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degradation of different precursor species of
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Fenton has become one of the dominant technologies for the treatment of
recalcitrantly degradable wastewater. Fenton reaction inevitably generates
massive amounts of secondary dissolved organic matter (DOM). However, the
pathways and selectivity of reaction remain unclear when Fenton is applied in a
complex environmental system with different DOM molecules. Here, we
design five levels of Fenton reactions based on typical precursor monomers of
different DOM species and their stable isotope-labeled monomers combined
with actual DOM media. The molecular information of the Fenton-derived
DOM for all reactions is obtained based on ultra-high resolution mass spec-
trometry. The exact mass difference calculations demonstrate that Fenton
degrades eight DOM precursor species by different pathways. The temporal
gradient changes in the co-molecular characteristics of the Fenton-derived
DOM between individual monomer reactions and gradient mixed monomer
reactions confirm Fenton degradation selectivity toward eight DOM precursor
species. These findings may provide a theoretical basis for using the Fenton
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process in the targeted degradation of organics.

Fenton is one of the few engineered advanced oxidation processes for
the treatment of recalcitrantly degradable wastewater, e.g., landfill
leachate’. Recalcitrantly degradable wastewater is usually dominated
by diverse DOM species*>. DOM is mainly generated by microbial
metabolic processes* and can be classified into different species, e.g.,
lipids, proteins, lignins/carboxylic rich alicyclic molecule (CRAM)
organics, etc. °. In fact, DOM molecules in different DOM-rich media,
even in natural organic matter, are almost always the products of
diverse biotic and abiotic reactions of homologous monomers. The
structural properties of DOM molecules are very complex and media
specific, including the rich diversity of carbon skeleton structures
(quaternary carbons)® and functional groups, which often brings great
challenges to the study of specific compounds in actual DOM media’’.
The active substances in the Fenton system are very complex, con-
taining not only *OH with a strong oxidation potential, but also gen-
erating O, and even high valent Fe species (Fe(IV)), but the oxidation
potential of the latter are less than that of «OH™. Previous studies have

confirmed that the chain reactions initiated by Fenton in recalcitrantly
degradable wastewater produce a large number of secondary Fenton-
derived DOM molecules, which exhibit substantial differences at the
molecular level" ™. Therefore, the Fenton degradation efficiency of
different DOM molecules determines the abundance of secondary
Fenton-derived DOM species, which may pose ecological safety risks.
Although, existing studies still stopped at illustrating DOM degrada-
tion by Fenton as a whole, and did not dissect the degradation char-
acteristics of each DOM species, understanding the degradation
preference of Fenton is essential to precisely control DOM degradation
and support the development of affordable, eco-friendly, and highly
efficient technology. Thus, the degradation pathways and selectivity of
Fenton reaction on different DOM species must be determined.
Meanwhile, in terms of environmental and human risks, the tox-
icological properties of Fenton-derived DOM molecules generated by
Fenton system should be determined, but they have rarely been
reported to date.
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Conversely, Fenton-derived DOM molecules are characteristic
products of the Fenton reaction and may be the breakthrough in
detecting its reaction pathway and selectivity in complex mixed sys-
tems. Together with the support of stable isotope tracer techniques,
can further validate the results in actual complex media™*¢. In general,
the approach refers to characterizing the Fenton-derived DOM gen-
erated via Fenton reactions by ultra-high resolution mass spectro-
metry (UHRMS) in different environmental media, such as
wastewater™, oceans''®, etc. However, current studies have explained
the role of Fenton reaction mainly through the relative abundance of
DOM species visualized in a van Krevelen diagram (VKD), i.e., the space
formed by H/C and O/C"?°, which has gradually evolved from the
traditional five to eight species'®* . Since DOM substrates for the
Fenton reaction are mixed in the natural environment, such metho-
dology cannot supply direct evidence but simply provide tentative
indications of organic matter type, functional group, and molecular
weight based on correlation analysis''*". Furthermore, VKDs have a
large amount of overlapping molecular information as well as
boundary molecular information®, which inevitably leads to inaccurate
presumptions about Fenton selectivity. Moreover, the molecular
information obtained by UHRMS (C.H,O,N,Ss) clearly expresses the
reaction products of *OH and helps to infer its reaction pathway, which
can also well distinguish the interference of other active species.

To address the above challenge, an approach combining the
characteristics of top-down and bottom-up methodologies was
developed. Fifty-five typical homologous precursor monomers of dif-
ferent DOM species in complex DOM media were selected and sub-
jected to three types of reaction, namely, individual monomer
reaction, mixed monomer reaction, and gradient mixed monomer
reaction, including species and time gradients. The Fenton reaction
was provided by the classical homogeneous Fe(ll)/H,0, system. The
present study characterizes the Fenton-derived DOM molecules of
different DOM species based on individual monomer and mixed
monomer reactions using molecular information obtained by ultra-
high-performance liquid chromatography coupled with hybrid quad-
rupole Orbitrap mass spectrometry (UHPLC Orbitrap MS/MS). The
exact mass differences between the Fenton-derived DOM molecules
from the individual monomer reactions and monomers were com-
pared to explore the transformation pathways of different DOM spe-
cies and the toxicological properties of the Fenton-derived DOM
molecules. Meanwhile, unidirectional tracer and bidirectional tracer
reactions of stable isotope-labeled monomers and Fenton actives were
used to validate the transformation pathways of different DOM species
in actual complex media, i.e., Suwannee River natural organic matter
(SRNOM). The degradation selectivity of Fenton toward different DOM
species was explored using the co-molecular characteristics of the
DOM molecules derived from individual monomer reactions versus
those derived from gradient mixed monomer reactions, including
stable isotope monomers. The study findings provide a theoretical
basis for Fenton process, which may enhance the targeting of con-
taminants for removal and lead to fundamental optimization of
treatment processes and precise control.

Results and discussion

Fenton-derived DOM of different DOM species

Different DOM species in the individual monomer reaction had dif-
ferent dissolved organic carbon (DOC) concentrations after the Fenton
reaction, in which lipids, unsaturated hydrocarbons and aromatic
organics exhibited significantly lower abundance than other species
(p<0.0001, p<0.001, and p < 0.001, respectively) (Fig. 1a), mainly due
to their low water solubility (Supplementary Table 1). Supplementary
Fig. 1 showed the kinetic degradation profiles of DOC in all individual
monomer reactions. Among the highly water-soluble DOM species,
proteins, amino sugars, and lignins/CRAM organics exhibited a faster
kinetic decay than tannins and carbohydrates, which may indicate

differences in the degradation selectivity of the Fenton reaction.
However, for DOM species with low water solubility, the kinetic com-
petition did not exhibit any clear pattern. However, DOM molecules
derived from carbohydrates were present in significantly lower
amounts than other species (p <0.05) (Fig. 1b), suggesting possibly
that Fenton does not preferentially attack carbohydrates despite their
high hydrophilicity (log D(5.5)=-2.83 to -1.25) (Supplementary
Table 1). Notably, the number of vacancies in the benzene ring with
homologous groups and the occupation of electron-donating groups
(-OH) on the benzene ring directly determined the number of Fenton-
derived DOM molecules (Supplementary Fig. 2). For example, the
numbers of DOM molecules derived from catechol and phloroglucinol
(10 and 26, respectively) were much higher than that from pyrogallol
(5), which was mainly due to vacancies providing pathways for the
electrophilic addition of *OH and the three adjacent -OH groups of
pyrogallol (C (1, 2, 3)) forming three intramolecular hydrogen bonds,
thus creating directional barriers to the carbon-shielding effect that
stabilized the molecule®**.

