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ABSTRACT: The environmental persistence of glyphosate and its
transformation into aminomethylphosphonic acid (AMPA) neces-
sitate a mechanistic understanding of its abiotic degradation in
natural environments. Manganese (Mn) oxides are ubiquitous
redox-active minerals capable of oxidizing glyphosate; however,
how Mn oxide mineralogy and pH regulate degradation kinetics,
pathway selectivity, and interfacial redox processes remains unclear.
Here, we investigated glyphosate oxidation by three representative
Mn oxides, layered birnessite, disordered-layered vernadite, and
tunnel-structured cryptomelane, across pH 3−7. Vernadite
exhibited the highest and most sustained oxidative reactivity,
cryptomelane showed rapid but strongly pH-dependent oxidation, and birnessite displayed slower yet persistent reactivity. Mineral
structure controlled product selectivity: under near-neutral conditions, layered Mn oxides favored glycine formation through C−N
bond cleavage adjacent to the phosphonate group, whereas tunnel-structured cryptomelane promoted AMPA accumulation through
cleavage near the carboxyl group. Acidic conditions (pH 3 and 5) enhanced AMPA accumulation across all Mn oxides, suggesting
increased persistence risks. Spectroscopic and kinetic analyses demonstrated that glyphosate oxidation involved surface complexation
with Mn(IV), interfacial electron transfer, and propagation through transient, labile Mn(III) intermediates. These findings reveal
that Mn oxide mineralogy and pH jointly govern bond-selective glyphosate oxidation and AMPA accumulation, advancing
mechanistic predictions of glyphosate fate in soil and aquatic environments.
KEYWORDS: manganese oxides, glyphosate, structure-dependent oxidation, degradation pathways, pH effects, AMPA formation,
Mn redox cycling

1. INTRODUCTION
Glyphosate [N-(phosphonomethyl)glycine] is the most widely
used phosphonate herbicide worldwide,1 with annual con-
sumption estimated at 105−106 t.2,3 Because of its limited
uptake by target plants, a substantial fraction of applied
glyphosate remains in agricultural soils through interactions
with mineral surfaces, together with its primary metabolite
aminomethylphosphonic acid (AMPA), which is more
persistent and potentially more toxic than glyphosate.4 These
residues can be transported to aquatic systems via surface
runoff and erosion in both dissolved and particulate forms.5,6

The accumulation of glyphosate and AMPA poses ecotoxico-
logical risks to nontarget organisms and has raised substantial
public health concerns,7 particularly after glyphosate was
classified as a probable human carcinogen by the World Health
Organization in 2015.8 Therefore, elucidating the degradation
mechanisms of glyphosate is essential for accurate ecological
risk assessment and the development of effective remediation
strategies.

The molecular structure of glyphosate (C3H8NO5P), which
contains phosphonate, amine, and carboxyl groups, enables

multiple degradation pathways through both biotic and abiotic
processes.9 Reported transformation pathways include cleavage
of the C(2)-N bond adjacent to the carboxyl group (AMPA
pathway), cleavage of the C(3)-P bond (sarcosine pathway),
and cleavage of the C(3)-N bond near the phosphonate group
(glycine pathway).10−12 Among naturally occurring abiotic
oxidants in soils and sediments, manganese (Mn) oxides are
particularly important because of their large specific surface
area (SSA), low point of zero charge (PZC), and strong
adsorption and oxidative capacities.13−15 These properties
make Mn oxides effective heterogeneous oxidants for a wide
range of organic pollutants including pesticides, antibiotics,
and phenolic compounds.16−18
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Previous studies have shown that Mn oxides, including
birnessite (δ-MnO2) and pyrolusite (β-MnO2), can rapidly
oxidize glyphosate, and that the degradation rate is strongly
influenced by pH, temperature, and coexisting ions or organic
molecules.4,19−22 Specifically, carbonate, phosphate, humic
acids, proteins, and Cu2+ inhibit glyphosate degradation by
competing for surface adsorption sites or forming stable
ternary complexes,19,20,22 whereas lower pH and higher
temperature enhance degradation by promoting glyphosate
adsorption.19,21 These studies further indicate that AMPA and
glycine are the primary transformation products of glyphosate
on birnessite, with their relative proportions determined by the
glyphosate-to-birnessite ratio, reaction temperature, pH,
protein coexistence, and adsorption configuration. For
example, elevated temperature favors glycine formation,21

while the presence of proteins promotes the AMPA pathway,
particularly under acidic conditions, by facilitating mono-
dentate mononuclear adsorption of the phosphonate group.22

Birnessite may also mediate glyphosate degradation through
the sarcosine pathway, although the rapid transformation of
sarcosine likely prevents its detection.20,22 Importantly,
although the degradation pathways of glyphosate on birnessite
have been extensively studied, the influence of Mn oxide
mineralogy on these pathways remains unclear. This knowl-
edge gap limits our ability to predict glyphosate fate across
diverse soil and sediment systems.

