6.31 10.73
1.0 g/L MnO2 anoxic MES 9.80 33.47 9.49 20.94
0.1 g/L MnO2 anoxic MES 3.57 6.98 9.49 20.94
1 mM Mn2* 4.63 8.64 4.42 8.94
oxic MES
- Control 1 4.63 8.64 4.42 8.94
1.0 g/L MnO2 4.89 10.14 4.42 8.94
- Control 1 3.57 6.98 1.71 4.83
oxic wastewater
- Control 2 5.50 11.00 5.36 12.04
- Control 3 3.57 6.98 1.71 4.83
1 mM Mn2* 4.63 8.64 5.36 12.04
oxic wastewater
- Control 1 4.63 8.64 4.42 8.94
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REVIEWERS' COMMENTS

Reviewer #1 (Remarks to the Author):

The authors have done a great job answering my concerns/questions and revising the manuscript. Though
my concerns on reduction and transformation of Mn-minerals are not resolved in this revision, | agree
that these analyses are not the main focus of this study and can be done in future studies. Overall, the
manuscript is well improved.

We thank the reviewer for that positive criticism and are happy that we could improve the manuscript.

Reviewer #2 (Remarks to the Author):

| appreciate the efforts that the authors have made to address comments made by the three reviewers
and am happy to see that they have included some additional experiments to address several of my main
concerns about the extrapolation of the data in laboratory experiments to conditions in the environment.

| recognize that the intention of this manuscript is to demonstrate a proof of concept that MnO2 can
oxidize DTPMP under conditions encountered in sewage but | am still concerned about the issue of the
MnO2 polymorphs and their concentration. If the editor is comfortable with the publication of a result
that is still somewhat speculative | would not object, as long as the authors are more direct about the
nature of the extrapolation that they have made. With respect to the concentration of Mn-oxides present
in the samples, | accept the idea that wastewater solids (e.g., sludge or mixed liquour suspended solids
may contain 1 g/kg of Mn and that these experiments may approximate the concentrations detected in
wet wastewater sludge (as the authors indicate in their response to my comment but this is not the
question that the authors have set out to answer nor is it the meaningful question for the research.
Sewage consists of a small amount of wastewater solids suspended in a relatively large volume of water.
For example, is the sewage contained 1 gram of solids per liter of water then these experiments would
have been conducted with Mn concentrations that are three orders of magnitude higher than those that
are encountered in the environment. Perhaps biogenic Mn-oxides are much more reactive than the
particles used in these experiments, but a better acknowledgment of this limitation is needed.

We sincerely thank the reviewer for once again emphasizing the importance of the environmental
relevance of our study. However, as the reviewer acknowledges in the first sentence of their comment, our
study was designed as a proof-of-concept investigation. This inherently means that achieving
environmentally relevant concentrations—whether for DTPMP or MnO,—was not our primary objective.
Instead, our focus was to demonstrate that the chemical reaction is indeed feasible under controlled
laboratory conditions. We respectfully argue that our results are not speculative, as we clearly
demonstrated glyphosate formation in all conducted experiments covering a relevant range of
environmental conditions. Throughout the manuscript, and particularly in the last paragraphs, we have
emphasized that our findings are based on laboratory experiments and that further research is required
to explore how DTPMP behaves under real-world environmental conditions. Specifically, we state:



Lines 341 to 345:

“While we could demonstrate that the reaction is chemically feasible in the laboratory, future research
should elucidate in detail how environmental conditions affect glyphosate formation from DTPMP and
related APPs, the formation and identification of key intermediates and field studies including yields in
wastewater treatment plants.”

In addition to the proof-of-concept argument, we would like to address the reviewer’s concern regarding
Mn concentrations being orders of magnitude too high due to sludge being dispersed in water. We believe
this argument may not be entirely applicable, as APPs such as DTPMP are known to strongly adsorb to
sediments and suspended matter. As such, they are primarily present in the solid phase of suspensions
rather than freely dissolved in water. This behavior is well-documented by Rott et al. (2020)}, who
investigated the distribution of polyphosphonates across sediment, suspended matter, and aqueous
phases in wastewater effluents and river water. Considering this, it can be expected that in wastewater
treatment plants, the Mn concentration per volume of water plays a minor role compared to factors such
as the Mn content of sludge particles, their specific surface area, and the surface concentration of Mn on
these particles (as MnO; often exists as coatings). Nonetheless, these considerations are beyond the scope
of our study, as our primary goal was to demonstrate the feasibility of glyphosate formation via Mn-driven
oxidation of DTPMP under controlled laboratory conditions.