The DOC concentrations in the mixed monomer reaction showed a
similar trend to those of the individual monomer reaction described
above. The kinetic degradation profiles of the mixed monomer reaction
in Supplementary Fig. 1 also further confirmed the corresponding
conclusion for the individual monomer reaction. Similarly, the differ-
ences in Fenton-derived DOM for the mixed monomer reaction were
comparable to the individual monomer reaction, with significantly
more DOM molecules from lipids, proteins, lignins/CRAM organics, and
aromatic organics than from the other species (p < 0.05). Unexpectedly,
the number of molecules derived from unsaturated hydrocarbons and
amino sugars was higher than that from tannins and carbohydrates
(p < 0.05), which clearly differed from the individual monomer reaction.

Subsequently, the molecular properties of the Fenton-derived
DOM were explored. The aromatic index (Al) and modified aromatic
index (Almnoq4) can reflect the proportion of heteroatoms in the derived
DOM molecules, which helps to indirectly infer the transformation
pathways. The results of the individual monomer reaction indicated
that the Al of Fenton-derived DOM from tannin and aromatic organics
was significantly higher than that of other species (p <0.05), and the
Alhoq showed the same trend. This finding implied that the DOM
derived from tannins have a low proportion of heteroatoms and strong
electronic delocalization (Fig. 2a)*. The mixed monomer reactions
showed similar results (Fig. 2b). The comparative analysis of the Al and
Aloq Of the monomers of different DOM species and their Fenton-
derived DOM molecules revealed that the Al or Al;,oq of DOM mole-
cules derived from all DOM species except unsaturated hydrocarbons
and aromatic organics were significantly higher than that of the
monomers themselves (p < 0.05), which implied that the monomers of
the majority of the DOM species have had their heteroatomic groups
removed or non-heteroatomic groups added in the Fenton reaction
(Fig. 2a, Supplementary Fig. 3 and Supplementary Table 2).

Redundancy analysis based on the mass-to-charge ratio (m/z) and
retention time (RT) of the Fenton-derived DOM of different species
from the mixed monomer reactions showed clear commonalities, e.g.,
lignins/CRAM organics and amino sugars, aromatic organics and
unsaturated hydrocarbons, proteins and tannins (Fig. 2¢). In addition,
the saturation and aromaticity of the Fenton-derived DOM molecules
were further categorized based on the VKD (Supplementary Method 1).
The Fenton-derived DOM did not contain saturated-like species but
rather highly unsaturated- and aromatic-like species, and even the
DOM derived from tannins, carbohydrates, and aromatic organics was
dominated by polycyclic aromatic-like species, which aptly explained
the distributional characteristics of Al and Al,,oq4 (Fig. 2d).

The above results suggested that differences in the degradation
pathways and degradation selectivity of Fenton for different DOM
species at the same reaction concentration were responsible for the
observed differences in the Fenton-derived DOM. In addition, unlike
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Fig. 1| DOC and numbers of Fenton-derived DOM molecules after individual
monomer reactions and mixed monomer reactions of different DOM species.
Monomers of different DOM species were used for the reactions (Supplementary
Table 1). The reaction duration was 60 min for both the individual monomer
reaction and the mixed monomer reaction. a The statistical results of the mean
effluent DOC from triplicate tests for individual monomer reactions for each DOM
species, where the DOC kinetic degradation changes of all reactions were shown in
Supplementary Fig. 1. The bar + data overlap plot shows the median (bar), whiskers
representing 1.5 x the interquartile range, and outliers as points beyond the whis-
kers. b The statistical results of the number of Fenton-derived DOM for individual
monomer reactions for each DOM species, where the results for each monomer
were shown in Supplementary Fig. 2. The bar + data overlap plot shows the median
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(bar), whiskers representing 1.5 x the interquartile range, and outliers as points
beyond the whiskers. The vertical axis represents absolute number. ¢ The effluent
DOC of mixed monomer reactions for each DOM species, where the results of
triplicate tests for DOC were shown. The bar + data overlap plot shows the mean
(bar), error bars representing standard deviation from triplicate tests. In addition,
the DOC kinetic degradation changes of all reactions were shown in Supplementary
Fig. 1. d The number of Fenton-derived DOM for mixed monomer reactions of each
DOM species. The symbols and bars represent the same values. The vertical axis
represents absolute number. The significant differences for statistical hypothesis
tests in all panels were labeled using the letter labeling method. The methods and p-
values for statistical hypothesis tests in all panels were shown in the Source

Data file.

the hypothesis of previous studies on Fenton reactions in recalcitrantly
degradable wastewater>”*, lignins/CRAM organics were not a key
source of the Fenton-derived DOM from the individual or mixed
monomer reaction. This was mainly due to the large number of low
molecular-weight organic acids, etc., in the complex system, which
greatly contributed to the degradation of lignins/CRAM organics by
Fenton.

Transformation pathways for DOM species
Fenton system not only catalyzes the production of «OH, but also
further produces superoxide radicals and tetravalent iron reactive

species. With the development of chemical probe technology, free
radical yields in advanced oxidation systems can be accurately
measured”*°. However, it has been clearly confirmed that *OH are
absolutely dominant in the Fenton system under the reaction condi-
tions of the present study, i.e., pH =3, and that other radicals can be
neglected®*2. Moreover, UHRMS can easily capture the molecular
information of «OH oxidation products®***=%, Therefore, the transfor-
mation pathway of DOM in Fenton system was analyzed based on «OH.
Currently, UHRMS combined with exact mass difference calculations
can accurately capture derived DOM molecules that undergo only
zero-order reactions, but derived DOM molecules involved in
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Fig. 2 | Molecular properties of Fenton-derived DOM for Fenton reactions of
different DOM species. a Al and Al,,,oq statistics for individual monomer reaction
(peak-weighted averages), where Aly,oq is the modification of Al based on the
weights of the oxygen atoms, by toning down the weights of the oxygen atoms
(from 1 to 0.5) to more closely match the actual contribution of the heterocyclic
conjugated structure. The bar + data overlap plot shows the median (bar), whiskers
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representing 1.5 x the interquartile range, outliers as points beyond the whiskers
and the connecting lines between the Al and Al,,,oq4 data points representing the
same individual monomer reaction. b Al and Al,,,oq for mixed monomer reaction
(peak-weighted averages). ¢ Redundancy analysis based on Fenton-derived DOM
molecular information. d Relative abundance of saturation and aromaticity classi-
fication of Fenton-derived DOM.

subsequent reactions cannot be captured. Twenty-eight zero-order
reaction pathways of 55 monomers in the Fenton reaction system were
employed to screen the transformation pathways for the Fenton-
derived DOM***, including six major categories, namely, dealkylation,
oxygen addition, reactions of carboxylic acid, amine, and sulfate, and
other reactions (Fig. 3). The transformation pathways of the Fenton-
derived DOM were screened based on exact mass difference, see
Supplementary Method 1 for details.