Mechanistic studies suggest that glyphosate oxidation by
birnessite is initiated by surface complexation between
glyphosate functional groups and Mn(IV)−OH sites, which
facilitates interfacial electron transfer from the nitrogen center
to Mn(IV), ultimately leading to C−N bond cleavage.12

Glyphosate oxidation at the birnessite interface may also
proceed via direct single-electron transfer coupled with
nucleophilic attack, resulting in bond cleavage at different
positions within the molecule and the concomitant reduction
of Mn(IV).20,22 Previous studies further indicate that reactive
oxygen species (ROS) can be generated under UV irradiation
and contribute to bond cleavage,23 whereas under dark
conditions, ROS appear to play only a minor role.20,22 In
addition, soluble Mn(III) species have been shown to
significantly influence the degradation of organic pollutants
by birnessite.24 However, the relative contributions of ROS
generation, Mn(III)-mediated redox cycling, and direct
interfacial electron transfer during Mn-oxide-mediated glyph-
osate oxidation remain unresolved. Moreover, whether these
mechanisms vary systematically with the Mn oxide crystal
structure and mineralogy has not yet been established.

Naturally occurring Mn oxides can be broadly classified into
layered and tunneled-structural phases, which exhibit distinct
crystal structures, surface properties, and redox behaviors.25

Layered Mn oxides (δ-MnO2), such as birnessite and
vernadite, consist of two-dimensional sheets of edge-sharing
[MnO6] octahedra. δ-MnO2 is among the most abundant Mn
oxides in soils and sediments and serves as an important redox-
active component in biogeochemical cycles.13 Compared with
birnessite, vernadite typically displays lower crystallinity,
smaller particle size, and a higher degree of structural disorder,
which collectively enhance its surface reactivity toward
elemental cycling and contaminant transformation.26,27 With
long-term aging, layered Mn oxides can transform into tunnel-
structured minerals such as cryptomelane (α-MnO2).28

Cryptomelane, widely distributed in soils and sediments,
possesses a 2 × 2 tunnel framework and exhibits high

adsorption capacity and strong oxidative potential, rendering it
highly reactive toward organic contaminants.29 These struc-
tural variations are expected to influence glyphosate reactivity
on Mn oxide surfaces.19 In addition, solution pH fundamen-
tally governs Mn oxide surface charge, redox thermodynamics,
and the aqueous speciation of glyphosate, thereby exerting
coupled influences on degradation kinetics and transformation
pathways.19,22,30 Despite these advances, the combined
influence of Mn oxide mineralogy and solution pH on
glyphosate degradation remains poorly understood.

The objective of this study was to systematically elucidate
the coupled effects of Mn oxide mineralogy and solution pH
on the kinetics, transformation pathways, and underlying
mechanisms of glyphosate degradation. Three representative
Mn oxides, layered birnessite, disordered layered vernadite,
and tunnel-structured cryptomelane, were selected to explicitly
probe structure-dependent reactivity. Glyphosate degradation
was examined over pH 3−7 using an integrated experimental
approach that combined macroscopic kinetic measurements
with molecular-scale spectroscopic analyses, including phos-
phorus (P) K-edge X-ray absorption near-edge structure
(XANES) spectroscopy, X-ray photoelectron spectroscopy
(XPS), ultraviolet−visible (UV−vis) spectroscopy, and elec-
tron paramagnetic resonance (EPR) spectroscopy. This study
establishes a comprehensive mechanistic framework for abiotic
glyphosate degradation by Mn oxides and highlights the critical
roles of the mineral structure and pH in controlling glyphosate
transformation and AMPA formation in soil and aquatic
environments.