Similarly, | still find it surprising that the authors have been so casual about the form of Mn-oxides used
in the experiments. It is hardly surprising that some random Mn oxide on the shelf of the lab included a
few different crystalline phases and some amorphous oxides when analyzed by XRD. The presence of
amorphous phases does not convince me that this is a surrogate for biogenic Mn-oxides. The absence of
any data on where the Mn oxide originated (if it is from a mineral collection) or how it was synthesized (if
it is synthetic) is a minimum expectation for a scientific study. As it stands, the experiments reported here
are irreproducible because the type of Mn-oxide remains undefined. If the editor is willing to publish this
work without such information a clearer statement is needed indicating that only one type of Mn oxide
was studied, that its provenance is uncertain and that Mn oxides in sewage might behave in a much
different manner because they will form by different mechanisms and will be more intimately associated
with organic matter is necessary.

We appreciate the reviewer’s feedback and would like to clarify any potential misunderstanding. The Mn
oxide’s origin is explicitly stated in the “Methods” section (purchased from Carl Roth (Karlsruhe, Germany).
The use of commercially available MnO; ensures reproducibility, as this material can be obtained and
verified by other researchers. To further address the reviewer’s concern regarding reproducibility, we are
happy to provide additional details about the exact batch number of the MnO; used, which allows access
to the manufacturer’s certificate of analysis:

Lines 362 to 364:

“All chemicals were purchased from Merck (Darmstadt, Germany) in the highest available purity, if not
described differently. The manganese dioxide (Manganese'Voxide, >98%; MnO,, Batch No. 168267405)
was purchased from Carl Roth (Karlsruhe, Germany).”



Furthermore, we now provide additional characterization data for the MnQO,, such as extractable Mn(lll)
content or TXRF results on intercalated mono- and bivalent cations. This information is now included the
Supporting Information:

“Further mineral analysis

The extractable Mn'"-content (quantified by pyrophosphate extraction and UV/vis spectroscopy) was 1 %
of total manganese. With regard to the surface area, the extractable Mn"-content was 1.76 nmol/m?.
Further, total reflection X-ray fluorescence (TXRF) revealed just minor amounts of mono- and bivalent
cations (K: <0.001, Ca and Ba: <0.003 molar ratio vs Mn), which validates the low Mn"-content.”

The fact that glyphosate does not form when DTPMP is added to raw wastewater (without amending with
Mn-oxides) is evidence that there is an issue that requires further study.

We appreciate the reviewer's attention to detail. However, the stability of DTPMP in the raw wastewater
sample can be explained by the experimental conditions. The wastewater was sterile filtered, removing all
particles >0.22 um, including sludge and suspended matter. As we hypothesize that the reaction with MnO,
is likely responsible for glyphosate formation from DTPMP in WWTPs, this transformation would primarily
occur in the solid phase — specifically in sludge or suspended matter, which were eliminated in our filtered
sample.

Furthermore, the Mn content of the wastewater sample was below the detection limit of 0.04 mg/L Mn.
Given these conditions, the stability of DTPMP in the wastewater sample is consistent with our hypothesis.
This observation underscores the potential significance of sludge particles and/or Mn in facilitating DTPMP
transformation and subsequent glyphosate formation.

Reviewer #3 (Remarks to the Author):

This manuscript presents the results of a study showing that the transformation of EDTMP phosphonate
by MnO2 can be a source of glyphosate, a pesticide widely used in agriculture for weed control. The
authors have made significant changes to the original version. The objectives of the study are clearer and
the new experiments with wastewater reinforce its relevance (but certain characteristics of wastewater
are not usual, see below). The authors have responded very carefully to all the reviewers' comments and
made the appropriate corrections.

We want to thank the reviewer for the positive feedback.
However, there are still minor issues that need to be addressed before possible publication.
Minor detailed comments:

e Line 232. Yield of glyphosate is 0.03 mol% (corresponding to 0.3 uM) not 0.03 pM.