Specifically, dehydrogenation (-H,) of lipids was dominant, with
the H extraction reaction rate from C-H bonds >10*M™s™°, while
oxygen addition via direct electrophilic additive (+ OH), hydration
(+ H,0), dihydroxylation (+ 20), and methyl to carboxylic acid reaction
(-H, + O,) were the other main reaction pathways, with -H, + O, being
the cause of dehydrocarbon reactions. Amine reactions were advan-
tageous for proteins degradation, especially the oxidative displace-
ment of amine (-NH, + OH) and ammonia elimination (-NH; + O), due

to H on -N functional groups being more likely to donate electrons to
*OH for extraction®. In addition, protein monomers that contained N
and S underwent several types of amine reactions but not sulfate
reactions, implying that «OH attacked -N functional groups in pre-
ference to -S functional groups**2. Tannins, due to their benzene ring
as well as their abundance of hydroxyl groups (-OH), gave active sites
to *OH, which tended to remove alkyl (-C,H,) or carboxylic acids
(-CO) as a whole. Unsaturated hydrocarbons had more C=C bond
sites for OH addition and were less interfered with by electron-
withdrawing groups, making it easier to convert methyl to alcohol
(-CH,+0) when *OH addition occurred***’. Since lignins/CRAM
organics contain large numbers of unsaturated C =C bonds as well as
electron-donating alkyl groups on their benzene or alicyclic rings, they
were highly susceptible to oxygen addition (dihydroxylation (+ H,0,)
and direct electrophilic additive (+ OH)) by «OH, with reaction rates
>10°mol™-dm*s™ **** and methyl were ultimately derivatized to
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Fig. 3 | Fenton-derived DOM transformation pathways for Fenton (*OH) distribution of transformation pathway subtypes for different DOM species. The

degradation of different DOM species. Transformation pathways were calculated  bar + data overlap plot shows the median (bar), whiskers representing 1.5 x the
based on the exact mass difference between Fenton-derived DOM molecules and interquartile range, outliers as points beyond the whiskers. The axis in all panels
corresponding monomers for individual monomer reactions of different DOM represents absolute number. The methods and p-values for statistical hypothesis
species. a The number of subtype types in the transformation pathway broad tests in all panels were shown in the Source Data file.

categories. b The distribution of transformation pathway subtypes. ¢ The statistical

alcohol (-CH, + 0). A smaller number of pathways were identified for  electron-dense benzene rings or double bonds, etc., and, therefore,
carbohydrates, probably due to the fact that their abundance of were less susceptible to attack by «OH. A small number of pathways
strongly electron-donating hydroxyl groups formed a stable structure  included dehydrocarbon, oxygen addition, and hydrogenation. OH
by hydrogen bonding to each other and there were virtually no degradation of aromatic organic monomers was dominated by the
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dehydrocarbon reactions (p < 0.05), mainly due to the effects of strong
1-bonds on the benzene ring and electron delocalization domains®’,
resulting in a-H on the methyl group being the first to be abstracted by
*OH and thus the alkyl group being detached**°. Similarly, amino
sugars were more inclined to be attacked by *OH via dehydrocarbon
reactions (p<0.05), probably due to the strong electron-donating
groups -NH and -NH, on the benzene ring exacerbating the OH
abstraction of the H on the alkyl group***",

In addition, canonical correlation analysis was performed on the
transformation pathways of the Fenton reactions of different DOM
species with their own physicochemical properties (Fig. 4). Oxygen
addition, dehydrocarbon, reaction of carboxylic acid and reaction of
amine were closely related to the physicochemical properties of the
compounds themselves, with hydroxylation (+O) and Ilow
molecular-weight dehydrocarbon reactions (-CH,, —C,H,) strongly
correlated with log K,, and K.oy. This finding implied that the above
pathways had strong transmedia consistency, i.e., the structural
properties of the organic molecules themselves determined their
reactivity with +OH***>*, The reactions responsible for functional
group transformations, e.g., methyl to carboxylic acid (-H,+0,),
alcohol to carboxylic acid (-H, + 0), and carboxylic acid reaction (-CO,
-CH,0, -CO,), were strongly correlated with log D(5.5) and log D(7.4),
which implied that the abovementioned Fenton reactions and its
selectivity were largely determined by the dissociation and partition-
ing properties of the compounds in the aqueous phase*>***°. In addi-
tion, the molecular property indexes H/C made a large contribution to
whether «OH underwent direct electrophilic addition. O/C showed a
strong correlation with multiple oxygen addition reaction pathways.
There was little correlation between amine reactions and the physi-
cochemical properties of the compounds, which may imply that the
structural properties of the compounds themselves, e.g., the -N
functional groups, determined reaction with +OH>. However, the
double bond equivalent (DBE) was closely related to the combination
of amine reactions with electrophilic addition by *OH (-NH3, -NH; + O,
-NH, + OH), implying that the presence of amino groups on the
unsaturated bond made the molecules susceptible to «OH addition®’.

Validating transformation pathways of DOM species in SRNOM
In order to validate the transformation pathways of Fenton («OH)
degradation of different DOM species in actual complex media, this
study further mined comprehensively through stable isotope uni-
directional tracer reactions (Fenton +8“C/6D-monomers+SRNOM)
and bidirectional tracer reactions (+OD +&"C/8D-monomers +
SRNOM) in natural organic matter (SRNOM). Both unidirectional tra-
cer reactions and bidirectional tracer reactions added 1-5 §“C/6D-
monomers of eight DOM species to SRNOM as their tracers (Supple-
mentary Table 3), and set up Fenton and -OD reactions of SRNOM
without stable isotope-labeled monomers as control subjects (tripli-
cate parallel reactions), respectively. When performing the transfor-
mation pathway calculations, the DOM molecular information derived
from the above control subjects was deducted, and the remaining
DOM molecular information was considered to be that derived from
stable isotope-labeled monomers (§C/8D-Fenton derived DOM) and
used as the typical molecular information derived from the corre-
sponding DOM species. The transformation pathway calculations took
into account the case of «OD addition reactions and reactions involving
BC in the §*C-monomers, where the exact mass of 8D was 2.014102
and the exact mass of §°C was 13.003355.

