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ABSTRACT: When chemical pollutants enter the environment,
they can undergo diverse transformation processes, forming a wide
range of transformation products (TPs), some of them benign and
others more harmful than their precursors. To date, the majority of
TPs remain largely unrecognized and unregulated, particularly as
TPs are generally not part of routine chemical risk or hazard
assessment. Since many TPs formed from oxidative processes are
more polar than their precursors, they may be especially relevant in
the context of persistent, mobile, and toxic (PMT) and very
persistent and very mobile (vPvM) substances, which are two new
hazard classes that have recently been established on a European level. We highlight herein that as a result, TPs deserve more
attention in research, chemicals regulation, and chemicals management. This perspective summarizes the main challenges preventing
a better integration of TPs in these areas: (1) the lack of reliable high-throughput TP identification methods, (2) uncertainties in TP
prediction, (3) inadequately considered TP formation during (advanced) water treatment, and (4) insufficient integration and
harmonization of TPs in most regulatory frameworks. A way forward to tackle these challenges and integrate TPs into chemical
management is proposed.
KEYWORDS: Water management, emerging contaminants, nontarget screening, advanced oxidation processes, risk assessment

■ INTRODUCTION
Persistence has been a defining property used in chemicals
management since the early 1960s, when regulations were
introduced that surfactants put on the market had to exhibit
primary degradation in the environment.1 Persistence is a key
component of the Stockholm Convention on Persistent
Organic Pollutants2 and more recently the European Union’s
Chemical Strategy for Sustainability toward a toxic-free
environment.3 Less attention has been given to the trans-
formation products (TPs) formed from nonpersistent
chemicals, despite the fact that many examples of harmful
or/and persistent TPs exist: oxidation of the tire antioxidant N-
(1,3-dimethylbutyl)-N′-phenyl-p-phenylenediamine (6-PPD)
leads to the formation of 6-PPD quinone, which is suspected
to cause acute mortality events of coho salmon in the U.S.
Pacific Northwest,4 the preservative bronopol (2-bromo-2-
nitro-1,3-propanediol) transforms to toxic 2-bromo-2-nitro-
ethanol and bromonitromethane in aquatic environments,5 and
the fluorinated telomer alcohol 8:2 FTOH is one of many
precursors of the widely regulated persistent (P), mobile (M),
bioaccumlative (B), and toxic (T) perfluorooctanoic acid.6

Consequently, both hazard and risk assessment of a chemical
are incomplete if its TPs are not considered. So far, discovery
of harmful TPs is often incidental and delayed, occurring years
or even decades after the introduction of the precursor

chemical onto the market. Thus, a more systematic assessment
of TPs is essential to evaluate their risk early enough to act and
not just react.7,8

Common arguments why TPs are often neglected in
chemicals management are that (I) they are often more
oxidized than their precursor and thus tend to be more polar
(Figure 1a) and less bioaccumulative, limiting exposure
through the food web, (II) in many cases the toxicologically
active site is degraded, leading to TPs that are less toxic than
their precursors, and (III) low transformation yields and
several parallel transformation routes imply lower environ-
mental concentrations. However, scenarios exist where these
three arguments do not apply. This is the case (I) if TPs are
persistent and mobile, such that they accumulate in drinking
water resources and represent a chronic source of exposure if
continuously emitted,9 (II) if degradation products are more
toxic than their precursors as presented in the examples above,
and (III) if there is a persistent substructure within the
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molecule, in which case the ultimate yield of this substructure
from several different precursors can be high, such as for
trifluoroacetic acid (TFA)10 and 1,2,4-triazole (Figure 1b).
Consequently, neglecting TPs may challenge a circular

economy: the buildup of harmful TPs in products and wastes
may complicate their recycling. Persistent and mobile TPs can
spread in the water cycle, preventing circular water use. Due to
insufficient assessment, harmful TPs formed from replacement
products lead to regrettable substitution that may only be
recognized after years of chemical use. This Perspective
addresses the main challenges for a better assessment and
integration of TPs into various aspects of chemicals manage-
ment and proposes a way forward to eventually overcome
them.

■ AN ANALYTICAL CHALLENGE?
Chemical analysis is essential to investigate the presumably
large number of TPs formed in the environment and technical
systems, but the comprehensive analysis of TPs faces several
challenges. A major one is that the generally increased polarity
of TPs compared to their precursors results in a larger fraction
falling outside the polarity window of widely used sample
preparation techniques as well as reversed phase liquid
chromatographic (RPLC) and gas chromatographic separation
methods. They may thus elute in the void volume of a sample
run, which renders detection with these methods difficult.12,13

Consequently, alternative enrichment (e.g., freeze-drying,14

evaporative concentration,15,16 and multilayer solid phase
extraction16) and separation methods (e.g., hydrophilic
interaction liquid chromatography,17 mixed mode chromatog-
raphy,14 capillary electrophoresis,18 ion chromatography,19 and
polar column supercritical fluid chromatography20,21) are
required to extend the analytical window toward higher
polarity chemicals and successfully retain the more polar TPs.
While the applications of these methods are steadily increasing,

they are not yet widespread enough to adequately complement
RP-HPLC and have to be used in addition to them, requiring
additional analysis and data processing time. At this stage,
there is no one generic method that can reliably cover the
entire range of polar chemicals (e.g., pronounced matrix effects
are observed for freeze-drying or evaporative concentration,
while ion exchange chromatography is limited to charged
chemicals), hampering the analysis of the most polar TPs.
Since TPs are rarely available as analytical standards, they

