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ABSTRACT: Manganese (Mn) redox cycling critically regulates soil organic
carbon (SOC) turnover, especially in the forest litter layer. However, the
molecular-level mechanisms underlying the Mn oxide-mediated decomposition
and polymerization of dissolved organic matter (DOM) from litter remain
poorly understood. Integrating excitation—emission matrix spectroscopy (EEM)  wuan /

and Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR W"‘“’" Rau0z
MS), we investigated molecular mechanisms of §-MnO,-driven transformations fiuesie ragmencuion

/" Molccules fragmentation ,
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of natural leaf litter-derived DOM samples across an ambient pH gradient (4, 6, ngg: “C1 Q"{O"}O"" |
8). Results reveal that 6-MnO, simultaneously drives decomposition and | @::er e @gﬂ j)wUkw
polymerization of DOM, with pH modulating their relative contributions. At | )K, L, | Yool
higher pH (pH 8), 6-MnO, facilitates aromatic condensation and coupling i\ > A, "°
involving Mn(IV) — Mn(III)-mediated single-electron transfer, forming highly pd T i),ﬁ,s,,,,,,»

aromatic humic-like polymers and reducing electron-donating capacity, thereby

enhancing oxidative resistance. Under lower pH (pH 4), 5-MnO, drives depolymerization and aromatic ring-opening by selectively
cleaving oxygen-rich aromatic species. This process is dominated by multielectron transfer, with Mn(IV) reduced to Mn(II) via
successive electron donation from DOM. Additionally, initial DOM composition impacts its transformation pathway. Specifically,
high-aromaticity, high-molecular-weight fractions preferentially decompose, whereas low-aromaticity DOM tends to polymerize.
These findings highlight the dual roles of Mn oxides in stabilizing organic matter, driving both the breakdown and reassembly
through pH-regulated redox reactions.
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1. INTRODUCTION

Soils constitute the largest carbon reservoir on Earth, harboring

molecules into larger, more recalcitrant structures, with the
latter pathway increasingly recognized as critical for carbon

more carbon than the atmosphere and vegetation combined.’
The persistence of this critical carbon pool is governed by a
dynamic equlhbrlum between decomposition and stabilization
processes.”” Recently, microbial catabolism was regarded as
the principal mechanism driving soil organic matter (SOM)
production and sequestration,” a concept encapsulated in the
microbial carbon pump (MCP).” However, emerging studies
highlight the role of mineral surfaces in promoting the
formation of recalcitrant organic matter through abiotic
mechanisms such as adsorption, occlusion, redox reactions,
and polymerization.~'> This framework, recently conceptual-
ized as the soil mineral carbon pump (MnCP), complements
the MCP by emphasizing the importance of mineral-facilitated
abiotic pathways in long-term carbon stabilization.®

Among mineral-organic interactions, growing evidence
suggests that mineral-mediated molecular transformations,
facilitated by redox reactions and surface catalysis, critically
influence the stability of organic matter.””"® Such processes
can result in either oxidative degradation and mineralization of
organic carbon or the polymerization of small organic
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stabilization.>” !>~ Clay minerals (e.g, kaolinite, montmor-
illonite) and metal (oxyhydr)oxides (e.g., iron and Mn oxides)
have been reported to catalyze polymerization reactions that
yield high molecular weight, humic-like substances.’”">
However, mechanistic insights remain limited by reliance on
simple model compounds (e.g,, catechol, glucose, glycine),
which inadequately capture the molecular diversity of natural
organic matter.””'" Consequently, the dynamic equilibrium
between oxidative polymerization and decomposition of
natural organic matter, as well as the molecular-scale
transformation pathways mediated by reactive minerals,
remains inadequately understood."*
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Among reactive minerals, Fe and Mn oxides are ubiquitous
in soil and play key roles in regulating redox cycling of
environmental elements.'>~>° Although less abundant than Fe
oxides, Mn oxides possess higher redox potentials, enabling
more efficient transformation of organic molecules through
redox reactions.””*” Mn is enriched in foliage through plant
uptake and subsequently accumulates in surface organic layers
at levels comparable to or exceeding those of Fe.””** Field
studies in forest ecosystems have revealed strong correlations
between Mn abundance and organic carbon degradation rates,
identifying Mn redox cycling as a major control on long-term
litter decomposition.”*”>® In this context, litter-decomposing
fungi mediate Mn(II) oxidation to soluble Mn(III)—ligand
complexes, enhancing the oxidative breakdown of lignin and
other aromatic litter components as a critical mechanism
contributing to litter decomposition.”* "> Concurrently, under
limited ligand availability, Mn(II) is preferentially oxidized to
insoluble Mn(III/IV) oxides during litter decagr, contributing
to Mn accumulation in surface soils."®***” These Mn
transformations occur within a leaf litter matrix rich in
humic precursor, including phenolic compounds (e.g., tannins,
lignin derivatives) and carbohydrates, which leach into soils
and constitute an important source of DOM.'***~** While
laboratory studies with model systems have demonstrated that
Mn(IV) oxides promote the formation of humic-like polymers
via oxidative coupling of phenols and Maillard reactions,”'*"*
direct molecular evidence for such abiotic pathways in natural
litter remains scarce. Given the critical role of litter-derived
DOM as a reactive carbon pool in biogeochemical cycling and
carbon flux regulation,32 molecular-level elucidation of Mn
oxide-driven abiotic transformation is essential to under-
standing mineral-induced organic matter stabilization.

Here, we investigated the abiotic transformation of DOM
leached from four types of fresh leaf litter upon reactions with
6-MnO, under ambient pH conditions (4, 6, and 8). Although
forest litter layers are typically acidic, pH 8 was included to
reflect naturally occurring alkaline environments in certain
forest soils and adjacent aquatic systems, >® and to enable
comparison with previous studies on Mn oxide—DOM
interactions, particularly those involving organic matter
polymerization.””'%*”** The complementary application of
FT-ICR MS and three-dimensional fluorescence excitation—
emission matrix-parallel factor analysis (EEM-PARAFAC)
revealed molecular polymerization and decomposition patterns
of DOM and their potential molecular transformation
pathways. Changes in Mn oxidation states in both solid and
liquid phases were concurrently analyzed to reveal the
relationship between electron transfer processes and DOM
transformation. Electron-donating capacity (EDC) assays were
further employed to evaluate shifts in the redox properties of
the reaction products. This work aims to (1) confirm the
existence of abiotic polymerization reactions driven by Mn
oxides in natural litter systems, (2) characterize pH-dependent
decomposition and polymerization patterns, and (3) decipher
the relationship between interfacial electron transfer pathways
and organic molecule transformations. Together, these findings
advance our mechanistic understanding of MnCP-driven
carbon stabilization at Mn oxide—organic interfaces.

2. MATERIALS AND METHODS

Information about chemicals used is given in Text S1.
2.1. Preparation of Litter-Derived DOM and 4-MnO..
Freshly senesced leaves of four representative deciduous

species—Liquidambar formosana Hance (LF), Quercus acutissi-
ma Carruth (QA), Lindera glauca Blume (LG), and Acer
buergerianum Miq. (AB)—were collected in June 2023 from a
mixed evergreen—deciduous broad-leaved forest at the Dabie
Mountain Forest Ecosystem State Field Scientific Observatory,
Henan Province, China (32°06'46”N, 114°02/23"E). Newly
fallen leaves were intercepted using sterilized nylon mesh traps
(1 mm pore size, 1 m” area) elevated 15 cm above the ground
to prevent soil contamination. Weekly collections were
performed using sterile forceps, and samples were rinsed
with ultrapure water (18.2 MQ-cm) to remove surface
particulates. Leaves were oven-dried at 60 °C for 48 h to
constant weight, cut into 1 cm X 1 cm fragments using
sterilized stainless-steel scissors, and subjected to aqueous
extraction at a 40:1 ultrapure water-to-biomass ratio under
agitation (180 rpm, 25 °C, 24 h). The suspensions were
filtered through 0.22 um poly(ether sulfone) membranes
(Millipore) to obtain species-specific DOM extracts, des-
ignated LF-DOM, QA-DOM, LG-DOM, and AB-DOM.
Further details regarding the selection and representativeness
of these species are provided in Text S2.

5-MnO, was synthesized via the reaction between Mn** and
MnO,~ according to a previously reported protocol (Text
§3).”” Material characterization confirmed its mineral phase by
X-ray diffraction (XRD), its mesoporous structure by
Brunauer—Emmett—Teller (BET) analysis (surface area:
123.0 m? g_l; average pore diameter: 14.5 nm), and its
aggregated, amorphous morphology by scanning and trans-
mission electron microscopy (SEM/TEM), as shown in Figure
SL.