Figure 5 showed the results of the transformation pathways of
different DOM species during the degradation of SRNOM by Fenton
(Fig. 5a, b) and «OD (Fig. 5c, d), respectively. The results of the Fenton-
derived DOM molecular transformation pathway for different DOM
species were highly consistent in both tracer reactions and showed a
high degree of similarity to the results of the monomer reactions.
Similar to the monomer reactions, both unidirectional and

bidirectional tracer reactions showed that dehydrogenation (-H,) and
oxygen addition reactions of lipids were the more identified reaction
pathways, while dehydrocarbon (-C,H,4, ~C3He) and reaction of car-
boxylic acid (-CH,0) were also identified, which were mainly attrib-
uted to the overall detachment of the alkyl, carboxyl and carbonyl
groups of lipids when they were attacked by the H-abstraction of *OH
due to the interference of the neighboring electron-withdrawing
groups*’. The amine reaction of proteins was more dominant in both
tracer reactions than in the monomer reactions, especially in the
bidirectional tracer reactions (p <0.05). Unlike the monomer reac-
tions, proteins were identified with more sulfate reactions, especially
desulfhydryl group (-S) and oxidative displacement of sulfhydryl
(-=SH + OH), in both tracer reactions of SRNOM. The fact that proteins
are rich in -S functional groups and the sulfate reaction in SRNOM
were identified by the probe not only demonstrated the effectiveness
of stable isotope probes but also the preference of *OH for attacking
molecules with strong electron-donating groups, such as -S and -N
functional groups*~’. In addition to the highest abundance oxygen
addition reactions, lignins/CRAM organics was also identified with
high abundance of dehydrocarbon, dehydrogenation as well as oxi-
dative methyl to alcohol in both tracer reactions as compared to the
monomer reactions. This may be due to the molecular diversity of
lignins/CRAM organics in SRNOM and its structural diversity. Because
these organics contain not only strong electron-withdrawing groups
such as carboxyl groups but also electron-donating groups such as
hydroxyl groups, which makes the electron density susceptible to
interference of other substance molecules**** In addition, the results
of the transformation pathways of tannins, unsaturated hydrocarbons,
aromatic organics, and amino sugars in the two tracer reactions were
consistent with the monomer reactions. Unlike the monomer reac-
tions, carbohydrates in the two tracer reactions showed a preference
for its transformation pathway, which was dominated by dehy-
drocarbon (-CH,) and dehydration(-H,0). It was mainly due to the
fact that the molecular conformation of carbohydrates in complex
media changes, exposing more reactive reaction sites (hydroxyl
group)®, which increases their attack by «OH.

Selectivity of Fenton degradation of DOM species

The preference of Fenton reaction to degrade different DOM species in
complex systems was difficult to draw definitive conclusions from
existing analytical methods, whether VKD or density functional theory.
Due to the limitation of solvent effects, the traditional kinetic com-
petition is not applicable to the study of degradation selectivity of
DOM species with different water solubilities in the aqueous phase.
However, theoretical chemical studies have been carried out to con-
firm that the selectivity of *OH in the aqueous phase is mainly deter-
mined by the structural properties of the organics themselves, e.g.,
linear free energy relationships®*~°. In this study, the molecular infor-
mation of Fenton-derived DOM, a characteristic product of the Fenton
reaction, was used to infer the degradation selectivity and preference
of Fenton. The Fenton-derived DOM molecular information for the
gradient mixed monomer reactions was compared and screened
against the Fenton-derived DOM molecular information for the cor-
responding individual monomer reactions to obtain the same mole-
cular information (co-molecular characteristics). In this study, stable
isotope tracing was further utilized to excavate the co-molecular
characteristics of the 6°C/6D-containing Fenton-derived DOM mole-
cular information of the gradient mixed monomer reaction and the
corresponding individual monomer reactions to confirm the accuracy
of the results.

The DOC concentrations for the seven gradients of Fenton reac-
tions decreased with time and then stabilized (Supplementary Fig. 4).
In addition, Al and Al,,q of the Fenton-derived DOM gradually
increased over time in the seven gradients of the Fenton reaction,
especially the gradients with more species (Supplementary Fig. 5). This
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Fig. 4 | Canonical correlation analysis of the physicochemical properties of
different DOM species of monomers in Fenton reaction and their transfor-
mation pathways. The transformation pathway was the weighted average of its

identified abundance in different DOM species and its exact mass. The physico-
chemical properties of the monomers of different DOM species were shown in
Supplementary Table 1.

finding implied a gradual decrease in the proportion of heteroatoms in
Fenton-derived DOM molecules”, which was closely related to the
aforementioned attack pathway of <OH.

Further, the identification of Fenton-derived DOM molecular
characteristics common to individual monomer reactions in gradient
mixed monomer reactions enabled the reaction selectivity to be
determined from the change in their number over the temporal gra-
dient. In addition, the accuracy of determining Fenton selectivity using
changes in the time gradient of the co-molecular characteristics
described above was further confirmed by stable isotope tracer tech-
niques. The results indicated that Fenton degradation of proteins was
preferred over that of carbohydrates (Fig. 6a) owing to the fact that
both were rich in hydroxyl and amino groups, respectively, but the
amino group had a stronger electron-donating ability than the
hydroxyl group, while the «OH prefers to be the first to attack the
strong electron-donating group®. The results for §°C/8D-containing
Fenton-derived DOM molecules verified the accuracy of the above
results (Fig. 6b). When unsaturated hydrocarbons were present in the
reaction system, its reaction priority and that of proteins was higher
than that of carbohydrates (Fig. 6a). The results of §C/8D-containing
Fenton-derived DOM molecules further confirmed that the reaction
priority of unsaturated hydrocarbons was higher than that of proteins
(Fig. 6b). This is mainly due to the near-diffusive oxygen addition (tri-
hydroxylation (+30)) rate of *OH to the C=C bonds of unsaturated
hydrocarbons (>10°mol™dm*s™) with less interference from
electron-withdrawing groups*®**. Then, when lipids were introduced
into the reaction system, both Fenton-derived DOM and &C/8D-
containing Fenton-derived DOM confirmed that the reaction priority
of unsaturated hydrocarbons, lipids and proteins was higher than that
of carbohydrates (Fig. 6a, b). When tannins were present in the Fenton
reaction system, the <OH degradation preference for unsaturated
hydrocarbons, lipids and proteins remained higher priority than that
for carbohydrates and tannins (Fig. 6a, b). When amino sugars