are typically investigated using nontarget approaches, involving
either suspect screening (for documented or predicted TPs) or
full nontarget screening workflows.22 These workflows rely on
mass spectral libraries (up to a Level 2a identification
confidence23) or compound databases combined with in silico
fragmentation approaches (lower confidence identification,
typically Level 3). A concerted effort by the environmental
community including the NORMAN Network,24 FOR-
IDENT,25 MassBank (www.massbank.eu), CompTox,26 and
PubChem27 has seen a marked increase in openly available TP
information in recent years. Yet TPs account for only a tiny
fraction of the entries in these databases (3.6% and 0.1% in
MassBank EU or MassBank of North America (https://mona.
fiehnlab.ucdavis.edu/), respectively). When novel TPs are
identified through nontarget screening in complex samples, the
identification of precursors can be challenging and laborious,
limiting preventive actions. Approaches that do not rely on the
TP itself being listed in databases like spectral similarity28 and
molecular networking,29 using for example Global Natural
Product Social Molecular Networking (GNPS),30,31 have been
successfully applied to link precursors and TPs, thus facilitating
structure elucidation, but still suffer from many false positive as
well as false negative hits. While these approaches are
promising, limitations remain, often leaving laborious manual
structure elucidation as the final option. Improving the
selectivity of these methods would represent a significant

Figure 1. a) Scatterplot of log Koc and median DT50 values for pesticides and pesticide TPs. All DT50 values were taken from enviPath (www.
envipath.org; Package: EAWAG-SOIL). High-quality Koc data for all pesticides and 159 TPs were extracted from the pesticide properties database
(http://sitem.herts.ac.uk/aeru/ppdb/), while Koc values for an additional 410 TPs were calculated with KOCWIN, EPI Suite.11 (b) Scatter plot of
the lowest number of predicted or observed transformation steps required to reach the persistent TPs TFA (www.envipath.org; Package: TP
predictions TFA (BBD, top 50)) or 1,2,4-triazole (Package: EAWAG-SOIL) and the percentage of carbon of the precursor still remaining in the
TPs for their precursor compounds among the 317 pesticides in (a).
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step toward high-throughput TP identification. Nonetheless,
MS-based TP identification suffers from a lack of certainty
unless a final confirmation with a reference standard is
achieved (Level 1). Such standards are, however, rarely
available for TPs.

■ A PREDICTIVE CHALLENGE?
Powerful prediction methods are needed to predict and
prioritize a wide range of potential TPs and guide screening
and other experimental approaches. Several tools for predicting
TPs exist, some of which are integrated into analytical
workflows such as patRoon.32 The majority focuses on
predicting products of biotransformation as the key degrada-
tion pathway in most environments (e.g., enviPath,33

BioTransformer,34 PathPred,35 CATALOGIC,36 METEOR,37

etc.). There are fewer approaches targeted toward abiotic
transformation processes such as ozonation (e.g., O3PPD38).
In principle, such pathway prediction tools can be used to
either directly predict major expected TPs to be considered
during chemical management and/or to generate lists of
expected TPs that can be used for analytical screening
purposes. However, many well-known examples of persistent
TPs, such as 1,2,4-triazole, or TFA (Figure 1b), indicate that
these TPs may be formed after several transformation steps.
Generalized biotransformation pathway prediction tools, while
applicable to a wide range of chemicals, suffer from a lack of
specificity in their prediction, which is exacerbated for later
generations through the so-called combinatorial explosion.
Predicted TP lists can become too long to provide sufficient
discriminatory power, and the computational time becomes
prohibitive after only a few generations. While methods have
been developed to calculate the probability of predicted
reactions and TPs, overall selectivity remains low, reaching
20−30% at best.39 Applying these tools for screening purposes
therefore requires conscious optimization of the selectivity and
sensitivity.
Improving tools for TP prediction requires more high-

quality training data for structurally diverse chemicals. In that
sense, the challenges faced with TP analysis and prediction are
fundamentally similar: there is insufficient findable, accessible,
interoperable, and reusable (FAIR) data available on TPs. The
“Transformations” section in PubChem currently (2 April
2024) contains 6806 compounds, of which 5119 are TPs. This
is only a tiny fraction of the entire PubChem database (118
million entries; 0.002% TPs), yet over double the data set used
to train the prediction software BioTransformer.34 In principle,
analysis generates data that help improve the predictive
capabilities, while more reliable TP predictions reduce false
positive and negative rates in TP screening, thus forming a
positive feedback cycle. However, current limitations with TP
identification and the lack of a sufficiently interoperable
computer-readable structure format that allows for the
expression of structural uncertainties make it challenging to
efficiently annotate data with sufficient confidence to share in
the public domain.
Beyond retraining existing algorithms, several ideas might be

instrumental in focusing pathway prediction on potentially
problematic TPs. First, pathway prediction could be combined
with property prediction (i.e., ready degradability, half-lives,
mobility, toxicity) to prioritize long lists of potential TPs.
Second, if pathways are enumerated exhaustively, TPs that are
not further degraded by any existing rule (and are not known
metabolites of the central metabolism) can be identified. These

are strong candidates for persistent TPs and should be given
priority in analytical screening. Finally, knowledge of persistent
substructures could be used to form a more targeted expansion
of pathways to only continue branches that contain
substructures likely to result in persistent TPs, e.g. C-CF3 in
the case of TFA (Figure 1b).