2. MATERIALS AND METHODS

2.1. Synthesis and Characterization of Mn Oxides
K-birnessite was synthesized by reducing 300 mL of 0.667 M KMnO4
with 45 mL of 6 M HCl added at a rate of 0.7 mL/min under stirring
at 110 °C, followed by aging at 60 °C for 16 h.31 Vernadite was
prepared by reducing a mixture of 750 mL of 0.1 M KMnO4 and 0.2
M NaOH with 750 mL of 0.15 M Mn(NO3)2 added at 10 mL/min,
followed by aging at 25 °C for 20 h under stirring.32 Cryptomelane
was synthesized by reducing 80 mL of 0.4375 M KMnO4 with a
mixture of 100 mL of 0.5 M MnSO4 and 2 M acetic acid, followed by
aging at 100 °C for 20 min and subsequently at 60 °C for 24 h.31 For
comparison with Mn(IV) oxides, Mn(III)-bearing manganite was
synthesized by oxidizing a mixture of 200 mL of 0.7 M MnSO4 and
0.2 M NH3·H2O with 90 mL of H2O2 at an addition rate of 3 mL/min
at 95 °C, followed by aging under reflux at 105 °C for 24 h.33 All
synthesized Mn oxides were thoroughly washed with deionized water
until the conductivity of the supernatant was below 20 μS/cm, and
were then dried, ground, and passed through a 100-mesh sieve.
Detailed synthesis procedures and physicochemical characterization
methods, including X-ray diffraction (XRD), elemental composition,
Mn oxidation state determined by XANES spectroscopy, N2
adsorption−desorption isotherms, zeta potential measurements, and
oxidation−reduction potential (ORP) analysis, are provided in the
Supporting Information (Text S1).
2.2. Glyphosate Degradation Experiments
Glyphosate (CAS 1071-83-6, Aladdin, Shanghai) degradation kinetics
by Mn oxides were conducted in duplicate at pH 3−7 and room
temperature (22 ± 0.5 °C) over 2 h using 0.01 M NaCl as the
background electrolyte to evaluate short-term degradation behavior.
Reactions were initiated by rapidly mixing 100 mL of glyphosate stock
solution (100 mg/L) with 100 mL of a pre-equilibrated Mn oxide
suspension (0.4 g/L) in a 250 mL conical flask, resulting in final
concentrations of 50 mg/L glyphosate and 0.2 g/L Mn oxide. This
glyphosate/Mn ratio was selected based on both redox efficiency and
environmentally relevant proportions.34 Although the concentrations
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exceeded typical environmental levels, they are commonly employed
in mechanistic studies to ensure measurable reaction kinetics and
product formation.4,21,35,36 The reactions were performed at pH 3, 5,
and 7 under continuous magnetic stirring at 500 rpm, and the pH was
maintained within ±0.1 units using 0.01 or 0.1 M HCl or NaOH. At
predetermined time intervals, 5 mL aliquots were withdrawn and
immediately filtered through 0.22 μm membrane filters. Glyphosate
concentrations in the filtrate were quantified by sodium nitrite UV−
vis spectrophotometry at 242 nm (Agilent Cary8454, USA),37 and
dissolved Mn concentrations were measured by atomic absorption
spectroscopy (AAS; Agilent 204DUO).

To facilitate the identification of degradation intermediates and
products, additional experiments were performed at elevated reactant
concentrations (100 mg/L glyphosate and 0.5 g/L Mn oxides) with
an extended reaction time of 24 h at pH values of 3, 5, and 7. The
degradation kinetics of the primary metabolite AMPA (CAS 1066-51-
9, Aladdin) were also evaluated under the same experimental
conditions. Filtered samples were analyzed for AMPA and potential
intermediates (e.g., sarcosine (CAS 107-97-1, Aladdin) and glycine
(CAS 56-40-6, Aladdin)) using high-performance liquid chromatog-
raphy (HPLC; Agilent 1260) with precolumn derivatization, following
an established protocol.38 Quantification was based on external
calibration curves, and all measurements were conducted in duplicate
with mean values reported. Detailed derivatization procedures and
chromatographic conditions are described in Text S2. Glyphosate and
phosphate concentrations were additionally determined by UV−vis
spectrophotometry at 242 and 710 nm, respectively. After the
reaction, solid residues were collected by filtration, freeze-dried, and
finely ground for subsequent solid-phase characterization.

2.3. Identification of Reactive Species
2.3.1. Detection of Mn(III) Intermediates. The formation of

soluble Mn(III) intermediates was examined using sodium
pyrophosphate (PP) as a stabilizing chelating ligand.39 Briefly, 5
mM PP was added to glyphosate degradation systems containing 0.2
g/L Mn oxide and 50 mg/L glyphosate, and to Mn oxide-only control
suspensions, at pH 7.0. The mixtures were continuously stirred for up
to 24 h. At predetermined time points, 2 mL aliquots were filtered
through 0.22 μm membrane filters, and Mn(III)-PP complexes were
quantified by UV−vis spectroscopy over a wavelength range of 200−
600 nm, with the characteristic absorption peak monitored at
approximately 258 nm.39,40

2.3.2. Identification of Reactive Oxygen Species (ROS). ROS
generated by Mn oxides were examined using electron paramagnetic
resonance (EPR) spectroscopy with 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) as a spin-trapping agent. Mn oxide suspensions (0.2 g/L)
were prepared in 0.01 M NaCl at pH 3 and 7 and stirred for 2 h in the
absence of glyphosate. Subsequently, 1 mL of the suspension was
mixed with 10 μL of 25 mM DMPO for 2 min, filtered through a 0.22
μm membrane filter, and immediately analyzed by EPR spectroscopy
(Bruker EMXnano) to identify DMPO-radical adducts.41

2.3.3. Quantification of Hydroxyl Radicals (•OH). The
formation of •OH was quantified using terephthalic acid (TPA) as
a fluorescent probe. Reaction mixtures containing 0.2 g/L Mn oxides
and 0.2 mM TPA in 0.01 M NaCl were adjusted to pH 3, 5, and 7.
TPA reacts selectively with •OH to form highly fluorescent 2-
hydroxyterephthalic acid (hTPA).42 At predetermined time intervals,
2 mL aliquots were filtered and analyzed by HPLC (Agilent 1260)
equipped with a fluorescence detector and a Zorbax Eclipse SB-C18
column. The mobile phase consisted of 20% acetonitrile and 80%
phosphoric acid solution (0.1 wt %) at a flow rate of 0.5 mL/min.

2.4. Characterization of Solid Products
Postreaction solids were characterized using multiple complementary
analytical techniques. XRD patterns were collected to evaluate
potential structural changes (see Text S1). For scanning electron
microscopy (SEM; SU8010), freeze-dried samples were mounted on
carbon tape, sputter-coated with gold, and imaged at 15 kV under a
vacuum of 80 Pa.