2.2. Kinetic Experiments of DOM Reactions with &-
MnO,. Reactions were carried out in 250 mL amber serum
bottles at 25 + 1 °C under continuous magnetic stirring (300
rpm) in the dark. The reaction system consisted of 0.8 g L' §-
MnO, and various litter-derived DOM solutions containing 80
mg L7! total organic carbon, with 10 mM NaCl as the
background electrolyte. The solution pH was adjusted to 4, 6,
or 8 using 0.1 M HCI or NaOH, with pH fluctuations
controlled within +0.1 throughout the 30-day reaction period.
To suppress microbial activity, 0.02% (w/v) sodium azide
(NaNj;) was added.”” At predetermined intervals, aliquots were
filtered through 0.22 ym membranes for analysis. Postreaction
minerals were isolated via high-speed centrifugation, washed
three times with ultrapure water, freeze-dried, and ground,
then sieved through a 100-mesh screen for further character-
ization.*!

2.3. Characterization of the Reaction Solution and
Solid. The dissolved organic carbon (DOC) concentration
was measured using a multi-N/C 2100 analyzer (Analytik Jena,
Germany). UV—Vis spectra (200—800 nm, 1 nm interval)
were recorded using an Agilent Cary 8454 spectrophotometer,
and the specific UV absorbance at 254 nm (SUVA,g,) was
calculated as absorbance at 254 nm normalized to DOC (mg
L_l).42 Mn concentrations were determined by atomic
absorption spectrometry (AAS; Agilent Technologies 200
series), and the absence of Mn(III) in the filtrates was
confirmed by the Leucoberbelin Blue (LBB) method.**** The
excitation—emission matrix (EEM) fluorescence spectra were
acquired at room temperature using a Hitachi F-7100
fluorescence spectrophotometer with excitation wavelengths
(Ex) from 220 to 450 nm and emission wavelengths (Em)
from 250 to 600 nm. The EEM data (n = 120) were
decomposed using parallel factor analysis (PARAFAC) with
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Figure 1. EEM fluorescence spectra of four litter-derived DOM samples (LE-DOM, QA-DOM, LG-DOM, AB-DOM) before (0 day) and after (30
days) reaction with §-MnO, at pH 4, 6, and 8. Regions A and B are highlighted by red and yellow circles, respectively.

the EEMFlour toolbox in MATLAB R2024," yielding three
components (C1, C2, C3) validated by split-half validation and
residual analysis. Fluorescence indices, including the fluo-
rescence index (FI), humification index (HIX), and biological
index (BIX), were calculated following previous reports. "’
The influence of Mn** on UV and fluorescence measurements
was assessed by varying its concentration from 0 to
500 mg L7 showing negligible effects on the EEM spectra,
HIX, and UV absorbance at 254nm (Figure S2). Low
molecular weight organic acids (LMWOAs, e.g., formic, acetic
acid, and malic acids) were quantified using ion chromatog-
raphy (IC; Metrohm 930 Compact IC Flex) equipped with a
Metrosep Organic Acids column (250 mm X 7.8 mm, 9 ym
particle size) maintained at 30 °C. Total phenolic content was
quantified via the Folin-Ciocalteu colorimetric assay (Text
S$4)," and protein-like components were quantified using the
Bradford method (Text SS). The EDC within DOM was
quantified by measuring the number of electrons transferred
from the DOM to the radical cation of 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS®*) (Text $6).**°
Mineral phase evolution and Mn valence states were analyzed
by XRD, electron spin resonance (EPR), and X-ray photo-
electron spectroscopy (XPS), respectively. Details of the
relevant analyses are presented in Texts S7—S9.

2.4. FT-ICR MS Analysis. Molecular composition of DOM
before and after reaction was analyzed using a 7 T FT-ICR MS
instrument (SolariX 2xR, Bruker, Germany) with an electro-
spray ionization (ESI) source in the negative ion mode.
Aqueous samples were isolated by solid-phase extraction
(SPE) before MS measurement (Text S10 for extraction

25253

details).’"** Data collection covered a mass-to-charge ratio

(m/z) range of 100—1000 Da with 450 scans and 0.0S s ion
accumulation time. Formulas for peaks with a signal-to-noise
ratio above 4 were assigned within a mass tolerance of <1.0
ppm. Additional constraints included 0 < O/C <1.2,0.3 <H/
C < 2.5, and —10 < DBE-O (double bond equivalent minus
oxygen) < 10.° The optimum formula for each peak was
further determined with the minimum number of heteroatoms
(N + S + P). All detected ion peaks, the number of successfully
assigned molecular formulas, and the intensity-based formula
assignment ratio are summarized in Table SI. The molecular
weight (MW), H/C ratio, O/C ratio, modified aromaticity
index (Al,,,4), nominal oxidation state of carbon (NOSC), and
DBE were used to describe the molecular properties (Text S11
for calculation details). Detected compounds were classified
into major biochemical classes based on O/C and H/C ratios,
according to established criteria (Table S2).°* Notably,
although FT-ICR MS offers high resolution and mass accuracy,
inherent limitations such as partial analyte loss during sample
preparation and ion suppression during electrospray ionization
may result in underestimation of certain molecular compo-
nents. To determine the changes in DOM composition after
the reaction, detected DOM compounds were categorized into
the following three pools: persistent (present before and after
reaction), removed (detected only before reaction), and
formed (detected only after reaction).’”*>°® Precursor—
product pairs were identified by comparing exact mass
differences between initial and newly formed molecules
corresponding to characteristic transformations—including
—H, —2H, +0, +O—-2H, +20—-2H, +30, +O—-5C—4H, and
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Figure 2. Temporal variations in F,,,, of PARAFAC-derived fluorescent components (C1, C2, C3) and SUVA,, of four litter-derived DOM types
(LF-DOM, QA-DOM, LG-DOM, AB-DOM) during reactions with -MnO, under pH 4, 6, and 8. Panels (a—1) show F,,,: (a—c) LE-DOM, (d—f)
QA-DOM, (g—i) LG-DOM, and (j—1) AB-DOM. Panels (m—p) show SUVA,,: (m) LE-DOM, (n) QA-DOM, (o) LG-DOM, and (p) AB-DOM.

+n(C¢H,0) (n = 1), following the previously reports of
DOM oxidation by Mn oxides (Table $3).>”°"*"~*? The mass
difference networks were visualized using the Gephi software
(0.9.4) to illustrate precursor—product relationships. The
precursors and products of the dehydration condensation
reaction are identified by mass spectrometry-matched molec-
ular formulas (Text S12). Spearman correlation analysis (p <
0.05, Il > 0.7) was performed to assess the associations
between FT-ICR MS-derived molecular formulas and the
fluorescent components (C1, C2, and C3) resolved by
PARAFAC (Text $13).997

3. RESULTS AND DISCUSSION

3.1. pH-Regulated Transformation of DOM: Polymer-
ization and Decomposition by §-MnO,. EEM spectrosco-

25254

py was employed to track changes in fluorescent components
of litter-derived DOM during reaction with 6-MnO,. Initially,
the four DOM samples (LF-, QA-, LG-, and AB-DOM)
showed prominent fluorescence in the Ex/Em = 250—300/
280—350 nm range (Region A), characteristic of tyrosine-like
proteins and phenolic compounds (e.g, lignin phenols and
tannins) (Figure 1).937%7 Upon reaction with 6-MnO,,
fluorescence in Region A diminished, while a broad, red-
shifted band accumulated in the Ex/Em = 250—450/350—500
nm (region B), consistent with humic-like fluorescence.”® HIX
derived from EEM spectra showed significant elevation under
all pH conditions after reaction (Figure S3), indicating Mn
oxide—mediated abiotic humification. Quantitative assays
confirmed a substantial depletion of protein-like (Figure S4)
and phenolic-like components (Figure S5) across all DOM
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samples, corroborating the fluorescence observations. These
findings suggest the conversion of protein-like or phenolic
precursors into humic-like substances, consistent with
previously established polyphenol—Maillard and oxidative
coupling mechanisms.®®"* Additionally, LF-, QA-, and AB-
DOM systems exhibited a pH-dependent increase in humic-
like fluorescence intensity (Region B), suggesting that higher
pH conditions may be conducive to the formation of humic-
like substances (Figure 1). In the LG-DOM system, labile
short-wavelength components (Region A) were selectively
removed, while humic-like substances (Region B) were
retained. This preferential removal of low-aromatic species
could also increase the humification degree via a relative
enrichment of aromatic constituents.