■ A TREATMENT CHALLENGE?
Water treatment is one of the main mitigation strategies to
remove chemicals from water and is expected to become even
more important to cope with the increasing water scarcity
caused by climate change and the resulting need to reuse
water. While much attention is paid to the removal of organic
micropollutants during water treatment, the formation of TPs
during these processes is not studied to the same extent and is
often neglected during the evaluation of the treatment
efficiency. Aerobic and anaerobic microbial degradation,
ozonation, and OH-radical-based technologies are used for
treating wastewater and drinking water, causing a loss of
primary biological activity for most micropollutants. However,
these processes do not usually mineralize the organic
constituents completely but rather lead to the formation of
TPs. The commonly more mobile TPs are less removed than
their precursors in subsequent treatment by activated carbon
and can in some cases also be more toxic than the parent
compound.40−42 Although this issue is widely known, the
variety of potential TPs following oxidative treatment is poorly
understood and remains underexplored.43 The same is true for
byproducts of drinking water disinfection.44,45 In research on
advanced oxidation processes there is a trend toward more
selective oxidants (e.g., 1O2 or ferryl) with minimized
scavenging by matrix components, such as dissolved organic
matter (DOM), which may reduce full mineralization
further,46 thus exacerbating TP formation. Biological post-
treatment is frequently applied after disinfection or oxidation
processes, as it was shown to efficiently remove some of the
disinfection byproducts formed from DOM. However, more
information is needed to assess its effectiveness for TP
removal.47 Ecotoxicological testing can help assess the risk
reduction of advanced water treatment options in a less biased
manner.48 At the same time, structure-based insights,49

advanced kinetic modeling,50 and improved reactivity
prediction tools (discussed above) may help to tailor oxidative
treatment to reduce TP formation.

■ A REGULATORY CHALLENGE?
TPs are comparatively well implemented in EU pesticide
regulations,51 where their assessment is a key part of the risk
assessment.52 This relatively advanced approach to pesticides
in the EU, however, does not extend to chemicals policy in
general, such as pharmaceuticals or industrial chemicals.
Regarding industrial chemicals, there are only very few cases

in Europe’s REACH (Registration, Evaluation, Authorization,
and Restriction of Chemicals) regulation, where there is an
obligation to identify TPs. Even in these cases, TPs may be
missed or excluded. Under REACH, registrants are required to
carry out a PBT/vPvB (persistent, bioaccumulative, toxic, very
persistent, and very bioaccumulative) assessment for all
substances manufactured or imported above 10 tonnes per
year, unless exemptions apply.53 If the substance is found to be
readily or inherently biodegradable, it is assumed not to form
any TPs relevant for a PBT/vPvB assessment.53 Ready
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biodegradability tests like OECD 301 can be passed based on,
for example, 70% removal of dissolved organic carbon, or 60%
of theoretical oxygen demand or CO2 production after 28
days54 to account for the test substances’ carbon being partially
integrated into the biomass instead of mineralized. Con-
sequently, low-carbon TPs such as TFA and 1,2,4-triazole may
remain unrecognized in such tests even if formed in equimolar
amounts (Figure 1b). Simulation tests in soil,55 water-sediment
systems,56 and aquatic systems57 are to be conducted if a
substance is found to not be readily or inherently
biodegradable under REACH.
For the soil and water-sediment tests recommended in these

guidelines, radioactive-labeled substances are used to track
TPs. During these tests, REACH regulation 440/2008 requires
the identification of TPs “accounting for ≥10% of the applied
radioactivity or with constantly increasing concentrations
unless reasonably justified”. However, unlike soil and water-
sediment tests, the OECD 30957 test for water does not
require the use of radioactive labeling and would therefore not
identify TPs. Yet, OECD 309 is typically the default simulation
test required unless it is technically not feasible for a given
substance. Further, due to the complexity of simulation
degradation tests, registrants can also use several weight-of-
evidence-based approaches as part of the PBT/vPvB assess-
ment to forego simulation tests entirely. Combined, this has
meant that in practice very few simulation degradation tests
have been conducted under REACH. A study from 2019 found
simulation degradation test results for 292 out of the 22400
substances (1.3%) and 12960 (2.25%) unique identifiable
organic substances registered under REACH.58 Thus, TPs are
rarely assessed as part of this process.

For pharmaceuticals in Europe, there is even less obligation
to identify TPs. However, it is recommended to follow
guidelines similar to those of REACH as part of higher tier risk
assessments.59 Looking toward major chemicals regulations in
the two other large economic zones, the USA and China, TPs
seem even less integrated, but progress is being made. A 2023
proposal60 for an update to the US EPA Toxic Substances
Control Act61 foresees a stronger integration of TPs by
addressing substances with “reasonably anticipated TPs” that
cause serious acute or chronic effects or are PFAS or PBT
substances. This neglects many mobile and persistent TPs, yet
at the same time faces a major challenge to efficiently and
reliably identify such TPs. China’s Ministry of Ecology and
Environments Order 12, which went into force in 2020,62

requires degradability testing according to OECD 301 or 31063

(aerobic headspace test measuring CO2 evolution), and hence
faces problems with TP detection during testing similar to
those of REACH. The same issue also occurs in the most
recent version of the United Nations Globally Harmonized
System of Classification and Labeling of Chemicals (UN-
GHS),64 which suggests OECD testing similar to that of
REACH as part of Annex 9 on Guidance on Hazards to the
Aquatic Environment; however, versions of the UN-GHS that
recommend such testing have only been enacted among some
UN member states.
Simulation degradation tests like OECD 307 and 30855,56

for soils and sediment-water systems, which allow for thorough
TP identification, are rare in part because of their cost,
complexity, and the regulatory challenge to enforce them.
Therefore, weight-of-evidence-based persistency assessments
are common, which do not provide any TP information. The
main regulatory challenge can thus be linked to the lack of

Figure 2. Proposed actions and interactions of researchers, industry, and regulation to facilitate a better integration of TPs into chemicals
management.
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high-throughput persistence and TP assessment methods.
Addressing the methodological challenges in persistence and
TP assessment would, in the future, assist in addressing the
regulatory ones, allowing chemicals regulation to be more
ambitious with TPs and enforce their assessment more
stringently. In the meantime, many persistent and toxic TPs
of chemicals registered under REACH and other broad
chemical regulations may remain unidentified and, thus, also
unregulated.