XPS analyses were performed using a Thermo Fisher Scientific K-
Alpha spectrometer equipped with a monochromatic Al Kα X-ray
source (1486.6 eV). Survey spectra were collected at 100 eV pass
energy (step size: 1.0 eV), and high-resolution scans (e.g., Mn 3s, Mn
2p, O 1s, and P 2p) were collected at 25 eV pass energy (step size: 0.1
eV). All spectra were charge-corrected using the adventitious carbon
C 1s peak at 284.8 eV and processed using Avantage software.
Detailed procedures for background subtraction, peak deconvolution,
and Mn oxidation state determination are provided in the Supporting
Information (Text S3 and Figure S1) following established
methods.43,44

P K-edge XANES spectroscopy was conducted at beamline
BL4B7A of the Beijing Synchrotron Radiation Facility (BSRF),
enabling differentiation of organic and inorganic P species even at
relatively low P loadings. Solid samples collected after glyphosate or
AMPA degradation at pH 3 and 7, together with pure glyphosate and
AMPA reference compounds, were analyzed. To minimize self-
absorption effects, samples were diluted with boron nitride (BN) to
achieve 15,000−20,000 mg P/kg. All samples were uniformly spread
on P-free carbon tape, and spectra were collected in fluorescence
mode using a Si(Li) detector. Each sample was scanned twice to
improve the signal-to-noise ratio. Data processing, including back-
ground subtraction and normalization, was performed using the
Athena software package.45 Spectral analyses focused on the energy
range of 2140−2180 eV.

In situ ATR-FTIR spectroscopy was employed to monitor
glyphosate adsorption species on Mn oxides and the influence of
Mn2+ at pH 5 and 7 using a Bruker Vertex 70 spectrometer. Briefly, 1
mL of 10 g/L mineral suspension was evenly deposited onto a ZnSe
crystal and air-dried overnight. After establishing a stable baseline with
0.01 M NaCl at a flow rate of 1 mL/min, background spectra were
collected. Subsequently, 1 mM glyphosate was introduced at the same
flow rate for 60 min, followed by the addition of 10 mg/L (∼0.18
mM) MnCl2 for an additional 60 min. The spectra at different time
points were collected as averages of 256 scans at 4 cm−1 resolution
over the spectral range of 800−1800 cm−1.

3. RESULTS AND DISCUSSION

3.1. Structure-Dependent Physicochemical Properties of
Synthesized Mn Oxides
XRD patterns confirmed the successful synthesis of the target
Mn oxide phases, with crystallinity decreasing in the order K-
birnessite (PDF#43-1456) > cryptomelane (PDF#42-1348) >
vernadite (Figure S2a). Vernadite exhibited two broad and
weak diffraction peaks characteristic of poorly crystalline δ-
MnO2.

32 The stoichiometries of the three Mn oxides were
calculated based on elemental compositions and bulk Mn
oxidation states determined by Mn K-edge XANES spectros-
copy: K0.10Mn(IV)0.92Mn(III)0.06Mn(II)0.02O2.04·0.50H2O for
birnessite, Na0.07K0.06Mn(IV)0.87Mn(III)0.12Mn(II)0.01O2.00·
1.14H2O for vernadite, and K0.16Mn(IV)0.84Mn(III)0.14Mn-
(II)0.02O2.09·0.61H2O for cryptomelane. Pronounced differ-

Table 1. Specific Surface Areas and Pore Structure Parameters of Mn Oxides

Micropore surface area
(m2/g)

External surface area
(m2/g)

Specific surface area
(m2/g)

Micropore volume
(cm3/g)

Total pore volume
(cm3/g)

Average pore size
(nm)

Birnessite 6.6 19.5 26.1 0.002 0.193 11.4
Vernadite 32.3 299.6 331.8 0.016 0.619 4.5
Crytomelane 5.0 130.5 135.4 0.006 0.897 19.4
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ences in textural properties were observed among the three Mn
oxides, as revealed by N2 adsorption−desorption analyses and
SEM observations (Figures S2b and S3; Table 1). Birnessite
exhibited a predominantly mesoporous structure with pore
diameters centered at 10−30 nm. In contrast, vernadite was
predominantly microporous (<2 nm), with minor mesopores
(2−3 nm), yielding the highest SSA (332 m2/g). Cryptome-
lane displayed larger mesopores (20−45 nm) and an
intermediate SSA (135 m2/g), whereas birnessite possessed

the lowest SSA (26 m2/g). Morphologically, birnessite formed
nanoflower-like aggregates, vernadite exhibited similar but 3−
4-fold smaller spherical particles, and cryptomelane exhibited a
needle-like morphology (Figure S3).