intervened in the Fenton reaction system, both Fenton-derived DOM
molecular characteristics and §“C/6D-containing Fenton-derived
DOM molecular characteristics revealed that the reaction priority of
unsaturated hydrocarbons, proteins, lipids, and amino sugars was
higher than carbohydrates and tannins, meanwhile, the Fenton-
derived DOM molecular characteristics revealed that the OH degra-
dation preference for tannins exhibited a higher priority than carbo-
hydrates (Fig. 6a, b). This is mainly due to the fact that tannins contain
ti-electron cloud-rich benzene rings with high electron density com-
pared to carbohydrates, whereas *OH is strongly electrophilic and it
attacks tannins preferentially**°°*, Figure 6a further showed that
when lignins/CRAM organics intervened in the reaction system,
unsaturated hydrocarbons, proteins, lipids, amino sugars and lignins/
CRAM organics have a higher reaction priority than tannins and car-
bohydrates, and the results of the §°C/8D-containing Fenton-derived
DOM molecular information further revealed that lignins/CRAM
organics had a lower reaction priority than unsaturated hydrocarbons,
proteins, lipids, and amino sugars but a higher priority than tannins
and carbohydrates. This is mainly due to the carboxyl group (-COOH),
a strong electron-withdrawing substituents in lignins/CRAM organics,
which is not easily attacked by *OH as compared to amino, hydroxyl
and other electron-donating substituents in proteins and amino
sugars*®, However, the presence of -COOH will make the neighboring
C-H bond become more active, and the multi-hydroxyl structure of
tannin, especially the ortho and neighboring hydroxyl groups will form
a conjugation effect®, which makes the tannins less susceptible to
attack. When species pertaining to the eight species were present, *OH
further demonstrated its potential to selectively attack different DOM
species. Unsaturated hydrocarbons, proteins, lipids, amino sugars and
lignins/CRAM organics showed a higher reaction preference than
aromatic organics, tannins and carbohydrates, whereas the degrada-
tion preference of +OH for aromatic organics was prioritized over
tannins and carbohydrates (Fig. 6a). The 6§°C/6D-containing Fenton-
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O provides a high active site, the conjugation effect dis-

though C

derived DOM molecule confirmed these results (Fig. 6b). Aromatic

Thus, this explains the degradation

organics contain abundant fused benzene rings and benzo-fused ring  perses the electron density of its®’.

systems, even though they have high electron densities, they are prone

priority of aromatic organics among different DOM species. In sum-
mary, the selectivity of Fenton degradation on different DOM species

to make the m-electron cloud to produce conjugation effects, or even

to form a rigid structure®®°°, which is not easily attacked preferentially ~was roughly in the following order: unsaturated hydrocarbons>

by *OH, e.g., fluorenone is a typical benzo-fused ring systems and

contains carbonyl group (C

proteins >amino sugars > lignins/CRAM organics > aromatic

lipids

organics > tannins > carbohydrates.

0) with a high electron density, and even
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Fig. 5 | Transformation pathways of different DOM species in unidirectional
tracer reactions and bidirectional tracer reactions of SRNOM. Unidirectional
tracer reactions: Fenton + §°C/8D-monomers + SRNOM; Bidirectional tracer reac-
tions: *OD + §C/8D-monomers + SRNOM. Transformation pathways were calcu-
lated based on the exact mass difference between Fenton-derived DOM molecules
and corresponding 8“C/8D-monomers for different DOM species. The transfor-
mation pathway calculations took into account the case of «OD addition reactions
and reactions involving 2C in the §*C-monomers, where the exact mass of 8D was
2.014102 and the exact mass of 6°C was 13.003355. a The distribution of trans-
formation pathway subtypes in the unidirectional tracer reactions. b The statistical

distribution of transformation pathway subtypes for different DOM species in the
unidirectional tracer reactions. The bar + data overlap plot shows the median (bar),
whiskers representing 1.5 x the interquartile range, outliers as points beyond the
whiskers. ¢ The distribution of transformation pathway subtypes in the bidirec-
tional tracer reactions. d The statistical distribution of transformation pathway
subtypes for different DOM species in the bidirectional tracer reactions. The
bar + data overlap plot shows the median (bar), whiskers representing 1.5 x the
interquartile range, outliers as points beyond the whiskers. The axis in all panels
represents absolute number. The methods and p-values for statistical hypothesis
tests in all panels were shown in the Source Data file.
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Fig. 6 | Number of co-molecular characteristics of derived DOM from Fenton
degradation of different DOM species in the gradient mixed monomer reac-
tions versus individual monomer reactions. a The co-molecular characteristics of
Fenton-derived DOM in the gradient mixed monomer reactions versus individual
monomer reactions. b The co-molecular characteristics of stable isotope-
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containing Fenton-derived DOM (8"C and 8D) in the gradient mixed monomer
reactions versus individual monomer reactions. In order to visualize the differ-
ences, nonequally-spaced time points in the horizontal coordinate were presented
in equal proportions. The vertical axis in all panels represents absolute number.

Toxicological properties of Fenton-derived DOM molecules

Fenton have been shown to derive large numbers of DOM molecules.
The toxicological properties of the Fenton-derived DOM molecules of
different species origins warrant more attention to support the tar-
geted removal of DOM species. The toxicological properties of the
Fenton-derived DOM molecules in the identified transformation
pathways (Supplementary Table 4) were further explored and classi-
fied via in vitro and in vivo assays. The in vitro data of Tox2110 K, which
are based on quantitative high-throughput screening (qQHTS) of pre-
dicted chemical responses in humans based on their activity profiles
and gene symbol hits, were employed in this classification®***. The
starting concentration range for in vitro qHTS of the Fenton-derived
DOM molecules was 0.016-69,830.4 pg-L™ (half-maximal activity
concentration, ACso, Supplementary Table 5). In comparison, the

reported concentrations of DOM molecules in organic wastewater
(pharmaceutical wastewater, landfill leachate, industrial wastewater,
etc.) after Fenton process, used either as a pretreatment, deep treat-
ment, or full flow, were within or even much higher than this range
(above mg:L" level)*>*°. The relative abundance of DOM molecules
derived from lipids and aromatic organics with identified in vitro
toxicity endpoints was significantly higher (p <0.05) than that from
other species, with hit rates as high as 29.76% and 93.19% in the activity
assay, respectively (Fig. 7a, b and Supplementary Table 5). In addition,
the variety of Tox21 10 K gene symbol hits for DOM molecules derived
from lipids and aromatic organics was higher than that of the other
species, implying a broader pathway for their attack on human genes.
Notably, the DOM molecules derived from amino sugars were not
screened in the in vitro qHTS assays. The highest numbers of gene
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Fig. 7 | Results of environmental and human risk assessment of Fenton-derived
DOM molecules from different DOM species degraded by Fenton. a Relative
abundance of derived DOM molecules that identified in vitro toxicity endpoints
(red square scatters) and their proportion of all in vitro toxicity assays that hit
toxicity endpoints (blue circular scatters). The median (center lines), 1.5 x the
interquartile range (whiskers), and outliers (points beyond the whiskers) for the
blue circular scatters are shown synchronously in the panel. b Numbers of types of
gene symbol hits in Tox2110 K activity assays. The bar + data overlap plot shows the
median (bar), whiskers representing 1.5 x the interquartile range, outliers as points
beyond the whiskers. The vertical axis represents absolute number. ¢ Different
kinds of gene symbol hits in Tox21 10 K activity assays, where only gene symbols