■ A WAY FORWARD
Integrating TPs into chemicals assessment and management is
an interdisciplinary and intersectoral endeavor for which three
key advancements are (1) improved data exchange across
sectors, (2) updated regulatory frameworks enabled by
modernized testing regimes expediting TP identification and
increased prediction capabilities, and (3) a broader view of
transformation processes in the water cycle and product life
cycles.
Although the data available on TPs are constantly growing,

neither can the rate of this growth keep pace with the ever-
increasing number of precursor chemicals released and likely to
be transformed in the environment65 nor is it sufficient to truly
satisfy data-hungry machine-learning and artificial intelligence
approaches.66 Thus, more data need to be generated and made
available using more efficient high-throughput testing
approaches, while existing data need to be exploited more
effectively (e.g., through text mining67). To support this, FAIR
templates, ontologies, and reporting standards68,69 ought to be
implemented. An interoperable computer-readable structure
code that allows the expression of structural uncertainties is
essential for this, and a proposed InChI extension addressing
exactly this use case has been submitted recently for
consideration and future implementation by the InChI
Trust.70 The implementation of such efforts may be
significantly sped up if uploading TP information to a data
repository becomes an explicit requirement by funding bodies,
as established on a European level for monitoring data with the
IPChem platform.71 REACH and similar regulations should be
updated to make it mandatory for registrants to publicly share
the results of their simulation studies and spectral data (e.g.,
mass spectra and NMR) of parent compounds and TPs as part
of the registration process. Registrants may further be obliged
to provide reference standards of both parent chemicals and
their TPs to support environmental monitoring. Ultimately,
the exchange of data among authorities, academia, and industry
needs to be intensified (Figure 2) by reducing barriers and
adopting a common data language and data sharing plat-
forms.72

Expanded regulatory frameworks are required to oblige
industry to identify more TPs. This includes a higher number
of simulation tests and updated requirements that prevent low-
molecular-weight TPs from being overlooked. To keep pace
with the resulting substantial increase in required simulation
tests, regulation must make the transition from the well-
established, but now mostly over 20-year-old OECD tests,
toward modernized high-throughput tests. Two such ap-
proaches are especially noteworthy in this context: Birch et
al.73 assessed the persistence of a wide range of chemicals in
low-concentration mixtures coupled with mass spectrometric
detection. This high degree of parallelization allowed for high-
throughput persistence testing but rendered it nearly
impossible to assess mineralization and link detected TPs to

their precursors within one experiment. Escher et al.74

proposed an experimental coupling of biotransformation
experiments and high-throughput in vitro bioassays for P and
t testing, which forgoes chemical analysis in favor of a
“persistent toxicity” assessment. The advantage of this method
is that it essentially treats parent compounds and TPs equally,
since both persistent and toxic parent compounds or toxic TPs
may cause this “persistent toxicity”. However, experimental
challenges remain in identifying bioassays that adequately
cover all relevant end points in higher organisms. Furthermore,
solid phase extraction, which may result in the loss of the most
polar TPs, is still a requirement. Both approaches seem
promising and would benefit from methodological advance-
ments in sample preparation to better enrich very polar
substances, sensitive generic detection strategies that are
inclusive of low-molecular-weight TPs, approaches that lower
the costs associated with radiolabeling, and advanced software
tools that help link TPs to precursors.
Increased testing capacities available through improved

testing methods may also enable an extension of regulatory
persistence and TP assessment beyond biotransformation. In
such a case, transformation during oxidative water treatment
and during a product life cycle seem most relevant for
consideration. While the first will be realized for pesticides
during drinking water production according to a new guidance
document released by EFSA and ECHA,75 the latter has been
shown to be relevant by the formation of the TP 6-PPDQ in
tires.4 Such an extension may happen stepwise, first focusing
on chemicals with known persistent or toxic moieties, and may
be more broadly adopted if it proves to be a valuable addition
to environmental protection.

■ IMPLICATIONS
Effectively integrating TPs into chemicals management
requires experimental and analytical progress, improved data
sharing and prediction capabilities, integrated treatment
technologies, and regulatory advancements that work hand in
hand. Thus, an active discussion among authorities, academia,
and industry is essential to achieve lasting progress. While such
a substantial modernization of our chemical management
paradigm is a long-term endeavor, it is an essential step toward
more holistic environmental protection efforts. Thus, the
foundation of such progress can and should be laid now. (I)
The implementation of common data standards and a central
repository for TPs may significantly move forward by being
integrated in the recent “Proposal for a Regulation establishing
a common data platform on chemicals”.76 (II) Increased
requirements for sharing data and standards for chemicals by
their producers can at first be focused on the chemicals
themselves and major TPs identified in simulation studies. As
chemical assessment evolves to include TPs more thoroughly,
these requirements can be extended. (III) More collaboration
between research and regulation is required to integrate
modern methods for persistence and TP assessment into
updated regulatory testing frameworks. Despite their useful-
ness, missing regulatory acceptance might delay the
implementation of such methods substantially if no concerted
effort is made to prove their applicability.
If the measures proposed herein are implemented, the