Surface charge measurements further highlighted pro-
nounced structure-dependent differences among the Mn
oxides. The PZC decreased in the order cryptomelane (pH
4.3) > vernadite (pH 2.2) > birnessite (pH 1.0) (Figure 1a),
indicating progressively negative surface charge from crypto-

Figure 1. Zeta potential (a) and redox potential (b) of the synthesized Mn oxides. Glyphosate degradation kinetics by manganite (c), vernadite
(d), birnessite (e), and cryptomelane (f), and the corresponding dissolved Mn release (including the percentage of the initial Mn; g−i) at pH 3, 5,
and 7. The initial glyphosate concentration was 50 mg/L, the Mn oxide loading was 0.2 g/L, and the background electrolyte was 0.01 M NaCl.

Table 2. Surface Speciation of Mn and O, and Average Mn Oxidation States of Mn Oxides before and after Glyphosate
Degradation, as Determined by XPS

Sample Mn(II) (%) Mn(III) (%) Mn(IV) (%) Oads (%) Olatt (%) Oads/Olatt ΔE (eV) AOSa

Birnessite 5.6 16.8 77.6 14.2 79.3 0.2 4.6 3.7
After reaction 5.8 33.3 60.9 16.0 66.0 0.2 4.9 3.4
Vernadite 6.9 32.5 60.6 19.0 67.5 0.3 4.9 3.4
After reaction 6.5 44.5 49.0 22.0 63.9 0.3 5.0 3.3
Cryptomelane 6.1 32.8 61.1 18.8 72.2 0.3 4.8 3.5
After reaction 6.4 47.5 46.1 22.9 60.4 0.4 4.9 3.4

aAOS: average oxidation state, AOS = 8.956 − 1.126 × ΔE, where ΔE represents the binding energy difference between the two peaks in the Mn
3s spectrum.66
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melane to birnessite over the environmentally relevant pH
range (≤7). Redox potential measurements showed that all Mn
oxides exhibited stronger oxidative potentials under acidic
conditions, following the order cryptomelane > vernadite >
birnessite (Figure 1b). This trend suggests that cryptomelane
possessed the strongest intrinsic oxidative capacity among the
investigated Mn oxides.

XPS analysis provided complementary information on the
Mn oxidation states within the near-surface region (several nm

depths; Table 2). The relative abundance of Mn(IV) followed
the order birnessite > cryptomelane ≈ vernadite, whereas
Mn(III) abundance showed an opposite trend. The Mn
average oxidation state (AOS) calculated from XPS spectra
aligned well with their respective Mn(IV) contents (Table 2).
Mn K-edge XANES analyses showed a similar trend in Mn
AOS to XPS among the three Mn oxides (Figure S4 and Table
S1). However, XANES generally yielded slightly higher
Mn(IV) fractions and AOS values, likely reflecting its greater

Figure 2. Time-dependent glyphosate degradation and the formation of primary transformation products during oxidation by vernadite (a−c),
birnessite (d−f), and cryptomelane (g−i), and AMPA degradation kinetics by vernadite (j), birnessite (k), and cryptomelane (l) at pH 3, 5, and 7,
as determined by HPLC. Initial glyphosate and AMPA concentrations were 100 mg/L, the Mn oxide loading was 0.5 g/L, and the background
electrolyte was 0.01 M NaCl.
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probing depth and bulk-sensitive nature. In addition, the
proportion of adsorbed oxygen species (Oads), including
hydroxyl groups and molecularly adsorbed water, followed
the order vernadite (19.0%) > cryptomelane (18.8%) >
birnessite (14.2%), broadly reflecting differences in SSA
(Table 1). Collectively, these distinct structural, surface, and
redox characteristics provide a physicochemical basis for
structure-dependent glyphosate adsorption, interfacial electron
transfer, and subsequent oxidative transformation pathways.
3.2. Glyphosate Degradation Kinetics and pH Dependence

Batch experiments demonstrated that Mn(III)-bearing man-
ganite exhibited negligible reactivity toward glyphosate (Figure
1c), whereas all three Mn(IV) oxides effectively oxidized
glyphosate (Figure 1d−f). This contrast indicates that the
mere presence of structural Mn(III) is insufficient to drive
glyphosate oxidation under the tested conditions, highlighting
Mn(IV) as the primary oxidizing species. Among the Mn(IV)
oxides, glyphosate degradation efficiency consistently followed
the order vernadite > cryptomelane > birnessite across all pH
conditions (Figure 1d−f). Kinetic data were well fitted by a
pseudo-first-order model (R2 = 0.86−0.98), yielding apparent
rate constants (k) of 0.0150−0.0176 min−1 for vernadite,
0.0028−0.0065 min−1 for cryptomelane, and 0.0007−0.0033
min−1 for birnessite over pH 3−7 (Table S2).

Solution pH exerted a pronounced control over glyphosate
degradation kinetics. Under acidic conditions (pH 3), both
cryptomelane and vernadite exhibited rapid initial degradation,
achieving approximately 15.0% glyphosate removal within the
first 0.5 min (Figure 1d and f). After 120 min, vernadite
achieved the highest glyphosate removal efficiency (88.6%),
followed by cryptomelane (62.3%) and birnessite (35.1%).
Increasing pH systematically suppressed glyphosate degrada-
tion for all Mn oxides (Figure 1d−f). Cryptomelane displayed
the strongest pH sensitivity, with removal efficiency decreasing
from 62.3% at pH 3 to 30.2% at pH 7. In contrast, vernadite
maintained high reactivity even at neutral pH (82.1%
removal), whereas birnessite showed limited reactivity at a
pH of 7 (8.6% removal).