Yes, that is correct, we changed it accordingly.



e Line 238. Please rephrase “Glyphosate and AMPA concentrations only rose after 1.5 respectively
1 hour, even though DTPMP” by, for example, “Glyphosate and AMPA concentrations only rose
after 1.5 and 1 hour, respectively, even though DTPMP...”

We thank the reviewer for that suggestion and changed it accordingly.

e Line 240. | would change “The maximum AMPA and glyphosate concentrations formed differed
between the four experiments » by “The maximum concentrations of AMPA and glyphosate
formed differed between the four experiments”

We thank the reviewer for that suggestion and changed it accordingly.

e Line 285. In “Glyphosate and AMPA yields were up to 0.06 mol-% (glyphosate) and 10.3 mol-%
(AMPA) after 168 hours”, | would specify that it is in wastewater.

We thank the reviewer for that suggestion and changed it accordingly.

e Table 8. The effluent conductivity, ~100 mS/cm (i.e. 66 g NaCl/L equivalent), is particularly high
for wastewater and given the ion concentrations in Table 7; this conductivity is probably not
correct. Similarly, DOC (11.6 mg/L) seems relatively low for a wastewater influent (usual values
for DOC are more between 100 and 300 mg/L in influent) and comparatively to the COD of 195
mg/L (which is low for influent but high for a treated wastewater). Is this sample characteristic of
a wastewater influent? Is this sample a wastewater influent or a treated wastewater effluent?
Please clarify.

We thank the reviewer for noticing those incongruities. Indeed, after reconfirming with the WWTP the
actual value for wastewater conductivity on that day (24 h mix sample) was 691 uS/cm. The value is rather
low, as it rained heavily the previous day and night. On an average dry day, the wastewater volume treated
in this treatment plant usually amounts to 25 000 to 30 0000 m3/day. On September 9, 2024, the total
volume was roughly 80 000 m>/d. Hence, the wastewater was diluted on that day. This explains the
relatively low DOC and COD values. On an average dry day, the COD is around 300 mg/L and the
conductivity around 1.2 mS/cm.

The wastewater used for the transformation experiments was sampled after the screen and grit chamber,
but before the primary settling tank. This indicates that the wastewater had only undergone preliminary
treatment. The sampling point for monitoring of the wastewater within the WWTP (values are indicated
for the “24 h mix sample” in the manuscript, Table S7) instead is after the screen but before the grit
chamber, hence it underwent even less treatment.

To account for this comment, we amended the description of the wastewater sample as follows:
Lines 434 to 436:

“The wastewater was sampled at 10 am on September 9, 2024, from the municipal wastewater treatment
plant in Lustnau (Tibingen, SW Germany), after the screen and grit chamber, but before the primary
settling tank.”

Lines 562 to 571:



“The wastewater sample taken from the WWTP in Lustnau (Tlbingen, Germany) on September 9, 2024,
had a pH value of 7.94. [...] Supplementary Table S7 contains additional information on a 24h-mixed
wastewater sample monitored by the WWTP Lustnau. The sampling point for the latter lies after the
screen but before the grit chamber. Due to heavy rainfall the day and night before wastewater sampling
the wastewater volume treated in the WWTP in Lustnau (TlUbingen, Germany) on September 9, 2024,
amounted to ~80 000 m3/d compared to 25 000 — 30 000 m3/d on an average dry day.”

e Supporting information
Caption of Figure S-5. The following sentence is not clear. Please rephrase. “Aqueous
concentration of DTPMP quantified by means of IC-ICP-MS and total concentrations of glyphosate
and AMPA quantified by means of LC-QQQ after derivatization in the replica the experiments over
96 hours using 1.0 g/L MnO2 under oxic conditions.”

We thank the reviewer for noticing and rephrased the caption of Figure S5 accordingly:

“Aqueous concentrations of DTPMP (back) quantified by means of IC-ICP-MS and total concentrations of
glyphosate (red) and AMPA (blue) quantified by means of LC-QQQ in the longtime replica of the
experiment using 1.0 g/L MnO2 in ultrapure buffered water (pH 6) under oxic conditions over 96 hours.
Error bars represent absolute errors between experimental duplicates.”
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