increasing availability of high-quality TP data would reduce
uncertainties in persistence and TP prediction, eventually
reducing the reliance on simulation tests. Ultimately, these
growing predictive capabilities may facilitate the effective
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consideration of TPs in early stages of chemical design and
development, thus preventing chemicals with harmful TPs
from ever reaching the market. Such an advancement would be
a cornerstone for the development of safe and sustainable
chemicals.
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P.; Rüdel, H.; Salek, R. M.; Samanipour, S.; Scheringer, M.;
Schliebner, I.; Schulz, W.; Schulze, T.; Sengl, M.; Shoemaker, B. A.;
Sims, K.; Singer, H.; Singh, R. R.; Sumarah, M.; Thiessen, P. A.;
Thomas, K. V.; Torres, S.; Trier, X.; van Wezel, A. P.; Vermeulen, R.
C. H.; Vlaanderen, J. J.; von der Ohe, P. C.; Wang, Z.; Williams, A. J.;
Willighagen, E. L.; Wishart, D. S.; Zhang, J.; Thomaidis, N. S.;
Hollender, J.; Slobodnik, J.; Schymanski, E. L. The NORMAN
Suspect List Exchange (NORMAN-SLE): facilitating European and
worldwide collaboration on suspect screening in high resolution mass
spectrometry. Environmental Sciences Europe 2022, 34 (1), 104.
(25) Letzel, T.; Bayer, A.; Schulz, W.; Heermann, A.; Lucke, T.;
Greco, G.; Grosse, S.; Schüssler, W.; Sengl, M.; Letzel, M. LC-MS
screening techniques for wastewater analysis and analytical data
handling strategies: Sartans and their transformation products as an
example. Chemosphere 2015, 137, 198−206.
(26) Williams, A. J.; Grulke, C. M.; Edwards, J.; McEachran, A. D.;
Mansouri, K.; Baker, N. C.; Patlewicz, G.; Shah, I.; Wambaugh, J. F.;
Judson, R. S.; Richard, A. M. The CompTox Chemistry Dashboard: a
community data resource for environmental chemistry. Journal of
Cheminformatics 2017, 9 (1), 61.
(27) Kim, S.; Chen, J.; Cheng, T.; Gindulyte, A.; He, J.; He, S.; Li,
Q.; Shoemaker, B. A.; Thiessen, P. A.; Yu, B.; Zaslavsky, L.; Zhang, J.;
Bolton, E. E. PubChem 2023 update. Nucleic Acids Res. 2023, 51
(D1), D1373−D1380.
(28) Schollée, J. E.; Schymanski, E. L.; Stravs, M. A.; Gulde, R.;
Thomaidis, N. S.; Hollender, J. Similarity of High-Resolution Tandem
Mass Spectrometry Spectra of Structurally Related Micropollutants
and Transformation Products. J. Am. Soc. Mass Spectrom. 2017, 28
(12), 2692−2704.
(29) Yu, N.; Deng, Y.; Wang, X.; Shi, W.; Zhou, D.; Pan, B.; Yu, H.;
Wei, S. Nontarget Discovery of Antimicrobial Transformation
Products in Wastewater Based on Molecular Networks. Environ. Sci.
Technol. 2023, 57 (22), 8335−8346.
(30) Aron, A. T.; Gentry, E. C.; McPhail, K. L.; Nothias, L.-F.;
Nothias-Esposito, M.; Bouslimani, A.; Petras, D.; Gauglitz, J. M.;
Sikora, N.; Vargas, F.; van der Hooft, J. J. J.; Ernst, M.; Kang, K. B.;
Aceves, C. M.; Caraballo-Rodríguez, A. M.; Koester, I.; Weldon, K.
C.; Bertrand, S.; Roullier, C.; Sun, K.; Tehan, R. M.; Boya P, C. A.;
Christian, M. H.; Gutiérrez, M.; Ulloa, A. M.; Tejeda Mora, J. A.;
Mojica-Flores, R.; Lakey-Beitia, J.; Vásquez-Chaves, V.; Zhang, Y.;
Calderón, A. I.; Tayler, N.; Keyzers, R. A.; Tugizimana, F.; Ndlovu,
N.; Aksenov, A. A.; Jarmusch, A. K.; Schmid, R.; Truman, A. W.;
Bandeira, N.; Wang, M.; Dorrestein, P. C. Reproducible molecular
networking of untargeted mass spectrometry data using GNPS. Nat.
Protoc. 2020, 15 (6), 1954−1991.
(31) Bittremieux, W.; Avalon, N.; Thomas, S.; Kakhkhorov, S.;
Aksenov, A.; Gomes, P. W.; Aceves, C.; Caraballo Rodríguez, A. M.;
Gauglitz, J.; Gerwick, W.; Jarmusch, A.; Kaddurah-Daouk, R.; Kang,
K. B.; Kim, H. W.; Kondic,́ T.; Mannochio-Russo, H.; Meehan, M.;
Melnik, A.; Nothias, L.-F.; O’Donovan, C.; Panitchpakdi, M.; Petras,
D.; Schmid, R.; Schymanski, E.; van der Hooft, J.; Weldon, K.; Yang,
H.; Zemlin, J.; Wang, M.; Dorrestein, P. Open Access Repository-
Scale Propagated Nearest Neighbor Suspect Spectral Library for
Untargeted Metabolomics. Nat. Commun. 2023, 14, 8488.
(32) Helmus, R.; van de Velde, B.; Brunner, A. M.; ter Laak, T. L.;
van Wezel, A. P.; Schymanski, E. L. patRoon 2.0: Improved non-target

Environmental Science & Technology pubs.acs.org/est Perspective

https://doi.org/10.1021/acs.est.4c00125
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