Glyphosate oxidation was accompanied by the reductive
dissolution of Mn oxides, resulting in the release of dissolved
Mn (Figure 1g−i), predominantly as Mn(II) with minor
contributions from Mn(III).22 The accumulation of dissolved
Mn closely paralleled glyphosate degradation efficiency,
following the order vernadite > cryptomelane > birnessite
under each pH condition. As pH decreased to 3, the dissolved
Mn concentration increased to 17.82 mg/L (0.32 mM, 18%),
9.58 mg/L (0.17 mM, 9%), and 1.20 mg/L (0.02 mM, 1%) for
vernadite, cryptomelane, and birnessite, respectively. The pH
dependence likely reflects both enhanced interfacial redox
kinetics under acidic conditions and reduced adsorption of
dissolved Mn on increasingly protonated Mn-oxide surfaces.46

Overall, the kinetic trends indicate that glyphosate
degradation is strongly favored under acidic conditions and
is governed by the coupled effects of Mn oxide surface charge,
oxidative potential, and glyphosate speciation. As the pH
increases from 3 to 7, Mn oxide surfaces become increasingly
negatively charged (Figure 1a), their redox potentials decrease
(Figure 1b) and glyphosate predominantly exists as multivalent
anionic species due to deprotonation of its phosphonate group
(pKa1 = 2.2, pKa2 = 5.4, pKa3 = 10.1),47 collectively enhancing
electrostatic repulsion and inhibiting surface complexation and
interfacial electron transfer. In contrast, lower pH facilitates

glyphosate adsorption, proton-assisted electron transfer, and
Mn(IV) reduction at Mn oxide surfaces, as represented by the
following reactions (eqs 13):

+ + +MnO e H Mn(III)OOH2 (1)

+ + ++MnO 2e 4H Mn(II) 2H O2 2 (2)

+ + ++MnO Mn(II) 2H 2Mn(III) 2H O2 2 (3)

Notably, at pH 3, cryptomelane possessed a net positive
surface charge (pH < PZC), whereas vernadite and birnessite
remained negatively charged (Figure 1a). Despite its lower
SSA, cryptomelane exhibited an initial degradation rate
comparable to that of vernadite (Figure 1f), likely attributable
to its higher intrinsic redox potential combined with favorable
electrostatic attraction toward glyphosate (Figure 1a−b).
Compared with birnessite and cryptomelane, the degradation
rate of glyphosate on vernadite was less sensitive to pH, likely
because its exceptionally high SSA (Table 1) enabled sustained
glyphosate adsorption and oxidation even under near-neutral
conditions.
3.3. Degradation Products and Pathways of Glyphosate

3.3.1. Evolution of Intermediates and Final Products.
To elucidate complete degradation pathways and resolve
transient intermediates, long-term experiments were conducted
using elevated reactant concentrations (100 mg/L glyphosate,
0.5 g/L Mn oxide) over 24 h. The overall removal trends
(Figure 2a−i) were broadly consistent with the kinetic
behaviors observed at lower reactant concentrations (Figure
1d−f), while more clearly revealing structure-dependent
controls on glyphosate persistence and product evolution.
Vernadite displayed the fastest and most sustained reactivity,
whereas birnessite exhibited slower initial kinetics; never-
theless, both achieved nearly complete glyphosate removal
after 24 h across the whole pH 3−7 range (Figure 2a−f). In
contrast, cryptomelane exhibited pronounced pH dependence,
achieving complete glyphosate removal within 4 h at pH 3 but
only ∼52% after 24 h at pH 7 (Figure 2g and i). Notably,
birnessite outperformed cryptomelane at higher pH (5−7),
indicating that initial degradation rates do not necessarily
correspond to greater long-term oxidative capacity.

The primary metabolite AMPA exhibited substantially
greater persistence than glyphosate (Figure 2j−l), consistent
with its higher intrinsic chemical stability.20 AMPA oxidation
was most efficient under acidic conditions, where Mn oxides
exhibited stronger oxidative capacity and higher adsorption
affinity for AMPA with less negative charge (pKa1 = 1.8, pKa2 =
5.4, pKa3 = 10.0),48 with vernadite consistently showing the
highest reactivity. Cryptomelane was the least effective oxide
for AMPA oxidation, confirming that the Mn oxide structure
exerts sustained control on both primary glyphosate degrada-
tion and secondary AMPA transformation.