To resolve the dynamic evolution of DOM fluorophores,
three distinct components were resolved via PARAFAC
analysis: a lower-aromaticity humic-like component (Cl;
EXpnow/EmMyy = 315/410 nm), a higher-aromaticity humic-like
component (C2; Ex,./Em, . = 365(320)/455 nm), and a
labile low-molecular-weight component (C3; Exp./Empy,, =
280/325 nm) (Figure S6), which exhibits spectral signatures of
protein-like compounds (e.g., tyrosine), phenolic moieties, and
other small metabolites.””*>%*7 Time-resolved analysis
uncovered pronounced pH-dependent dynamics in component
behavior. The maximum fluorescence intensity (F,,,) (Figure
2a—1) and relative abundance of C3 (Figure S7) declined
markedly over time, with a faster depletion at lower pH,
reflecting enhanced interfacial processes, such as surface
adsorption and oxidative transformation. Concurrently, the
humic-like components (C1 and C2) exhibited progressive
accumulation, signifying humification-driven conversion of
labile compounds, such as phenolic and tyrosine-like
substances (C3), to humic-like macromolecules. Interestingly,
the F,, of the higher aromaticity component (C2)
demonstrated significant biphasic behavior in LE-DOM, QA-
DOM, and AB-DOM systems under acidic conditions (pH 4),
showing an initial F,,, increase followed by a gradual decline,
accompanied by concurrent increases in the less aromatic
components (C1 and C3), suggesting selective adsorption and
subsequent oxidative degradation of highly aromatic fractions.
This transformation was progressively suppressed with
increasing pH, reflecting the enhanced resilience of C2 to
surface-mediated processes. As shown in Figure S7, the relative
abundance ratio of C2 to Cl increased with pH across all
DOM types after 30 days of reaction, reflecting preferential
preservation of higher aromatic humic-like substances (C2)
under alkaline conditions. By the end of the reaction, different
pH conditions lead to distinct F,,, accumulation profiles for
three components (C1, C2, and C3) across all DOM (Figure
2a—1). At pH 4, the lower aromaticity component (C1)
dominated over C2, indicating the selective accumulation of
less aromatic humic substances. At pH 6, compared to pH 4,
C1 decreased while C2 increased, indicating a shift toward the
formation of higher aromatic humic-like substances. At pH 8,
C1 and C2 accumulated synergistically, resulting in maximal
humic substance preservation. These findings collectively
suggest that Mn oxide—mediated polymerization and decom-
position occur concurrently, with pH regulating the selective
preservation of aromatic moieties. Further analysis of the three
fluorescent components combined with FT-ICR MS was
discussed in Section 3.4.

The DOM aromaticity changes during the reaction were
monitored through time-resolved SUVA,;, measurements

(Figure 2m—p), a well-established indicator of molecular
aromaticity and humification degree.”" Throughout incubation
in the presence of 6-MnO,, SUVA,;, increased under alkaline
conditions (pH 8) and decreased under acidic conditions (pH
4) across all DOM types. At pH 6, SUVA,;, increased in LF-,
QA-, and LG-DOM (+108%, + 36%, and +53%, respectively),
while AB-DOM showed minimal change (+0.65%), indicating
limited aromatic enrichment. Under alkaline conditions, AB-
DOM also showed a smaller increase (+35%) compared to LF-
(+233%), QA- (+123%), and LG-DOM (+77%). The
divergence likely stems from inherently high initial aromaticity
(SUVA,g, = 3.26 L'mg™"'m™") compared to other DOM types
(0.67—-1.15 L-mg "m™"), limiting polymerizable low-aroma-
ticity precursors. Concurrently, the 5-MnO,-mediated selective
adsorption and oxidative decomposition of the highly aromatic
fraction in AB-DOM likely cause a net loss of aromatic
structures, thereby offsetting any polymerization-driven in-
crease in SUVA,,.°”*° Thus, the observed SUVA,, trajectory
reflects the balance between these competing surface
processes. After the reaction, SUVA,, consistently followed
the trend pH8>pH6>pH4, indicating that alkaline
conditions favor aromatic enrichment, whereas acidic con-
ditions promote aromatic depletion, likely via preferential
adsorption and oxidative breakdown. Control experiments
conducted in the absence of 6-MnO, showed only minimal
changes in SUVA,,, over 30 days (0.25—7.6%), confirming
that the observed alterations in aromaticity were primarily
mediated by 6-MnO, (Figure S8).

As shown in Figure S9, formic acid, acetic acid, and malic
acid were identified, with their varying carbon chain lengths
reflecting the extent of organic matter decomposition. At pH 4,
formic and acetic acids predominated, while malic and acetic
acids became the main products at pH 6 and 8. The higher
relative abundance of shorter-chain acids at lower pH may
reflect increased decomposition of DOM under acidic
conditions. The above findings reveal that reaction pH governs
Mn oxide—mediated organic matter transformation, with high
pH favoring polymerization and low pH favoring decom-
position, while the intrinsic chemical characteristics of DOM
modulate this balance.

3.2. Molecular-Level Responses of DOM to pH
Revealed by FT-ICR MS. FT-ICR MS analysis was employed
to elucidate the pH-dependent transformation pathways of two
contrasting DOM types—low-aromatic LF-DOM (SUVA,, =
0.67 L-mg"-m™") and high-aromatic AB-DOM (SUVA,, =
3.26 L'mg "'m™")—upon reaction with 5-MnO,. Compared to
LF-DOM, the initial molecular features of AB-DOM were
characterized by higher values of MW, Al 4., DBE,, O/C,,
and NOSC,, reflecting its inherently more condensed and
oxygen-rich aromatic structure (Table S4). Under alkaline
conditions (pH 8), LF-DOM exhibited an increase in MW,
(378.35 — 412.26), DBE,, (5.70 — 6.35), O/C,, (0.37 —
0.39), and Al,.4, (0.16 — 0.17), consistent with poly-
condensation reactions occurring during humification.”””"* In
contrast, AB-DOM exhibited a dual response: increases in
Al 4 (0.39 — 0.41) and NOSC,, (0.17 — 0.24), coupled
with slight decreases in DBE,, (10.13 — 10.10) and MW,,
(412.40 — 400.80), imply simultaneous polycondensation and
oxidative cleavage. At neutral pH (pH 6), LF-DOM continued
to exhibit signs of polymerization (MW,: 378.35 — 404.43;
DBE,: 5.70 — 6.57; AL _4,: 0.16 — 0.18), whereas AB-DOM
began to show more apparent degradation, with declines in
DBE,, (10.13 — 8.96), MW,, (412.40 — 386.40), and AL,
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(0.39 — 0.35). Under acidic conditions (pH 4), molecular
fragmentation became dominant for both DOM types. LF-
DOM showed reduced aromaticity (DBE,: 5.70 — 5.48;
Al 4w 0.16 = 0.13) and a slight increase in H/C,, (1.52 —
1.54), indicating hydrolytic disruption and a shift toward more
aliphatic character. For AB-DOM, degradation was more
pronounced, with concurrent declines in MW, (412.40 —
376.78), DBE, (10.13 — 7.90), Al (039 — 0.29),
NOSC,, (0.17 - —0.09), and O/C,, (0.58 — 0.52), and an
increase in H/C, (1.01 — 1.20), suggesting cleavage of
condensed aromatics, accompanied by hydrolytic disruption,
and depletion of oxygen-rich moieties. These divergent
responses suggest that AB-DOM is inherently more prone to
oxidative decomposition, likely due to its higher unsaturation
and abundance of oxygen-rich functional groups, whereas LF-
DOM tends to undergo polymerization.

3.3. pH-Modulated Molecular Dynamics: Unraveling
Patterns of Removal, Formation, and Persistence. Van
Krevelen diagrams classify molecules into persistent, removed,
and newly formed pools, with biochemical categories shown in
Figure 3a,b. Weighted average molecular indices (Figure S10)
and relative frequency distributions (Figures S11 and S12)
further illustrate compositional shifts across pH. For both
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DOM types, decreasing pH intensified the removal of
aromatic/unsaturated components, evidenced by an increase
in removed molecule counts and distribution shifts toward
lower H/C regions (Figure 3a,b). Furthermore, at lower pH,
the removed molecules in both DOM types exhibited elevated
MW, Al_.w DBE,, NOSC,, and O/C,, coupled with
reduced H/C,, (Figure S10). Similar patterns appeared in the
frequency distributions of these indices (Figures S11 and S12),
which collectively shifted toward higher MW, AI_ ., DBE,
NOSC, and O/C values, and lower H/C values, indicating the
preferential removal of oxygenated, highly unsaturated,
aromatic polymers under acidic conditions. Specifically, in
LF-DOM, the dominant removal shifted from protein/lipid-
like compounds plus amino sugars (78.9% to 44.5%) to lignin
(11.0% to 42.4%) as pH declined from 8 to 4 (Figure 3c). In
AB-DOM, removal shifted from proteins/lipids (24.9% to
8.5%) and lignins (38.8% to 29.6%) to condensed aromatic
structures (13.5% to 25.7%) and tannins (18.2% to 32.4%)
(Figure 3d). Notably, removed molecules in AB-DOM showed
higher MW, AL 4., DBE,, O/C,, and NOSC,, and lower H/
C,, than those in LE-DOM (Figure S10), indicating a greater
loss of aromatic and oxygen-rich structures. This likely results
from the preferential removal of tannins and condensed
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aromatics in AB-DOM, which possess higher aromaticity,
unsaturation, and oxygen content (particularly phenolic —OH
and carboxylic —COOH moieties) than the protein-/lipid-like
compounds primarily removed from LF-DOM, as reflected by
their frequency distributions of Al 4, DBE, and O/C (Figure
S13). These structural features confer enhanced redox activity,
rendering them more susceptible to oxidative degradation.™
For newly formed molecules, both DOM types exhibited
increases in MW, Al 4., DBE,, and a decline in H/C,, with
rising pH (Figure S10), indicating that higher pH favors the
formation of aromatic polymers.””~”> This could be further
supported by shifts in the frequency distributions of MW,
Al DBE, toward higher values, and H/C toward lower
values (Figures S11 and S12), consistent with the enrichment
of unsaturated, aromatic compounds.”*~’* The O/C,, of LF-
and AB-DOM showed opposite pH-dependent trends, with
LF-DOM increasing under acidic conditions likely due to
oxygen incorporation via ring-opening and oxygenation,
whereas AB-DOM decreased potentially via oxygen loss from
decarboxylation and mineralization. In LE-DOM systems, the