G

https://doi.org/10.1021/es503425w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es503425w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es1030799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es1030799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b03338?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b03338?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b03338?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b05168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b05168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b05168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b05168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00216-020-02520-z
https://doi.org/10.1007/s00216-020-02520-z
https://doi.org/10.1007/s00216-020-02520-z
https://doi.org/10.1016/j.teac.2019.e00078
https://doi.org/10.1016/j.teac.2019.e00078
https://doi.org/10.1016/j.teac.2019.e00078
https://doi.org/10.1021/acs.est.6b05135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b05135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00216-019-01696-3
https://doi.org/10.1007/s00216-019-01696-3
https://doi.org/10.1007/s00216-019-01696-3
https://doi.org/10.1007/s00216-019-01696-3
https://doi.org/10.1007/s00216-018-0921-1
https://doi.org/10.1007/s00216-018-0921-1
https://doi.org/10.1007/s00216-018-0921-1
https://doi.org/10.1016/j.watres.2021.117645
https://doi.org/10.1016/j.watres.2021.117645
https://doi.org/10.1016/j.watres.2021.117645
https://doi.org/10.1007/s00216-020-02525-8
https://doi.org/10.1007/s00216-020-02525-8
https://doi.org/10.1007/s00216-020-02525-8
https://doi.org/10.1016/j.scitotenv.2023.164170
https://doi.org/10.1016/j.scitotenv.2023.164170
https://doi.org/10.1016/j.scitotenv.2023.164170
https://doi.org/10.1021/acs.analchem.7b00859?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.7b00859?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.7b00859?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00216-020-02722-5
https://doi.org/10.1007/s00216-020-02722-5
https://doi.org/10.1007/s00216-020-02722-5
https://doi.org/10.1021/acs.est.7b02184?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b02184?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es5002105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es5002105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1186/s12302-022-00680-6
https://doi.org/10.1186/s12302-022-00680-6
https://doi.org/10.1186/s12302-022-00680-6
https://doi.org/10.1186/s12302-022-00680-6
https://doi.org/10.1016/j.chemosphere.2015.06.083
https://doi.org/10.1016/j.chemosphere.2015.06.083
https://doi.org/10.1016/j.chemosphere.2015.06.083
https://doi.org/10.1016/j.chemosphere.2015.06.083
https://doi.org/10.1186/s13321-017-0247-6
https://doi.org/10.1186/s13321-017-0247-6
https://doi.org/10.1093/nar/gkac956
https://doi.org/10.1007/s13361-017-1797-6
https://doi.org/10.1007/s13361-017-1797-6
https://doi.org/10.1007/s13361-017-1797-6
https://doi.org/10.1021/acs.est.2c07774?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.2c07774?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41596-020-0317-5
https://doi.org/10.1038/s41596-020-0317-5
https://doi.org/10.1038/s41467-023-44035-y
https://doi.org/10.1038/s41467-023-44035-y
https://doi.org/10.1038/s41467-023-44035-y
https://doi.org/10.21105/joss.04029
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c00125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


analysis workflows including automated transformation product
screening. Journal of Open Source Software 2022, 7 (71), 4029.
(33) Wicker, J.; Lorsbach, T.; Gütlein, M.; Schmid, E.; Latino, D.;
Kramer, S.; Fenner, K. enviPath - The environmental contaminant
biotransformation pathway resource. Nucleic Acids Res. 2016, 44 (D1),
D502−D508.
(34) Djoumbou-Feunang, Y.; Fiamoncini, J.; Gil-de-la-Fuente, A.;
Greiner, R.; Manach, C.; Wishart, D. S. BioTransformer: a
comprehensive computational tool for small molecule metabolism
prediction and metabolite identification. Journal of Cheminformatics
2019, 11 (1), 2.
(35) Moriya, Y.; Shigemizu, D.; Hattori, M.; Tokimatsu, T.; Kotera,
M.; Goto, S.; Kanehisa, M. PathPred: an enzyme-catalyzed metabolic
pathway prediction server. Nucleic Acids Res. 2010, 38, W138−W143.
(36) Dimitrov, S.; Pavlov, T.; Dimitrova, N.; Georgieva, D.;
Nedelcheva, D.; Kesova, A.; Vasilev, R.; Mekenyan, O. Simulation
of chemical metabolism for fate and hazard assessment. II
CATALOGIC simulation of abiotic and microbial degradation. SAR
QSAR Environ. Res. 2011, 22 (7−8), 719−755.
(37) Greene, N.; Judson, P. N.; Langowski, J. J.; Marchant, C. A.
Knowledge-Based Expert Systems for Toxicity and Metabolism
Prediction: DEREK, StAR and METEOR. SAR and QSAR in
Environmental Research 1999, 10 (2−3), 299−314.
(38) Lee, M.; Blum, L. C.; Schmid, E.; Fenner, K.; von Gunten, U. A
computer-based prediction platform for the reaction of ozone with
organic compounds in aqueous solution: kinetics and mechanisms.
Environmental Science: Processes & Impacts 2017, 19 (3), 465−476.
(39) Wicker, J.; Fenner, K.; Ellis, L.; Wackett, L.; Kramer, S.
Predicting biodegradation products and pathways: a hybrid knowl-
edge- and machine learning-based approach. Bioinformatics 2010, 26
(6), 814−821.
(40) Prasse, C.; Ford, B.; Nomura, D. K.; Sedlak, D. L. Unexpected
transformation of dissolved phenols to toxic dicarbonyls by hydroxyl
radicals and UV light. Proc. Natl. Acad. Sci. U. S. A. 2018, 115 (10),
2311−2316.
(41) Schröder, S.; San-Román, M.-F.; Ortiz, I. Dioxins and furans
toxicity during the photocatalytic remediation of emerging pollutants.
Triclosan as case study. Science of The Total Environment 2021, 770,
144853.
(42) Zhang, S.; Yin, Q.; Zhang, S.; Manoli, K.; Zhang, L.; Yu, X.;
Feng, M. Chlorination of methotrexate in water revisited: Deciphering
the kinetics, novel reaction mechanisms, and unexpected microbial
risks. Water Res. 2022, 225, 119181.
(43) Gulde, R.; Rutsch, M.; Clerc, B.; Schollée, J. E.; von Gunten,
U.; McArdell, C. S. Formation of transformation products during
ozonation of secondary wastewater effluent and their fate in post-
treatment: From laboratory- to full-scale. Water Res. 2021, 200,
117200.
(44) Richardson, S. D.; Plewa, M. J.; Wagner, E. D.; Schoeny, R.;
DeMarini, D. M. Occurrence, genotoxicity, and carcinogenicity of
regulated and emerging disinfection by-products in drinking water: A
review and roadmap for research. Mutation Research/Reviews in
Mutation Research 2007, 636 (1), 178−242.
(45) Nihemaiti, M.; Icker, M.; Seiwert, B.; Reemtsma, T. Revisiting
Disinfection Byproducts with Supercritical Fluid Chromatography-
High Resolution-Mass Spectrometry: Identification of Novel Halo-
genated Sulfonic Acids in Disinfected Drinking Water. Environ. Sci.
Technol. 2023, 57 (9), 3527−3537.
(46) Yang, Z.; Qian, J.; Shan, C.; Li, H.; Yin, Y.; Pan, B. Toward
Selective Oxidation of Contaminants in Aqueous Systems. Environ.
Sci. Technol. 2021, 55 (21), 14494−14514.
(47) von Gunten, U. Oxidation Processes in Water Treatment: Are
We on Track? Environ. Sci. Technol. 2018, 52 (9), 5062−5075.
(48) Völker, J.; Stapf, M.; Miehe, U.; Wagner, M. Systematic Review
of Toxicity Removal by Advanced Wastewater Treatment Tech-
nologies via Ozonation and Activated Carbon. Environ. Sci. Technol.
2019, 53 (13), 7215−7233.
(49) Xie, Z.-H.; He, C.-S.; Zhou, H.-Y.; Li, L.-L.; Liu, Y.; Du, Y.; Liu,
W.; Mu, Y.; Lai, B. Effects of Molecular Structure on Organic