with more than two hits for derived DOM molecules in each DOM species were
shown. All gene hit symbols and number of hits were shown in Supplementary
Table 6. The small bars in the stacked bars represent the median and the whiskers at
the top of each small bar represent 1.5 x the interquartile range. The vertical axis
represents absolute number. d In vivo assay data including bioaccumulation factor,
fish biotransformation days, and biodegradation half-life days. The bar + data
overlap plot shows the median (bar), whiskers representing 1.5 x the interquartile
range, outliers as points beyond the whiskers. The methods and p-values for sta-
tistical hypothesis tests of biodegradation half-life days for different DOM species
were shown in the Source Data file.

symbol hits (Tox21 10 K) for different species of Fenton-derived DOM
molecules were androgen receptor, estrogen receptor 1, estrogen
receptor 2, estrogen related receptor o, and progesterone receptor
(Fig. 7c and Supplementary Table 6). In addition, the results of the
above in vitro assays were combined with in vivo assay results and
environmental properties. The bioaccumulation factors of DOM
molecules derived from lipids, tannins, and aromatic organics were
higher than those of other species, and the biodegradation half-life
days of DOM molecules derived from lipids was significantly higher
than that from other species (p<0.05), which implied that these
molecules had higher environmental accumulation properties and
higher risk of human intake (Fig. 7d and Supplementary Table 5). Fish

biotransformation days of Fenton-derived DOM molecules from dif-
ferent DOM species did not show statistical differences. Unexpectedly,
DOM molecules derived from amino sugars possessed high bioaccu-
mulation factors, but the hit gene symbols were not identified in the
in vitro qHTS assays. Overall, DOM molecules derived from lipids and
aromatic organics posed high environmental and human risks.

In addition, this study further mined the in vitro and in vivo assay
toxicity data of monomers of different DOM species (Supplementary
Fig. 6 and Supplementary Tables 7 and 8) and comparatively analyzed
the changes in toxicity properties of monomers and derived DOM
molecules before and after Fenton reaction. There were no in vitro
qHTS assay data identified for all monomers of lignins/CRAM organics
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(Supplementary Fig. 6 and Supplementary Tables 7 and 8). The Fenton-
derived DOM molecules of all DOM species except lipids, lignins/
CRAM organics and aromatic organics had fewer hit gene symbol types
than their corresponding monomers (Fig. 7c and Supplementary
Fig. 6), which implied that the bioactivity of all DOM species except
lipids, lignins/CRAM organics and aromatic organics was decreased
after Fenton reaction. As far as the in vivo assay data were concerned,
the bioaccumulation factors of the Fenton-derived DOM molecules of
the proteins were significantly higher than those of their monomers
(p <0.01, Supplementary Fig. 7), while, at the same time, the predicted
LCso of fathead minnow was significantly lower than that of their
monomers (p<0.01, Supplementary Fig. 7). Fenton-derived DOM
molecules of tannins had significantly higher fish biotransformation
days than their monomers (p < 0.05, Supplementary Fig. 7). The results
of the above in vivo assays indicated that the toxicity of the Fenton-
derived DOM molecules of proteins and tannins was significantly
higher than that of the corresponding monomers. In addition, the
predicted LCsq of fathead minnow of the Fenton-derived DOM mole-
cules of lipids was significantly higher than that of their monomers
(p<0.05, Supplementary Fig. 7), and the fish biotransformation days
of the Fenton-derived DOM molecules of aromatic organics were sig-
nificantly lower than that of their monomers (p < 0.05, Supplementary
Fig. 7). However, there were no statistically significant differences in
the in vitro experimental data before and after the Fenton reaction for
the lipids and aromatic organics, and their Fenton-derived DOM
molecules had more hit gene type and number than the other DOM
species. The above results implied that although the toxicity of lipids
and aromatic organics decreased after the Fenton reaction, the toxicity
of their Fenton-derived DOM molecules remained at high levels. The
biodegradation half-life days of all DOM species were not significantly
different before and after the Fenton reaction (Supplementary Fig. 7).
Overall, the toxicity of proteins and tannins increased after the Fenton
reaction, while the toxicity of lipids and aromatic organics remained
significant and should not be overlooked.

Limitations and future developments

This study successfully utilized Fenton-derived DOM molecules as a
mixed blessing to comprehensively identify the pathways and selec-
tivity of Fenton degradation on different DOM species. The use of
typical precursor monomers of different DOM species in actual media
may be the first step towards making the “black-box model” trans-
parent. However, the analysis of the transformation pathways and
selectivity of Fenton degradation of different DOM species was only
based on *OH, and whether the subsequent generation of unspecified
reactive substances, such as O,~, by the Fenton chain reaction would
interfere with the above transformation pathways and selectivity still
needs to be further investigated. Currently, UHRMS combined with
exact mass difference can only calculate the transformation pathways
of Fenton-derived DOM molecules that undergo the zero-order reac-
tion and do not participate in the subsequent chain reaction, which is a
small number of Fenton-derived DOM molecules. In contrast, most of
the Fenton-derived DOM molecules participated in the subsequent
chain reaction and their multistage transformation pathways could not
be recognized. Further, the effect of possible environmental factors in
the actual DOM media, e.g., pH, salinity, etc., on the conclusions of the
Fenton pathway and selectivity in this study should be verified in the
future. In addition, the toxicological properties of the Fenton-derived
DOM molecules were analyzed statistically only based on a large
amount of data from Tox21 10 K, and subsequent in vivo and in vitro
experiments are still required for validation.