relative abundance of lignin fractions within newly formed
molecules exhibited a pH-dependent increase from 30.4% to
50.3%, which potentially contributes to the increased
aromaticity (Figure 3c). In AB-DOM, although lignin
remained the main newly formed component, its abundance
decreased at higher pH, while condensed aromatic structures
(rising from 2.1% to 12.2%) and tannins (from 9.0% to 17.0%)
became more abundant, suggesting that enhanced aromaticity
of AB-DOM under alkaline conditions is largely attributable to
tannin and condensed aromatics formation (Figure 3d). These
aromatic species—such as lignin, tannins, and condensed
aromatic structures—likely serve as nuclei for the formation of
humic-like substances.”*

Collectively, these results reveal a pH-dependent selectivity
in 6-MnO,-mediated DOM transformation pathways, as also
observed in previous reports.””**** Under acidic conditions, 5-
MnO, preferentially interacts with highly oxygenated, aromatic
molecules—particularly tannins and polyphenols—Ieading to
their degradation and redistribution of molecular weight
toward lower, aliphatic-rich modes. In contrast, under alkaline
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conditions, 6-MnO, favors the removal of relatively less
aromatic, low-MW molecules, while concurrently catalyzing
polymerization reactions, yielding aromatic macromolecules.
3.4. Linking Molecular Composition with EEM
Components. To elucidate the molecular characteristics
underlying PARAFAC-derived fluorescent components, Spear-
man correlation analysis (p < 0.0S, Il > 0.7) was performed by
integrating normalized fluorescence and FT-ICR MS data,
identifying molecular formulas significantly associated with
each component, as visualized in Van Krevelen diagrams
(Figure Sl4a—c). Molecules positively correlated with labile
low-molecular-weight component (C3) (r > 0) clustered in
regions characterized by the highest H/C and lowest O/C
ratios, corresponding to lipid/protein-like metabolites. In
contrast, lower aromaticity humic-like component (Cl1)-
correlated formulas occupied intermediate regions, while
higher aromaticity humic-like component (C2)-associated
formulas were enriched in domains with low H/C and high
O/C ratios, indicative of highly unsaturated, oxygen-rich
compounds. Kinetic analyses (Figure 2a,d and Section 3.1)
revealed pH-dependent Mn oxide—driven humification: labile
C3 is converted into humic-like Cl1 and C2, with CI1
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dominating under acidic conditions (pH 4) and C2
accumulating selectively at higher pH. Accordingly, the
frequency distribution of Al .4 DBE, and NOSC increased
progressively from C3 to Cl1 to C2, indicating rising
aromaticity, unsaturation, and carbon oxidation state (Figure
S14d—f). These molecular distinctions corroborate the assign-
ment of CI and C2 as humic-like substances with increasing
aromaticity. These observations support the interpretation
presented in Section 3.1 that higher aromaticity molecules
formed during polymerization are more likely to be preserved
under alkaline conditions, whereas selectively removed under
acidic conditions. This selective removal is likely attributable to
the markedly higher degree of unsaturation and abundance of
oxygen-containing functional groups in C2-correlated mole-
cules compared to Cl. As demonstrated in Section 3.3, at
lower pH, Mn oxides preferentially remove the highly
aromatic, oxygen-rich molecules, leading to their enhanced
decomposition.

3.5. Molecular Transformation Pathways of DOM
Driven by 6-MnO, Oxidation. Based on previous stud-
ies,*”**77%% §.MnO,-mediated transformation of aromatic
DOM can be summarized into four primary pathways (Table
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S3): (i) oxidative conversion of phenol to p-benzoquinone, (ii)
aromatic ring carboxylation, (iii) aromatic ring-opening, and
(iv) oxidative coupling. Potential precursor—product pairs
were identified via comprehensive mass difference analysis and
visualized using a molecular network diagram (Figure S15).
The corresponding reaction products were further illustrated in
the Van Krevelen diagrams (Figure 4a—f). No molecular pairs
corresponding to —H were identified, likely due to the rapid
coupling of phenoxy radicals. Quantitative analysis of trans-
formation products was performed using both signal intensity-
weighted and count-weighted molecular percentages, as shown
in Figure 4g—j. Increasing pH significantly promoted the
formation of coupling products (+n(C4H,O)), while suppress-
ing the generation of ring-opening products (+30, + O—5C—
4H) in both DOM types. Comparative analysis further
revealed that LF-DOM consistently exhibited a higher
proportion of coupling products and a lower proportion of
ring-opening products than AB-DOM, reflecting its stronger
polymerization potential and lower decomposition tendency.
Moreover, under lower pH conditions (notably pH 4 vs 6 and
8), both DOM types demonstrated increased contributions
from + O pathways, indicating an increased hydroxyl (—OH)
groups. This enrichment in electron-donating functionalities
may enhance the reductive potential of DOM.”® To further
characterize the molecular transformations, Figure S16
presents distributions of Al 4 and DBE, along with
intensity-weighted averages of products derived from different
reaction pathways. In both types of DOM, ring-opening
products (+30, +O—5C—4H) were shown to exhibit the
lowest DBE and Al .4 in almost all reaction pathways. These
findings suggest that ring-opening reactions may predom-
inantly drive the reduction in aromaticity. Moreover, coupling
products exhibited the highest DBE values for both DOM
types, along with the greatest Al 4 for LF-DOM and the
second-highest for AB-DOM. This consistent pattern demon-
strates that oxidative coupling could serve as an important
pathway enhancing molecular aromaticity and unsaturation
during 6-MnO,-mediated DOM transformation. In AB-DOM,
the —2H product showed slightly higher AI 4 than the
coupling product, likely due to the abundance of highly
aromatic phenolics (e.g., tannins) whose conversion to
quinones preserved greater aromaticity than newly formed
coupling products.

Condensation reactions constitute a pivotal mechanism in
polymerization processes, playing a central role in soil humus
formation.”” These reactions facilitate the directed assembly of
organic molecules, including phenols, aldehydes, alcohols,
amines, and carbohydrates through dehydration (Figure
S17a).”® A typical dehydration condensation reaction is the
Maillard reaction of reducing sugars and amino acids, which
has been proven to be catalyzed by Mn oxides.”” Systematic
identification of dehydration-induced polymeric products via
molecular formula matching (detailed in Text S12) revealed
distinct pH-dependent characteristics in both LF-DOM and
AB-DOM systems. As shown in Figure S17b—g, elevated pH
significantly enhances the proportion of condensation products
with low H/C ratios, accompanied by progressive accumu-
lation of aromatic compounds such as lignins, tannins, and
condensed aromatic structures. This phenomenon indicates
that elevated pH may facilitate the generation of condensation
products with increased aromaticity and unsaturation. These
conclusions are corroborated by progressive increases in the
Al and DBE,, coupled with a systematic decline in H/C,,

modw

(Figure S17h—m), collectively illustrating that elevated pH
enhances Mn-driven aromatic condensation.