Contaminants’ Degradation Efficiency and Dominant ROS in the
Advanced Oxidation Process with Multiple ROS. Environ. Sci. Technol.
2022, 56 (12), 8784−8795.
(50) Wang, P.; Bu, L.; Luo, L.; Wu, Y.; Zhang, W.; Zhou, S.;
Crittenden, J. C. Unveiling the fates of nitro-transformation products
in advanced oxidation process: A DFT-based kinetic model. Chemical
Engineering Journal 2023, 473, 145273.
(51) European Comission. EU Regulation No 1107/2009 of the
European Parliament and of the Council of 21 October 2009
concerning the placing of plant protection products on the market
and repealing Council Directives 79/117/EEC and 91/414/EEC;
2009; L 309, pp 1−50.
(52) European Commission. Guidance document on the assessment
of the relevance of metabolites in groundwater of substances regulated
under Council Directive 91/414/EEC, 2003.
(53) Hofman-Caris, R.; Dingemans, M.; Reus, A.; Shaikh, S. M.;
Munoz Sierra, J.; Karges, U.; Beek, T. a. d.; Nogueiro, E.; Lythgo, C.;
Parra Morte, J. M.; Bastaki, M.; Serafimova, R.; Friel, A.; Court
Marques, D.; Uphoff, A.; Bielska, L.; Putzu, C.; Ruggeri, L.; Papadaki,
P. Guidance document on the impact of water treatment processes on
residues of active substances or their metabolites in water abstracted
for the production of drinking water. EFSA Journal 2023, 21 (8),
No. e08194.
(54) OECD. Test No. 301: Ready Biodegradability; 1992.
DOI: 10.1787/9789264070349-en.
(55) OECD. Test No. 307: Aerobic and Anaerobic Transformation in
Soil; 2002. DOI: 10.1787/9789264070509-en.
(56) OECD. Test No. 308: Aerobic and Anaerobic Transformation in
Aquatic Sediment Systems; 2002. DOI: 10.1787/9789264070523-en.
(57) OECD. Test No. 309: Aerobic Mineralisation in Surface Water -
Simulation Biodegradation Test; 2004. DOI: 10.1787/
9789264070547-en.
(58) Arp, H. P. H.; Hale, S. E. Assessing the Persistence and
Mobility of Organic Substances to Protect Freshwater Resources. ACS
Environmental Au 2022, 2 (6), 482−509.
(59) EMEA (2024), 15 February 2024 Committee for Medicinal
Products for Human Use (CHMP) Guideline on the environmental
risk assessment of medicinal products for human use, EMEA/CHMP/
SWP/4447/00 Rev. 1.
(60) US EPA (2023), Updates on new chemicals regulation under
the Toxic Substances Control Act, 88 FR 34100, 2023-10735.
(61) US EPA (2022), Toxic Substances Control Act as amended
through P. L. 117-286, Enacted December 27,2022.
(62) Dandan, Ge. China REACH Update (MEE Order No. 12):
Difference with REACH. International Chemical Regulatory and Law
Review 2021, 4 (2).7581
(63) OECD. Test No. 310: Ready Biodegradability - CO2 in sealed
vessels (Headspace Test); 2006. doi: DOI: 10.1787/9789264016316-
en.
(64) UN (2023), Globally Harmonized System of Classification and
Labelling of Chemicals (GHS), 10th ed.; ST/SG/AC.10/50/Add.3.
(65) Persson, L.; Carney Almroth, B. M.; Collins, C. D.; Cornell, S.;
de Wit, C. A.; Diamond, M. L.; Fantke, P.; Hassellöv, M.; MacLeod,
M.; Ryberg, M. W.; Søgaard Jørgensen, P.; Villarrubia-Gómez, P.;
Wang, Z.; Hauschild, M. Z. Outside the Safe Operating Space of the
Planetary Boundary for Novel Entities. Environ. Sci. Technol. 2022, 56
(3), 1510−1521.
(66) Jordan, M. I.; Mitchell, T. M. Machine learning: Trends,
perspectives, and prospects. Science 2015, 349 (6245), 255−260.
(67) Palm, E. H.; Chirsir, P.; Krier, J.; Thiessen, P. A.; Zhang, J.;
Bolton, E. E.; Schymanski, E. L. ShinyTPs: Curating Transformation
Products from Text Mining Results. Environmental Science &
Technology Letters 2023, 10 (10), 865−871.
(68) Wilkinson, M. D.; Dumontier, M.; Aalbersberg, I. J.; Appleton,
G.; Axton, M.; Baak, A.; Blomberg, N.; Boiten, J.-W.; da Silva Santos,
L. B.; Bourne, P. E.; Bouwman, J.; Brookes, A. J.; Clark, T.; Crosas,
M.; Dillo, I.; Dumon, O.; Edmunds, S.; Evelo, C. T.; Finkers, R.;
Gonzalez-Beltran, A.; Gray, A. J. G.; Groth, P.; Goble, C.; Grethe, J.
S.; Heringa, J.; ’t Hoen, P. A. C.; Hooft, R.; Kuhn, T.; Kok, R.; Kok, J.;