Methods
Monomers
The different DOM species included eight species, namely lipids,
proteins, lignins/CRAM organics, tannins, unsaturated hydrocarbons,

carbohydrates, aromatic organics, amino sugars>'*?. In this study,
5-10 monomers were selected for each DOM species, specifically 10
lipids, 8 proteins, 7 tannins, 6 each of lignins/CRAM organics, unsa-
turated hydrocarbons, carbohydrates, aromatic organics, and amino
sugars. All of the above monomers are typical homologous precursors
of different DOM species in natural organic matter or anthropogenic
DOM-rich media. All the monomers were purchased from Shanghai
Macklin Biochemical Co., Ltd. and Shanghai Aladdin Biochemical
Technology Co., Ltd. Their basic physical and chemical properties
were shown in Supplementary Table 1. In addition, to verify the path-
ways and selectivity of the Fenton reaction in mixed monomers or
complex media, this study selected 1-5 stable isotope-labeled mono-
mers (labeled with either §C or 6D) corresponding to the monomers
of eight DOM species mentioned above for tracing. The stable isotope-
labeled monomers were purchased from Sigma-Aldrich, USA and
MedChemExpress, USA with stable isotope purity >98 %, details of
which were provided in Supplementary Table 3.

Experimental procedures

Monomer reactions. The Fenton reaction was carried out using the
most classical homogeneous system of FeSO, and H,0,, and the
specific operation procedure was shown in Supplementary Method 2.
Three groups of experiments with DOM species were investigated,
including: (i) Individual monomer reaction: 55 typical precursor
monomers pertaining to eight DOM species were individually sub-
jected to the Fenton reaction, with an initial addition amount of
1000 mg/L for each monomer. The ratio of the mass concentration of
the H,0, to the monomers and the ratio of the molar concentration
of H,0, to Fe*" were 1.5:1 and 5:1, respectively. In order to be able to
accurately mine the degradation pathways and selectivity of Fenton
through the molecular characterization of Fenton-derived DOM as
much as possible, the dosage of this Fenton agent was significantly
lower than the optimal values of the previous studies”. Both FeSO,
and H,0, were dosed once at the beginning of the reaction. The total
duration of all the reactions was 60 min, and eight time gradient of
samples were taken for each reaction process for the study of kinetic
degradation changes, including 1, 5, 10, 15, 20, 25, 30, and 3600 s. (ii)
Mixed monomer reaction: The monomers of each species were
mixed to carry out the Fenton reaction separately. The monomers of
each DOM species were mixed in equal amounts in mass to ensure
that the total amount for initial addition remained at 1000 mg/L. The
reaction conditions, such as the proportion of Fenton chemical
dosage (FeSO, and H,0,), reaction time, chemicals dosage time, and
eight time gradient samples collection times were kept consistent
with individual monomer reaction. (iii) Gradient mixed monomer
reaction: Five monomers were selected for each DOM species for
gradient experiments. One to five corresponding stable isotope-
labeled monomers were also added to the five monomers of each
DOM for Fenton-selectivity tracking and validation. The monomers
and corresponding stable isotope-labeled monomers selected for the
eight DOM species were shown in Supplementary Tables 3 and 9,
respectively. The specific experimental operations were categorized
as (1) carbohydrates+proteins; (2) carbohydrates + proteins +
unsaturated  hydrocarbons;  (3)  carbohydrates + proteins +
unsaturated hydrocarbons + lipids; (4) carbohydrates + proteins +
unsaturated hydrocarbons + lipids + tannins; (5) carbohydrates +
proteins + unsaturated hydrocarbons + lipids + tannins + amino
sugars; (6) carbohydrates + proteins + unsaturated hydrocarbons +
lipids + tannins + amino sugars + lignins/CRAM organics; (7) carbo-
hydrates + proteins + unsaturated hydrocarbons + lipids + tannins +
amino sugars + lignins/CRAM organics + aromatic organics. In order
to capture as much of Fenton’s zero-order response as possible, we
performed intensive sampling within the first 30 s immediately after
the addition of H,0,, with a time gradient included: 1, 5, 10, 15, 20,
2555, 30, and 3600 s. The starting addition of each monomer in each
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gradient reaction was 100 mg-L?, including 1 mg-L" of the corre-
sponding 1-5 stable isotope-labeled monomer, respectively. There-
fore, the dosage of the Fenton chemicals (FeSO4 and H,0,) in each
gradient reaction was increased with the increase of the starting total
addition. Other reaction conditions, such as the proportion of Fen-
ton chemical dosage (FeSO, and H,0,), reaction time, and chemicals
dosage time were kept consistent with individual monomer reaction.
All of the above reactions were down in single batch as the purity of
the monomers were all above 99%. A sample of 0.1 mL on the time
gradient was immediately added to 50 mL of ultrapure water (H,O,
Milli-Q, 218 MQ cm) for substantial dilution to quench the Fenton
reaction. These operations were performed in order to immediately
quench Fenton reaction in the absence of scavengers, as the addition
of scavengers would have greatly affected the analysis of the Fenton-
derived DOM molecules.

Unidirectional tracer reactions in SRNOM. To further validate the
pathway and selectivity of Fenton degradation of actual complex
media, we further designed 9 sets of Fenton experiments using
SRNOM (2R101N, International Humic Substances Society) as the
media, while adding 1-5 stable isotope monomers of each of the eight
DOM species for tracing (Supplementary Table 3). The starting con-
centration of SRNOM for each set of experiments was 1000 mg:L™
(566 +12 mg C-L™), including 10 mg-L™ of each stable isotope mono-
mer (Supplementary Table 3). The addition proportion of Fenton
reagents (FeSO,4 and H,0,), the dosing time, the reaction duration, and
the procedure were consistent with those of the monomer reaction
described above. A sample of 0.1 mL was added to 50 mL of ultrapure
water (H,O, Milli-Q, 218 MQ cm) for substantial dilution immediately
after the Fenton reaction to quench the Fenton reaction. The
specific experimental procedures were described in Supplementary
Method 3.

Bidirectional tracer reactions in SRNOM. Although UHRMS is able to
capture *OH-derived DOM molecules in the Fenton system, this study
further attempted to validate the Fenton degradation pathway and
selectivity of actual complex media by bidirectional tracing through
the stable isotopes of «OH and the stable isotopes of different DOM
species. The stable isotope of *OH, -OD, was produced by deep UV
excitation of D,0% (>99.95 atom % D, Sigma-Aldrich, USA). Deep UV
was provided by a photochemical reactor (AF3, Shanghai 3S Tech-
nology Co., Ltd.) equipped with a UV lamp of A = 254 nm with a power
of 15W and an optical density of 0.58 mW-(cm?)™. The above photo-
chemical reaction parameters are close to the typical range demon-
strated in excited radical reaction studies (optical density:
0.2-0.51 mW-(cm?) )¢5, The photochemical reactor was equipped
with a 6 mL quartz reaction dish with a surface-to-volume ratio of
0.29 cm*(cm?®)”, which is within the range of typical values
(0.21-0.88 cm*(cm?™) in photochemical reaction studies®”°. Con-
sistent with the nine sets of unidirectional tracer experiments for
SRNOM degradation by Fenton described above, nine sets of bidirec-
tional tracer experiments were also set up, with the starting con-
centration of SRNOM of 1000 mg/L (566 +12mgC-L™), including
10 mg-L™ of each stable isotope monomer (Supplementary Table 3). In
order to capture the zero-order reaction as much as possible, the
duration of UV radiation was only 12 h. Immediately after the reaction,
a sample of 0.1 mL was added to 50 mL of ultrapure water (H,O, Milli-
Q, 218 MQ cm) and diluted heavily to quench the free radical reaction.
The specific procedures for the 9 sets of bidirectional tracer experi-
ments were described in Supplementary Method 3.