3.6. Interfacial Interaction between 6-MnO, and
Litter-Derived DOM. The reductive dissolution of §-MnO,
during the interaction with four types of DOM exhibited
pronounced pH dependence (Figure Sa—d), with Mn*" release
decreasing from 96.3%—40.5% at pH 4 to 28.3%—6.58% at pH
6, and further to 1.43%—0.63% at pH 8. EPR spectra of reacted
6-MnO, (Figure Se—h) displayed the characteristic six-line
hyperfine splitting of hydrated Mn?* at g = 2.005, indicative of
a high-spin d* center."”*" EPR signal intensities increased in
the order pH 8 < 6 < 4, consistent with greater Mn®" release
under acidic conditions and implying partial readsorption of
Mn?* onto 6-MnO, surfaces.*> Concurrently, DOC removal
was significantly enhanced under acidic conditions (Figure
S18a—d), indicating that both DOM adsorption and oxidation
were promoted at lower pH. This synergy can be attributed to
the enhanced DOM—0-MnO, interfacial affinity arising from
the reduced negative surface charge and an elevated redox
potential of 6-MnO,, which promotes organic carbon oxidation
via direct electron transfer. Meanwhile, pH governs the
protonation state of the oxygen bridges connecting Mn
atoms on the MnO, surface, specifically, the —O, —OH, and
—OH, groups.”">> At lower pH, these oxygen bridges become
increasingly protonated, which weakens the Mn—O bonds and
facilitates the reductive release of Mn?* from 5-MnO,.**

XRD patterns indicated that unreacted 6-MnO, exhibited
low-intensity peaks at 26 = 23.5° and 66.2° (Figure S18e—h),
attributed to the (002) and (00S) planes, without the (001)
reflection at 12.5°, suggesting poor stacking along the c-
axis.**** A broad peak near 20 = 37.0° confirmed its
turbostratic phyllomanganate structure.”> Upon reaction with
DOM, new diffraction peaks emerged at 20 = 42.4° and 56.3°,
especially under acidic and neutral conditions (Figure S18e—
h). These features do not match known Mn mineral patterns,
suggesting no secondary mineral formation.** These two
peaks, also reported in previous studies involving the reaction
of 6-MnO, with organic matter, are hypothesized to indicate
the ordering of a mixture of sheets with hexagonal and
orthogonal 2-dimensional symmetry.*”** These features likely
reflect structural modifications resulting from interactions with
organic matter, leading to a more ordered phase. At lower pH,
the enhanced reductive dissolution of Mn** from 6-MnO, by
DOM may act as a bridging cation, potentially coordinating
with edge hydroxyl groups and Mn vacancies on the basal
plane to promote the ordered stacking of 6-MnO, nano-
sheets.*>*’

The average oxidation state (AOS) of the surface Mn atoms
was calculated based on the XPS spectra of Mn 3s (Figure
$19a).% Following reaction with the four DOMs, AOS
declined by 0.31-0.40, 0.26—0.32, and 0.10—0.16 at pH 4,
6, and 8, respectively. The more pronounced decline at lower
pH further suggests enhanced direct electron transfer from
DOM to §-MnO,. Mn 3p XPS deconvolution (Figure S19b)
revealed that pristine 5-MnO, consisted of 52.2% Mn(IV),
41.6% Mn(I1), and 6.2% Mn(II) (Figure Si). Postreaction, the
reduction of Mn(IV) exhibited pronounced pH-dependent
variability, with the most substantial decrease observed at pH 4
(14.5%—18.0%), followed by pH 6 (11.7%—13.3%), and the
least reduction at pH 8 (5.0%—9.1%), with corresponding
increases in Mn(III). These results indicate that Mn(IV) in 6-
MnO, acts as the primary electron acceptor from DOM.
Notably, under alkaline conditions (pH 8), Mn(II) formation
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Figure 6. Conceptual schematic of single- and multielectron transfer processes driving distinct pathways of organic matter transformation.

was negligible in both the aqueous phase and on the mineral
surface, whereas substantial accumulation occurred under
acidic conditions (pH 4) (Figure Sa—i). The significant
accumulation of Mn(II) at pH 4 reflects the extensive two-
electron reduction of Mn(IV) to Mn(II), likely proceeding via
rapid conversion of transient Mn(IIl) intermediates. In
contrast, negligible Mn(II) formation alongside an increase
in Mn(III) at pH 8 suggests that the reduction proceeds
predominantly via a single-electron transfer pathway from
Mn(IV) to Mn(III). The pH-dependent selectivity highlights
an elevated proportion of Mn(IV)-to-Mn(III) transformation
relative to Mn(IV)-to-Mn(II) reduction as pH increases.
Cyclic voltammetry was used to probe the pH-dependent
redox behavior of 6-MnO, (Figure 5j). At pH 4, two cathodic
peaks appeared at ~0.7SV (Peak A) and ~0V (Peak B),
corresponding to the stepwise reductions of Mn(IV) to
Mn(III) and Mn(III) to Mn(IL), respectively, consistent with
the established redox hierarchy.””® Notably, as the pH
increased from 4 to 8, the intensity of Peak B progressively
diminished and nearly vanished at pH 8. This trend indicates
enhanced stability of Mn(III) under alkaline conditions,
thereby suppressing further reduction to Mn(II).*” Con-
sequently, the Mn(III) to Mn(II) transition constitutes the
rate-determining step in the overall Mn(IV) to Mn(II) redox
cascade. Notably, single-electron transfer processes are
favorable for generating organic radicals (e.g., phenoxyl and
semiquinone radicals), which are key intermediates in covalent
bond formation, such as coupling and addition reac-
tions.'”'*?°" The pH-dependent stability of Mn intermedi-
ates likely modulates organic radical dynamics. Mn(I1I) species
exhibit enhanced stability at higher pH levels, potentially
allowing single-electron transfer from DOM to Mn(IV) to
produce organic radicals with extended lifetimes that increase
the probability of radical-radical coupling before further
oxidation. This observation aligns with the increased
proportion of oxidative coupling products observed at pH 8
(Figure 4g—j). Conversely, at lower pH levels, the oxidative
reactivity of Mn(III) is enhanced, leading to rapid sequential
electron transfers from DOM to Mn(IV) and subsequently to

Mn(IlI), culminating in the formation of Mn(II). This
accelerated electron transfer sequence may rapidly consume
organic radicals before they can form stable covalent bonds
and further promote the fragmentation of organic molecules.

To probe the electron transfer regimes, EDC was quantified
via ABTS®" consumption (A,grg+), reflecting the oxidation
resistance of organic matter (Figure $20).* For all DOMs, the
A,prst decreased after the reaction, indicating the net
depletion of native electron-donating moieties (Figure S20a).
However, at pH 4 and 6, the EDC of LF-, QA-, and LG-DOM
increased after the reaction (Figure S20b), with greater
increases at lower pH, indicating the potential generation of
newly formed electron-donating species.”® This increase may
result from 5-MnO,-driven oxidation of otherwise ABTS®*-
resistant components, given the higher redox potential of &-
MnO, (E° = 1.23 V) relative to ABTS®** (E° = 0.68 V).*°%%3
Specifically, 6-MnO,-mediated depolymerization and ring-
opening of aromatics may generate oxygen- and nitrogen-rich
intermediates (e.g., carboxylated, hydroxylated, aminated
species), which could serve as electron donors contributing
to ABTS®* consumption.'®’®”* More importantly, the
increased EDC may reflect the transformation of certain
organic compounds into more strongly reducing species, which
could further contribute to Mn(IV/III) reduction within a
redox-cycling process. In contrast, AB-DOM showed a
consistent decrease in EDC across all pH levels, indicating
that the consumption of native electron-donating moieties
exceeded the formation of new redox-active species. Under
alkaline conditions, the reduction in EDC may result from
oxidative C—O-—C coupling and condensation reactions
involving phenolic and other electron-donating moieties,
thereby increasing oxidation resistance.

Combining the molecular transformation pathways of DOM
discussed in Section 3.5, it is implied that the oxidative
transformation of DOM is fundamentally regulated by the pH-
dependent electron transfer pathway. Under alkaline con-
ditions, single-electron transfer predominates, generating
organic radicals (e.g, phenoxyl and semiquinone radicals)
that drive polymerization via radical coupling (C—O/C-C
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bond formation) (Figure 6; eq (1)).> This process enhances
the oxidation resistance of organic matter by forming cross-
linked networks that inhibit further Mn(IV/III) reduction. In
contrast, under acidic conditions, a multielectron transfer
process dominates, involving the Mn(IV) — Mn(II) reduction
through successive electron donation from DOM to MnO, and
sequential oxidation of reactive organic intermediates. A
representative pathway initiates with the two-electron
oxidation of phenolic moieties to phenoxonium ions (Ar—
0*), followed by nucleophilic water addition to form
hydroquinone, which is further oxidized via another two-
electron transfer to form benzoquinone.””””" These inter-
mediates then undergo further oxidation-mediated ring
cleavage, ultimately yielding low-molecular-weight carboxylic
acids (Figure 6; eq (2)).”" These findings highlight that the
electron transfer pathway critically dictates DOM trans-
formation trajectories—toward polymerization (radical recom-
bination) or decomposition (structural breakdown)—depend-
ing on the prevailing redox conditions.