Environmental Science & Technology pubs.acs.org/est Perspective

https://doi.org/10.1021/acs.est.4c00125
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

H

https://doi.org/10.21105/joss.04029
https://doi.org/10.21105/joss.04029
https://doi.org/10.1093/nar/gkv1229
https://doi.org/10.1093/nar/gkv1229
https://doi.org/10.1186/s13321-018-0324-5
https://doi.org/10.1186/s13321-018-0324-5
https://doi.org/10.1186/s13321-018-0324-5
https://doi.org/10.1093/nar/gkq318
https://doi.org/10.1093/nar/gkq318
https://doi.org/10.1080/1062936X.2011.623322
https://doi.org/10.1080/1062936X.2011.623322
https://doi.org/10.1080/1062936X.2011.623322
https://doi.org/10.1080/10629369908039182
https://doi.org/10.1080/10629369908039182
https://doi.org/10.1039/C6EM00584E
https://doi.org/10.1039/C6EM00584E
https://doi.org/10.1039/C6EM00584E
https://doi.org/10.1093/bioinformatics/btq024
https://doi.org/10.1093/bioinformatics/btq024
https://doi.org/10.1073/pnas.1715821115
https://doi.org/10.1073/pnas.1715821115
https://doi.org/10.1073/pnas.1715821115
https://doi.org/10.1016/j.scitotenv.2020.144853
https://doi.org/10.1016/j.scitotenv.2020.144853
https://doi.org/10.1016/j.scitotenv.2020.144853
https://doi.org/10.1016/j.watres.2022.119181
https://doi.org/10.1016/j.watres.2022.119181
https://doi.org/10.1016/j.watres.2022.119181
https://doi.org/10.1016/j.watres.2021.117200
https://doi.org/10.1016/j.watres.2021.117200
https://doi.org/10.1016/j.watres.2021.117200
https://doi.org/10.1016/j.mrrev.2007.09.001
https://doi.org/10.1016/j.mrrev.2007.09.001
https://doi.org/10.1016/j.mrrev.2007.09.001
https://doi.org/10.1021/acs.est.2c05536?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.2c05536?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.2c05536?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.2c05536?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c05862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c05862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b00586?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b00586?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b00570?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b00570?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b00570?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.2c00464?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.2c00464?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.2c00464?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cej.2023.145273
https://doi.org/10.1016/j.cej.2023.145273
https://doi.org/10.2903/j.efsa.2023.8194
https://doi.org/10.2903/j.efsa.2023.8194
https://doi.org/10.2903/j.efsa.2023.8194
https://doi.org/10.1787/9789264070349-en?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1787/9789264070509-en?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1787/9789264070523-en?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1787/9789264070547-en?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1787/9789264070547-en?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenvironau.2c00024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenvironau.2c00024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1787/9789264016316-en?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1787/9789264016316-en?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c04158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c04158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aaa8415
https://doi.org/10.1126/science.aaa8415
https://doi.org/10.1021/acs.estlett.3c00537?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.estlett.3c00537?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c00125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Lusher, S. J.; Martone, M. E.; Mons, A.; Packer, A. L.; Persson, B.;
Rocca-Serra, P.; Roos, M.; van Schaik, R.; Sansone, S.-A.; Schultes, E.;
Sengstag, T.; Slater, T.; Strawn, G.; Swertz, M. A.; Thompson, M.;
van der Lei, J.; van Mulligen, E.; Velterop, J.; Waagmeester, A.;
Wittenburg, P.; Wolstencroft, K.; Zhao, J.; Mons, B. The FAIR
Guiding Principles for scientific data management and stewardship.
Scientific Data 2016, 3 (1), 160018.
(69) Schymanski, E. L.; Bolton, E. E. FAIRifying the exposome
journal: Templates for chemical structures and transformations.
Exposome 2021, 2 (1), osab006.
(70) Moseley, H. N. B.; Rocca-Serra, P.; Salek, R. M.; Arita, M.;
Schymanski, E. L. InChI Isotopologue and Isotopomer Specifications.
Research Square, 2023. DOI: 10.21203/rs.3.rs-3727054/v1 (accessed
2023-12-21).
(71) Comero, S.; Dalla Costa, S.; Cusinato, A.; Korytar, P.;
Kephalopoulos, S.; Bopp, S.; Gawlik, B. M. A conceptual data quality
framework for IPCHEM - The European Commission Information
Platform for chemical monitoring. TrAC Trends in Analytical
Chemistry 2020, 127, 115879.
(72) Ateia, M.; Sigmund, G.; Bentel, M. J.; Washington, J. W.; Lai,
A.; Merrill, N. H.; Wang, Z. Integrated data-driven cross-disciplinary
framework to prevent chemical water pollution. One Earth 2023, 6
(8), 952−963.
(73) Birch, H.; Hammershøj, R.; Mayer, P. Determining
Biodegradation Kinetics of Hydrocarbons at Low Concentrations:
Covering 5 and 9 Orders of Magnitude of Kow and Kaw. Environ. Sci.
Technol. 2018, 52 (4), 2143−2151.
(74) Escher, B. I.; Altenburger, R.; Blüher, M.; Colbourne, J. K.;
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