Distinct degradation pathways were evident from the
temporal evolution of reaction intermediates. In the vernadite
system at pH 7, both AMPA and glycine accumulated over
time, with glycine remaining the dominant product throughout
the reaction (Figure 2a). As the pH decreased, AMPA
formation became progressively favored and persisted
throughout the reaction. At pH 5, AMPA and glycine were
produced in comparable amounts, whereas glycine formation
was markedly suppressed at pH 3 (Figure 2b−c). Birnessite
exhibited similar pathway preferences but with substantially
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slower reaction kinetics (Figure 2d−f). At pH 7 and 5, both
glycine and AMPA gradually accumulated, although glycine
remained the dominant product, reaching 0.25 mM after 24 h

at both pH values, whereas AMPA concentrations reached only
0.11 and 0.15 mM, respectively (Figure 2d−e). At lower pH,
AMPA accumulation was again enhanced, whereas glycine

Figure 3. P K-edge XANES spectra of Mn oxides preloaded with phosphate (a) and AMPA (b), and of solid residues collected after glyphosate
degradation by cryptomelane (Cry), vernadite (Ver), and birnessite (Bir) at pH 3 (c) and pH 7 (d). Experiments were conducted with an Mn
oxide loading of 0.5 g/L, and initial concentrations of phosphate, AMPA, and glyphosate of 100 mg/L. In situ ATR-FTIR spectra of glyphosate
adsorption on birnessite (e), vernadite (f), and cryptomelane (g) within 60 min at pH 5 and 7. MM, BB, and MB denote monodentate
mononuclear, bidentate binuclear, and mononuclear bidentate surface complexes, respectively.
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yields were reduced (Figure 2f). These results are consistent
with previous studies showing glycine as the dominant
degradation product on birnessite at pH 4.6−7.2, with the
contribution of the AMPA pathway increasing as pH
decreases.21,22,35 In contrast to layered Mn oxides, cryptome-
lane predominantly favored the AMPA pathway across all pH
conditions, producing comparatively smaller amounts of
glycine (Figure 2g−i). At pH 3, AMPA concentrations rapidly
peaked (0.26 mM at 2 h) and subsequently declined to 0.22
mM after 24 h (Figure 2i), providing direct evidence for
secondary AMPA adsorption and oxidation under strongly
acidic conditions.

Phosphate release patterns further highlighted the coupled
effects of the Mn oxide structure and pH on degradation
pathways. For layered Mn oxides, phosphate concentrations
increased with pH, reaching 0.15 mM (25% of the initial total
P) for birnessite and 0.10 mM (17% of the initial P) for
vernadite at pH 7 after 24 h, while remaining relatively lower at
pH 3 (Figure 2a and d). At a lower pH, the layered Mn oxide
surface and phosphate species (pK1 = 2.2 and pK2 = 7.2)
carried less negative charge (Figures 1a and S5),49 thereby
favoring phosphate adsorption onto mineral surfaces. In
contrast, cryptomelane released up to 0.10 mM (17% of the
initial P) phosphate at pH 3, coinciding with complete
glyphosate oxidation (Figure 2i). At pH 7, limited glyphosate
degradation by cryptomelane was accompanied by minimal
phosphate release (Figure 2g). The total quantified P-bearing
products (AMPA, glycine-equivalent methylphosphonic acid,
and phosphate) were slightly lower than the amount of
glyphosate degraded, particularly at pH 3, likely because a
fraction of the products remained adsorbed on mineral surfaces
(Figure S6).

3.3.2. Molecular-Scale Speciation of Surface-Bound
Phosphorus. P K-edge XANES spectroscopy was employed
to elucidate P speciation on Mn oxide surfaces following
glyphosate degradation. Spectra of postreaction solids (Figure
3c−d) were compared with those of phosphate- or AMPA-
sorbed Mn oxide (Figure 3a−b) and pure glyphosate and
AMPA standards (Figure S7). The white-line peaks of pure
glyphosate and AMPA both occurred at 2151.2 eV (Figure
S7), whereas those of Mn oxide-associated samples shifted to
higher energies (Figure 3a−d), indicating the formation of P−
O−Mn inner-sphere surface complexes.50

For phosphate-sorbed samples, all Mn oxides exhibited a
characteristic white-line peak at 2153.2 eV (Figure 3a).
Birnessite showed the highest peak intensity, which, given
the inverse relationship between peak intensity and adsorbed P
loading,51 indicates the lowest phosphate adsorption, con-
sistent with its low SSA (Table 1). In AMPA-sorbed samples,
vernadite and birnessite exhibited identical white-line energies
(2153.2 eV), suggesting extensive oxidation of AMPA to
phosphate on these oxide surfaces. In contrast, cryptomelane
exhibited a slightly lower white-line energy (2152.6 eV)
accompanied by broader peak features (Figure 3b), implying a
greater fraction of unoxidized AMPA and a more heteroge-
neous mixture of organic and inorganic P species.52 These
spectroscopic features are consistent with macroscopic
degradation results (Figure 2j−l), confirming that the Mn
oxide structure governs both AMPA persistence and trans-
formation efficiency.