3.7. Environmental Implication. This study offers
fundamental insights into the pH-dependent dual functionality
of Mn oxides in regulating the fate of litter-derived DOM. By
integrating fluorescence spectroscopy (PARAFAC) with FT-
ICR MS analyses, specific molecular formulas were linked to
resolved fluorescence components, providing complementary,
cross-validated molecular-level evidence for the simultaneous
occurrence of oxidative decomposition and polymerization.
These complementary techniques collectively corroborate that
Mn oxides function as key abiotic catalysts within the MnCP.’
Under alkaline conditions, Mn oxides act as molecular
“builders”, promoting oxidative coupling and condensation
reactions accompanied by single-electron transfers between
Mn oxides and organic matter, which favor the formation of
aromatic, humic-like geopolymers. This abiotic humification
could enhance long-term carbon sequestration, especially in
mineral-rich or microbially constrained environments. In
contrast, under acidic conditions, Mn oxides shift to a
“breaker” role, where multielectron transfers dominate,
selectively cleaving aromatic compounds via ring-opening
reactions and generating low-molecular-weight (LMW)
organics. This pathway likely contributes to enhanced CO,
emissions and the mobilization of Mn** through ligand-driven
dissolution, offering a partial explanation for field-observed
correlations between Mn abundance and litter decomposi-
tion.”*”*® Notably, polymerization persists even under low-pH
regimes, though its efficiency is suppressed by competing
decomposition pathways. Collectively, these findings indicate
that interfacial electron transfer between Mn oxides and
natural organic matter fundamentally governs both the
transformation behavior and structural stability of organic
molecules.

Our findings address two critical knowledge gaps: (1) the
molecular mechanisms underlying Mn oxide-mediated inter-
actions with multiple natural plant-derived DOMs, rather than
model compounds, and (2) the synchronized decomposition
and polymerization processes that create competing carbon
fluxes—simultaneously consuming labile carbon through
oxidative decomposition while stabilizing carbon via abiotic
humification. By situating these molecular mechanisms within
the MnCP paradigm, this insight underscores the importance
of incorporating mineral-driven polymerization and decom-
position kinetics into Earth system models to improve
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predictions of long-term carbon pool stability and carbon—
climate feedbacks.
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Text S1. Chemical Agents

Manganese(Il) chloride tetrahydrate (MnCl,-4H,0, > 99%, Sinopharm Chemical
Reagent, China); potassium permanganate (KMnQOy, > 99%, Sinopharm Chemical Reagent,
China); Folin—Ciocalteu reagent (Sigma-Aldrich, USA); sodium carbonate (Na,COs, >
99%, Sinopharm Chemical Reagent, China); hydrochloric acid (HCI, AR, Chron
Chemicals, China); gallic acid (GA, > 99%, Sigma-Aldrich, USA); sodium hydroxide
(NaOH, > 96%, Sinopharm Chemical Reagent, China); Bradford protein assay kit
(BL524A, BioSharp, China); bovine serum albumin (BSA, Sigma-Aldrich, USA); 2,2'-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS, > 99%, Sigma-Aldrich, USA);
methanol (HPLC grade, Thermo Fisher Scientific, USA); sodium azide (NaNs, > 99%,
Sinopharm Chemical Reagent, China); leucoberbelin blue (LBB, > 65%, Sigma-Aldrich,
USA); sodium hypochlorite (NaClO, > 10%, Sinopharm Chemical Reagent, China).
Text S2: Selection of Representative Leaf Species for DOM Analysis

In this study, four deciduous species—Liquidambar formosana (LF), Quercus
acutissima (QA), Lindera glauca (LG), and Acer buergerianum (AB)—were selected as
representative sources for leaf-derived DOM to capture both ecological relevance and
functional diversity. These species are either constructive or dominant in East Asian
subtropical forest ecosystems, with extensive geographical distribution and significant
ecological functions.! Taxonomically, they belong to four distinct families—Altingiaceae,
Fagaceae, Lauraceae, and Sapindaceae—that represent phylogenetically diverse lineages

within angiosperms.? This phylogenetically diverse selection ensures that the sampled
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DOM captures maximal chemical diversity arising from divergent plant genetic
backgrounds.? Liquidambar formosana (LF), representing the Altingiaceae family,
produces resinous substances and yields DOM rich in carbohydrates, flavonoids, and
simple phenolics (e.g., gallic acid and p-hydroxybenzoic acid).* These compounds are
highly reactive, likely contributing to relatively rapid decomposition under environmental
conditions. Quercus acutissima (QA), a representative species of the Fagaceae family,
produces leathery leaves rich in lignin and condensed tannins.>”7 These structurally
complex constituents contribute to strong resistance against microbial attack, resulting in
slower decomposition rates.® Lindera glauca (LG), from the Lauraceae family, contains
abundant hydrophobic monoterpenes and sesquiterpenoid volatile oils, such as (E)-B-
ocimene, [B-caryophyllene, and nerolidol, which are generally recalcitrant to rapid
microbial degradation.® Acer buergerianum (AB), as a representative species of the
Sapindaceae (A4cer) lineage, exhibits traits typical of the genus.!%!! Leaves of Acer species
are often rich in polyphenolic compounds, and their litter releases substantial amounts of
readily degradable components (e.g., soluble carbohydrates and proteins) during the initial
decomposition process.!®!! This chemical diversity gradient enables a comprehensive
assessment of how leaf litter with varying properties contributes to the DOM pool and
influences interactions with soil minerals.
Text S3. Synthesis of 6-MnO,

8-MnO, was synthesized via the reaction between Mn?* and KMnO, according to a

previously reported protocol.!'? In a typical one-pot procedure, 80 mL of 100 mM KMnO,
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and 160 mL of 100 mM NaOH were combined in 1.5 L of ultrapure water. Separately,
3.07 g of MnCl,-4H,0 was dissolved in 100 mL of ultrapure water and then added
dropwise to the solution. The reaction mixture was allowed to proceed for 3 h at room
temperature. The resulting suspension was washed repeatedly with 1.0 L aliquots of
ultrapure water until the conductivity of the supernatant dropped below 10 pS cm-!. The
solid product was then collected by centrifugation, freeze-dried for 4 h, ground, and sieved
through a 100-mesh screen to obtain the synthesized 6-MnO,.
Text S4. Determination of Total Phenol Contents

Total phenolic content was determined using a modified Folin-Ciocalteu assay adapted
for Mn(II)-containing systems.!3-!> To eliminate Mn(II) interference, 10 mL of reaction
mixture was pretreated by passing through a 6 cm column of Na-form cation-exchange
resin three times, followed by filtration through a 0.22 ym membrane, achieving a removal
efficiency of greater than 99.5% for Mn?".'4 For analysis, 1 mL aliquots of the sample were
sequentially mixed with 50 pL of Folin-Ciocalteu reagent and 150 pL of 20% Na,CO; (w/v)
solution, followed by a 60 min incubation at 25 °C in light-protected conditions.
Absorbance measurements at 750 nm were conducted on a Spark 10M multimode
microplate reader (TECAN Infinite 200 PRO). A calibration curve (0-20 uM) was
established using gallic acid (GA) standards, analyzed in duplicate to validate linearity (R? >
0.995). Total phenolic contents were normalized to dissolved organic carbon (DOC)
concentration and expressed as millimolar gallic acid (GA) per gram of organic carbon

(mmol GA (g OC)™).
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Text S5. Determination of Protein-like Component

Protein-like components in DOM were quantified using the Bradford assay kit (BL524A,
BioSharp). Briefly, 150 pL aliquots of DOM samples were mixed with 150 pL of
Coomassie Brilliant Blue G-250 reagent and incubated for 10 min at 25 + 0.5 °C under
light-protected conditions. Absorbance was measured at 595 nm using a Spark 10M
multimode microplate reader (TECAN Infinite 200 PRO). A calibration curve (0.1-10 mg
L) was established using bovine serum albumin (BSA) standards and validated for
linearity (R%>0.995).
Text S6. Determination of Electron-Donating Capacity (EDC)

The Electron-donating capacity (EDC) of DOM was quantified using a modified
ABTS radical cation (ABTS"") decolorization assay.'®!” Stock solutions were prepared as
follows: (1) 1 mM ABTS dissolved in 7.5 mM H,SO, (pH 2.0); (2) 1 mM NaClO; and (3)
500 mM phosphate buffer (pH 7.0) composed of NaH,PO,4 and Na,HPO,. ABTS** working
solution was generated by mixing 350 puL. of NaClO (1 mM) with 1 mL of ABTS (1 mM).
For sample analysis, 100 pL of DOM (serially diluted to 100%, 80%, 50%, 25%, 0% with
ultrapure water) was reacted with 100 pL of phosphate buffer and 300 uL of ABTS**
reagent for 15 min (25 + 0.5 °C, dark). To account for potential interference from Mn?*,
DOM-free blanks containing matched Mn?" concentrations were subtracted from sample
measurements. The absorbance at 728 nm was recorded and used to calculate the ABTS™*
concentration based on a molar extinction coefficient of 14,000 M-! cm™! (728 nm, pH

7.0).' The net depletion of ABTS" (Aapts.+) Was calculated as the difference between the
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blank and sample measurements, representing the total electrons donated from DOM to
ABTS"*. Final EDC was calculated by normalizing Asgrs.+ to the DOC concentration.
Text S7. EPR Measurement