Basic physicochemical properties

DOC was measured in all end-of-reaction and process samples. Each
sample was measured in triplicate. The detailed measurement method
and procedure were shown in the Supplementary Method 4.

Fenton-derived DOM analysis and data mining

All the solid phase extraction (SPE) pretreatment of the Fenton
reaction effluents as well as the UHPLC Orbitrap MS/MS (Thermo
Fisher Scientific, Inc., USA) testing procedures’® were described in
detail in Supplementary Methods 5 and 6. The purpose of SPE was
to remove inorganic salts thereby preventing the risk of column
clogging. Mass spectra in the positive ion mode (ESI(+)) were
acquired as long as it was due to the fact that a large number of
previous studies by ourselves as well as by others confirmed that
ESI(+) was able to recognize far more mass spectral information
and molecular information than ESI(-)"*"*7. In order to accu-
rately identify the stable isotope information of DOM molecules,
the following customized data pipeline was used for mass spec-
trometry data analysis in this study: (1) RAW data were converted
to mzXML data format by ProteoWizard MSConvertGUI
software’; (2) peak picking was performed by the R code
enviPick®® in the RStudio environment (v2023.12.0), which was
parameterized as described in Supplementary Method 1; and
(3) assignment of molecular formulas and accurate identification
of isotope peaks were performed by the R code MFAssignR*’”
in the RStudio environment (v2023.12.0). The molecular
formula  assignment  criteria for ~ MFAssignR  were:
2C,5_50'H2-100"°00-30"*No_2*So_1'. Samples to which stable isotope
monomers were added were screened twice using the *C isotope
filtration function to obtain molecular information about mole-
cules containing BC in their molecular formulas, including the
exact mass, retention time, and intensity of C. In addition, the
identification range of D was set to 0<D<20 based on the
number of D in the stable isotope monomer®’. Further, DOM
molecules with -10 <DBE-0<10, 0.33<H/C<2.5, O/C<1.2 were
recognized’, where DBE was the DBEs, and molecular property
indexes were calculated as described in Supplementary Eqs. 1-5.
Derived DOM molecules that did not satisfy elemental conserva-
tion in all monomer reactions were deducted first. Sample mass
peaks were discarded whenever they appeared in any of the tri-
plicate blanks. The molecules of their oxidation products namely
Fenton-derived DOM were obtained by comparing and screening
the m/z and RT of the molecular information before and after the
Fenton reaction. The identification of mass tolerance and RT
drifting tolerance was shown in Supplementary Method 1. The
transformation pathways of Fenton-derived DOM molecules were
calculated based on the exact mass differences between them and
the monomers, and identified pathways that did not satisfy ele-
mental conservation were subtracted (Supplementary Method 1).
All csv data table merging as well as column extraction, splitting
and merging were performed in the RStudio environment
(v2023.12.0). Redundancy analysis (RDA) was performed in the
RStudio environment (v2023.12.0) with the R packages “Facto-
MineR” and “factoextra”, where molecular information was
determined based on RT and m/z. Canonical correspondence
analysis (CCA) was performed in the RStudio environment
(v2023.12.0) with the R package “vegan”, in which molecular
information was identified based on RT and m/z. The applicability
of CCA and RDA was determined by identifying the gradient
length of the molecular information response through the “dec-
orana” function before performing CCA analysis. The fitting of the
molecular property indexes Al and Al;,0q4 on the temporal gra-
dient was performed in the RStudio environment (v2023.12.0)
with the R packages “tidyverse”, “ggsci”, “ggExtra”, “ggpmisc”,
where Al and Al,,,q were peak-intensity weighted values. The
statistical hypothesis testing was used for data analysis and
comparisons to reveal statistical significance of the differences,
including t-test, Mann-Whitney U test, Tukey one-way ANOVA,
and Dunn’s rank test. The saturation and aromaticity of the
Fenton-derived DOM were calculated in Supplementary Method 1.
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Fenton-derived DOM toxicology analysis

The structure properties and substance identification of the Fenton-
derived DOM molecules were analyzed by Compound Discoverer v3.2
(Thermo, USA) software based on MS/MS results, and then the derived
DOM molecules that were able to identify the transformation pathway
based on the exact mass difference were further analyzed for their
toxicological properties. Toxicology analyses included predicted LCsq
for fathead minnow (mg:L™), bioaccumulation factor, development
toxicity value, mutagenicity value, bioconcentration factor, fish bio-
transformation (days), biodegradation half-life (days), and toxicity
endpoints and hit gene symbol based on high-throughput analyses
where predicted LCs, for fathead minnow (mg:L™), bioaccumulation
factor, development toxicity value and mutagenicity value were cal-
culated by software U.S. EPA Toxicity Estimation Software Tool v5.1.2,
while, bioconcentration factor, fish biotransformation (days) and
biodegradation half-life (days) were obtained from U.S. EPA CompTox
Chemicals Dashboard v2.5.3. In vitro assay data for toxicity endpoints
and hit gene symbol based on high-throughput analysis were obtained
from U.S. EPA CompTox Chemicals Dashboard v2.5.3, including Tox-
Cast total assay number, hit gene symbol number, hit percentage rate,
and the range of concentrations causing half-maximal response (ACso,
1g). More importantly, gene symbol of hits and number of hits in Tox21
10 K were analyzed®*®*. The statistical hypothesis testing was used for
data analysis and comparisons to reveal statistical significance of the
differences, including t-test, Mann-Whitney U test, Tukey one-way
ANOVA, and Dunn’s rank test.

Data availability

All raw mass spectrometry data generated in this study have been
deposited in the Figshare repository with identifier (https://doi.org/10.
6084/m9.figshare.28190549.v1)’°. The data generated in this study
that support the findings are provided in the main text and Supple-
mentary Information. The source data underlying Figs. 1-7 and Sup-
plementary Figs. 1-7 is provided as a Source Data file.

Code availability

The enviPick code used for peak picking of mass spectrometry data in
this study is available in the GitHub repository at https://github.com/
blosloos/enviPick. The MFAssignR code used for isotope-accurate
identification of mass spectrometry data in this study is available in the
GitHub repository at https://github.com/skschum/MFAssignR. The R
code generated in this study for data processing and analysis, as
described in the “Methods” section, has been deposited in the Figshare
repository with identifier (https://doi.org/10.6084/m9.figshare.
28190588.v1)"".
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