For Mn?" speciation analysis on solid-phase samples, 1 mg of material was loaded into
a quartz EPR tube under ambient conditions. Electron spin resonance (EPR) spectroscopy
was conducted using a Bruker ESR5000 spectrometer (Bruker BioSpin GmbH, Germany)
operating at X-band frequency (9.85 GHz). Spectra were acquired with the following
parameters: 100 kHz modulation frequency, 0.2 mT modulation amplitude, 10 mW
microwave power, 100 s sweep time, and a magnetic field sweep range of 3000-3800 G
(0.3-0.38 T).
Text S§8. XRD Measurement

The powder X-ray diffraction (XRD) patterns of the reaction deposit were obtained
using a Rigaku D/max-1200 diffractometer with CuKa radiation (A = 1.54 A, 40 kV, 40
mA). Data were collected over a 20 range of 5-85° at a scan speed of 10° min’! to
characterize the crystalline phases and structures.
Text S9. XPS Measurement

X-ray photoelectron spectroscopy (XPS) was performed on an ESCALAB 250XI
spectrometer (Thermo Fisher Scientific, USA) equipped with an Al Ko X-ray source to
analyze the surface elemental composition and valence states. The average oxidation state
(AOS) of Mn was calculated using the equation AOS = 8.956 — 1.126 x AE[], where AE[]

denotes the energy separation between the two splitting peaks in the Mn 3s spectrum.'®
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Additionally, the Mn 3p spectrum was subjected to multi-peak fitting to determine the
relative proportions of Mn(Il), Mn(Ill), and Mn(IV), based on previously reported
literature.!”
Text S10. Solid-Phase Extraction (SPE) of DOM

Aqueous samples were diluted with deionized water to achieve a DOC concentration
of 3 mg L-!, resulting in a final volume of 300 mL. Solid-phase extraction (SPE) was
conducted using 500 mg/6 mL C18 cartridges (Agilent Bond FElut), which were
sequentially preconditioned with 18 mL of HPLC-grade methanol followed by 18 mL of
0.01 M HCI to activate the sorbent. Samples were acidified to pH 2.0 £ 0.1 using 6 M HCI
and passed through the SPE columns at a controlled flow rate of 1 mL min!. Following
sample loading, the cartridges were rinsed with 18 mL of 0.01 M HCI to remove residual
ionic impurities and then dried under a stream of nitrogen gas for 30 min to eliminate
residual moisture. Organic constituents retained on the sorbent were eluted with 6 mL of
methanol. The methanolic extracts were stored at -20 °C until analysis by FT-ICR MS.
Before analysis, the extracts were diluted 1:100 (v/v) with a 50% methanol aqueous
solution. To assess DOC recovery during SPE, 1.0 mL of the DOM eluate was dried under
vacuum at 25 °C and 1,300 rpm for 180 min using a centrifugal concentrator (CV200,
Beijing JM Instrument Co., Ltd., China).?? The dried residue was subsequently re-dissolved
in 7 mL of ultrapure water for further analysis. Based on DOC recoveries, this method
achieved DOM extraction efficiencies exceeding 58% for all samples.

Text S11. Calculation of parameters related to the molecular properties of the
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reaction product based on FT-ICR MS
O/C ratio, H/C ratio, double bond equivalent (DBE), modified aromatic index (Alyoq),
and nominal oxidation state of carbon (NOSC) were calculated as follows:
O/C=o/c
H/C=h/c
DBE = (1 + (2¢ —h +n)/2)
Al a=(1+c—0/2—-h/2-5)/(c—0/2—n—35)
NOSC=4—[(4c+h-3n-20-2s)/c]
NOSC was calculated from the chemical formula, assuming that all elements are in their
initial oxidation states (H=+1, O =-2, N=-3,and S = —2).
The intensity-weighted average O/C,,, H/C,, NOSC,,, MW, DBE,,, and Al,o4w Were
calculated as follows:
O/C,, = Z[O/C; x (I/Z1Y)]
H/C,, = Z[H/C; x (I/Z1))]
NOSC,, = Z[NOSC; x (I/Z1))]
MW,, = 2[MW; x (I/Z1))]
DBE,, = Z[DBE/C; x (I/ZI;)]
Almodw = Z[Almogi % (L/ZL)]
The relative abundance (RA;) of the molecule is calculated as follows:
RA; = Ii/Z];

where I; represents the intensity of an individual molecule.
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Text S12. Identification of Condensation Products via Molecular Formula Pairing

To identify potential condensation-derived products, molecular formulas of pre-
reaction compounds were algorithmically analyzed. Each formula (e.g., C¢H1,04) was
decomposed into elemental compositions (C:6, H:12, O:6) using a regular expression-
based parser. All unique pairwise combinations of precursor formulas (Formula; +
Formula,) were computationally generated, and their summed elemental counts were
adjusted to simulate stoichiometric water loss (H,O: —2H, —10), following the
condensation equation: Product Formula=Formula,;+Formula,—H,O.

Resultant formulas with non-positive elemental counts were discarded; valid outputs
were reconstructed into standardized notation and cross-referenced against newly formed
molecular after reaction inventories to validate condensation products empirically.
Validated products were mapped to precursor pairs, and duplicates were removed to ensure
specificity. The above work was conducted using Python.

Text S13. Spearman Correlation Analysis Between EEM and FT-ICR-MS Data

Fluorescence intensities of individual PARAFAC-derived components were
normalized to the total fluorescence intensity within each sample. Similarly, FT-ICR-MS
peak intensities were normalized to the total intensity of all peaks assigned to molecular
formulas in each sample. Spearman’s rank correlation was used to evaluate associations
between the relative abundances of molecular formulas and normalized fluorescence
intensities using LF-DOM and AB-DOM samples collected before and after reactions at

pH 4, 6, and 8.21-2> Molecular formulas showing statistically significant correlations with
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individual fluorescent components (p < 0.05, |[r| > 0.7) were identified as potential
contributors to fluorescence variability. To minimize source-specific biases and enhance
analytical robustness, only molecules detected in both AB-DOM and LF-DOM groups (i.e.,
present in at least one sample from each group) were retained.
Text S14. Cyclic Voltammetry (CV) Measurement

To prepare the working electrode, 6-MnO, (10 mg) was ultrasonically dispersed in a
1:1 (v/v) mixture of 10 mM naphthol solution and anhydrous ethanol (total volume: 500
pL). Subsequently, 100 pL of the resulting suspension was drop-cast onto a polished glassy
carbon electrode (GCE) and dried at 60 °C for 30 min. CV measurements were conducted
at 25 °C using a CHI660E electrochemical workstation (Shanghai Chenhua Instrument Co.,
Ltd., China) in a conventional three-electrode configuration, consisting of the modified
GCE (working electrode), an Ag/AgCl (reference electrode), and a platinum wire (counter
electrode). The supporting electrolyte was 0.1 M KCIl, adjusted to pH 4, 6, or 8. Before
measurements, the electrolyte solution was purged with high-purity nitrogen for 10 min to
remove dissolved oxygen. CV scans were recorded from -1.0 V to +1.5 V (vs. Ag/AgCl)
at a scan rate of 0.1 V s71, and the second of two successive cycles was analyzed for each

pH condition.
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Table S1. The number of detected ion peaks, total intensity of all detected peaks (/ia1),
number of assigned molecular formulas, total intensity of assigned formulas (/;signed), and
the fraction of total intensity successfully assigned (Ratio = Iysigned / Liota) for each DOM
determined by FT-ICR-MS. Sample IDs include the initial LF-DOM (LF,) and AB-DOM
(ABy), as well as samples after 30 days of reaction with 3-MnQO; at pH 4, 6, and 8 (LF/AB—

pH 4, LF/AB—pH 6, LF/AB—pH 8).

Sample ID Peaks Tiial Assigned Lgigned Ratio (%)

LF, 12053 5.43E+10 4881 4.14E+10 76.26
LF-pH 8 16512 1.19E+11 8978 1.02E+11 86.24
LF-pH 6 13818 7.06E+10 6651 5.78E+10 81.93
LF-pH 4 13690 6.66E+10 6318 5.27E+10 79.11

AB, 16000 8.83E+10 4717 6.66E+10 75.44
AB-pH 8 18032 1.19E+11 5903 9.37E+10 78.85
AB-pH 6 18546 1.41E+11 6634 1.20E+11 84.89

AB-pH 4 15717 1.04E+11 5956 8.87E+10 85.08
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Table S2. Classification of molecular compounds into major biochemical classes.

Molecular class Critera
Carbohydrate H/C:1.5-2.4; O/C:0.71-1.2
Amino sugars H/C:1.5-2.2; O/C:0.52-0.71
Protein/Lipid-like H/C:1.5-2.2; O/C:0-0.52
Tannins H/C:0.5-1.5; O/C:0.67-1.2
Lignins H/C:0.7-1.5; O/C:0.1-0.67
Unsaturated hydrocarbons H/C:0.7-1.5; O/C:0-0.1
Condensed aromatic structures H/C:0.2-0.7; O/C:0-0.67

Note: The classification method was adopted from a previous study.?*
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Table S3. Classification of 8-MnO,-mediated DOM transformation pathways and representative mass shifts. Based on previous
studies, 42328 the transformation of aromatic DOM mediated by 8-MnO, can be classified into four primary pathways: (i) Oxidative
conversion of phenols to p-benzoquinones (ii) Aromatic ring carboxylation, (iii) Aromatic ring-opening (e.g., +30, +O—5C—4H), (iv)

Oxidative coupling (e.g., tn(C¢H40), n > 1).

Reaction (0)) ()] (©)) (O] (6] () (M ®

Change +0O +0-2H -2H +20-2H +30 +0-5C-4H -H +n(CcH40)

Mass shift  +15.994914 +13.9792645 -2.01565  29.9741792 47.9847438 -48.0363854  -1.007825  +n(92.0262146),n > 1

Oro Oron o O
1

(1) l 0 (5) l i

(2) @—CHZOH QO.

o

H

H

— 0
) HO@OH ) l 3) (6) RQOH ®)
\ - < >—CHO @ O, OH < >—o~[< >—}< >—OH
n
OH

l
| onf ~ o
o:®:o @COOH R-COOH

@ (i) (iii) @iv)
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Table S4. Molecular characterization of the initial LF-DOM (LF,) and AB-DOM (ABy), and the samples after 30 days of reaction with

0-MnO; at pH 4, 6, and 8 (LF/AB—pH 4/6/8), based on FT-ICR MS.

LF, LF-pH 8 LF-pH 6 LF-pH 4 AB, AB-pH 8 AB-pH 6 AB-pH 4
Molecular count 4544 8202 6022 5287 4369 5621 6359 5681
MW, 378.35 412.26 404.43 396.14 412.40 400.80 386.40 376.78
DBE,, 5.70 6.35 6.57 5.48 10.13 10.10 8.96 7.90
o/C, 0.37 0.39 0.42 0.40 0.58 0.59 0.55 0.52
H/C, 1.52 1.48 1.43 1.54 1.01 0.98 1.08 1.20
Alodw 0.16 0.17 0.18 0.13 0.39 0.41 035 0.29
NOSC, -0.76 -0.68 -0.57 0.72 0.17 0.24 0.08 -0.09
CHO 86.89% (3731)  89.78% (6365) 88.42% (4756) 85.59% (3963) 85.86% (2967) 82.72% (3330) 78.06% (3409) 73.95% (2941)
CHON 7.90% (443)  6.81% (1187)  7.48% (748)  8.42%(775)  8.55%(1082)  15.38% (2061) 18.61% (2538) 21.59% (2346)
CHOP 1.55% (193)  1.34% (311)  2.30%(332)  3.18% (361)  0.83%(100)  0.21% (44) 0.37% (82) 1.56% (219)
CHOS 3.65% (177)  2.07%(339)  1.80% (186)  2.80% (188)  4.76%(220)  1.69% (186)  2.96% (330)  2.90% (175)
Amino sugars 4.08% (310)  3.96%(519)  5.77%(497)  6.81% (453)  1.04%(127)  1.56% (182)  2.46% (240)  3.84% (256)
Carbonhydrate 0.37% (35) 0.29% (48) 0.55% (53) 0.87% (78) 0.36% (32) 0.33% (35) 0.57% (52) 1.14% (67)
C"“d:t‘;ffc‘:lf‘rré’smaﬁc 3.95%(105)  2.09%(208)  3.19%(155)  1.07% (66) 11.99% (436)  12.51% (598)  7.50% (442)  3.60% (255)
Lignins 32.83% (1886)  40.84% (3806) 45.24% (2831) 33.10% (2045) 41.24% (2365) 49.02% (3171)  55.42% (3701)  62.32% (3364)
Protein/Lipid-like 57.39% (2101)  51.30% (3394) 43.45% (2331) 55.83% (2506) 12.51% (691)  8.19% (773)  12.25%(1133) 15.63% (1109)

Tannins

Unsaturated hydrocarbons

1.07% (92)
0.27% (11)

1.39% (203)
0.10% (13)

1.70% (141)
0.09% (11)

2.10% (113)
0.15% (15)

31.66% (682)
0.04% (2)

27.00% (799)
0.02% (4)

21.15% (746)
0.02% (4)

13.27% (609)
0.01% (2)
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Note: Intensity-weighted average values are presented for molecular weight (MW,,), nominal oxidation state of carbon (NOSC,,),
modified aromaticity index (Alow), double bond equivalence (DBEy,), H/C ratio (H/Cy), and O/C ratio (O/C,,). Molecular formulas
are grouped into elemental classes (CHO, CHON, CHOS, CHOP), and the “Molecular count” represents the total number of compounds
across these four elemental classes. The percentage distributions of compound classes were abundance-weighted. In parentheses are the

numbers of compounds in each compound class
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Figure S1. Structural characterization of synthesized 3-MnQO,: (a) XRD pattern; (b, €) SEM
images; (c, f) TEM images; and (d) N, adsorption—desorption isotherm and the

corresponding pore size distribution (inset).
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Figure S11. Relative frequency distributions of (a) MW, (b) Aly.q, (¢) DBE, (d) NOSC,
(e) O/C, and (f) H/C for persistent, removed, and newly formed molecules in LF-DOM

after reaction with 6-MnO,.
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Figure S12. Relative frequency distributions of (a) MW, (b) Al,.q, (¢) DBE, (d) NOSC,
(e) O/C, and (f) H/C for persistent, removed, and newly formed molecules in AB-DOM

after reaction with 6-MnO,.
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Figure S13. Relative frequency distributions of (a) Al (b) DBE, and (¢) O/C ratio for
removed protein-/lipid-like compounds from LF-DOM versus removed tannin and

condensed aromatic compounds from AB-DOM.
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Figure S14. (a—) Van Krevelen diagrams of FT-ICR MS-assigned molecular formulas

significantly correlated with EEM-PARAFAC components C1 (a), C2 (b), and C3 (c),

based on Spearman correlation (p < 0.05, || > 0.7). Positively (r > 0) and negatively (r <

0) correlated formulas are shown in brown and green, respectively. (d—f) Relative

frequency distributions of Al,,,q (d), DBE (e), and NOSC (f) for positively correlated

formulas.

S31



e
+n(C,H,0) +0-5C-4H —— 430
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Figure S15. Molecular networks showing precursor—product pairs involved in key
transformation pathways (+n(C¢H40), +O-5C—4H, +30, +20-2H, +O-2H, +O, —2H)
during the reactions of -MnO, with LF-DOM and AB-DOM at pH 4, 6, and 8. Node size

indicates connectivity; edge color denotes transformation type.
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Figure S16. Distribution and intensity-weighted Al,0q4 (a, ¢) and DBE (b, d) of reaction
products from distinct transformation pathways at pH 4, 6, and 8 for LF-DOM (a, b) and
AB-DOM (c, d) systems. Numerical values below each violin plot indicate intensity-

weighted average Al,q or DBE for each transformation pathway.
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Figure S17. (a) Schematic representation of representative dehydration condensation
reactions—Maillard reaction (1), amidation (2), esterification (3), and aldol condensation

(4)—along with the computational workflow used to identify condensation products based
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on FT-ICR MS data. (b—g) Van Krevelen diagrams of condensation precursors and
products in LF-DOM (b—d) and AB-DOM (e—g) at pH 4 (b, e), 6 (¢, ), and 8 (d, g). Symbol
size denotes relative intensity (RI), calculated as the peak intensity of each molecular
formula normalized to the maximum intensity within its respective group (precursors or
products). (h—m) Intensity-weighted average values of Al,,.4 (h, k), DBE (i, 1), and H/C (j,
m) for the condensation products of LF-DOM (h—j) and AB-DOM (k-m) at pH 4, 6, and

8.
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Figure S18. (a—d) DOC removal during reaction of 6-MnO, with (a) LF-DOM, (b) QA-
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atpH 4, 6, and 8.
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Figure S19. (a) High-resolution Mn 3s XPS spectra of 6-MnO, before and after reaction
with LF-DOM, QA-DOM, LG-DOM, and AB-DOM at pH 4, 6, and 8. The energy
separation (AE[]) between two splitting peaks was utilized to calculate the average
oxidation state (AOS) of Mn using the empirical equation: AOS = 8.956 — 1.126 x AE[.
(b) High-resolution Mn 3p XPS spectra and corresponding peak deconvolution results for
0-MnO, before and after reaction with LF-DOM, QA-DOM, LG-DOM, and AB-DOM at

pH 4, 6, and 8.
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