At pH 3, where glyphosate was almost completely degraded
within 24 h for all Mn oxides (Figure 2c, f, and i), the white-
line peak energies of the postreaction solids followed the order

cryptomelane > vernadite > birnessite (Figure 3c). This trend
closely paralleled the extent of phosphate release into the
solution. Cryptomelane, which released the largest amount of
phosphate, exhibited the highest white-line energy (2153.2
eV), reflecting the predominance of surface-bound phosphate
species. In contrast, birnessite displayed the lowest white-line
peak energy (2152.4 eV), likely due to competitive adsorption
among phosphate, AMPA, and residual glyphosate on its
limited reactive surface sites associated with its low SSA (Table
1). At pH 7, the white-line peak energies converged across all
Mn oxides (2153.0−2153.2 eV, Figure 3d), despite pro-
nounced differences in degradation efficiency and product
distributions (Figure 2a, d, g). This convergence indicates that
surface P speciation approached a similar adsorption
equilibrium dominated by mixed phosphate and organic P
complexes under near-neutral conditions.

In situ ATR-FTIR spectroscopy was further employed to
investigate glyphosate adsorption configurations on Mn oxides
at pH 5 and 7. The spectra showed prominent characteristic
bands of carboxyl and amino groups at 1679−1573 cm−1, as
well as phosphonate groups at 920−1190 cm−1 (Figure 3e−g,
Table S3), which intensified over time. Comparison of relative
band intensities among the Mn oxides showed that birnessite
and vernadite exhibited stronger carboxylate and amino bands
than phosphonate bands at pH 7, whereas cryptomelane
displayed more pronounced phosphonate bands. At pH 5, the
phosphonate band intensity in vernadite exceeded that of
carboxylate and amino groups, while only minor changes were
observed for birnessite and cryptomelane (Figure 3e−g).

The phosphonate group of glyphosate formed monodentate
mononuclear (1136−1093 cm−1), mononuclear bidentate
(954−923 cm−1), and bidentate binuclear (979−970 cm−1)
surface complexes on the three Mn oxides.22 On birnessite
surfaces, glyphosate phosphonate primarily formed bidentate
binuclear complexes (Figure 3e), consistent with previous
studies.22 On cryptomelane surfaces, glyphosate predominantly
formed monodentate mononuclear complexes (Figure 3g). On
vernadite surfaces, the monodentate mononuclear and
bidentate binuclear bands gradually shifted over time from
1139 to 1120 cm−1 and from 970 to 974 cm−1 (Figure 3f),
respectively, likely reflecting Mn(II) adsorption and pro-
gressive bond cleavage associated with the high reactivity of
vernadite (Figure S8). Overall, these observations demonstrate
that glyphosate adopts distinct adsorption configurations on
layered and tunnel-structured Mn oxides, which in turn
regulate interfacial electron transfer, degradation pathways,
and product distributions.

3.3.3. Structure- and pH-Dependent Degradation
Pathways. Glyphosate oxidation by Mn oxides can theoret-
ically proceed via three primary pathways: (1) C(3)−P bond
cleavage, yielding phosphate and sarcosine; (2) C(2)−N bond
cleavage adjacent to the carboxyl group, generating AMPA and
glyoxylic acid; and (3) C(3)−N bond cleavage adjacent to the
phosphonate group, producing glycine and methylphosphonic
acid.10,20,35 In this study, glycine and AMPA were consistently
identified as the dominant transformation intermediates.
Additional degradation experiments at pH 5 showed that
sarcosine (1.1 mM) was completely degraded by Mn oxides
(0.5 g/L) within 0.5 h without detectable glycine formation.
These observations indicate that glyphosate may partially
degrade through the sarcosine pathway (Pathway 1); however,
glycine formation primarily originated from direct C(3)−N
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bond cleavage (Pathway 3), rather than from secondary
oxidation of sarcosine generated via C(3)−P bond cleavage.

The dominant degradation pathway was jointly governed by
Mn oxide structure and solution pH. At near-neutral pH,
layered Mn oxides (birnessite and vernadite) primarily
facilitated the cleavage of the C−N bond adjacent to the
phosphonate group, producing glycine as the dominant
product (Pathway 3). In contrast, tunnel-structured crypto-
melane favored the cleavage of the C−N bond near the
carboxyl group, generating AMPA as the main product
(Pathway 2) (Figures 2 and 4). This clear pathway divergence
highlights a structure-dependent control over bond-selective
oxidation of glyphosate.

This pathway selectivity can be explained by differences in
surface complexation geometry and surface charge among the
Mn oxides. On cryptomelane surfaces, glyphosate phosphonate
predominantly forms monodentate mononuclear complexes
(Figure 3g), favoring C(2)−N cleavage and subsequent AMPA
formation (Pathway 2).22 On vernadite surfaces, the relative
abundance of bidentate binuclear complexes increased,
resulting in lower AMPA yields. On birnessite surfaces,
glyphosate phosphonate groups mainly formed bidentate
binuclear complexes (Figure 3e), facilitating C(3)−N cleavage
and glycine formation (Pathway 3) (Figure 4). The amino and
carboxyl groups of glyphosate primarily adsorbed on negatively
charged vacancy sites on layered Mn oxides due to their lower
PZC and abundant basal Mn vacancies (Figures 1a and 3e−
f).53 This adsorption configuration likely stabilized the C(2)−
N bond adjacent to the carboxyl group, thereby suppressing
AMPA formation while favoring glycine production.54 In
contrast, cryptomelane lacks strongly negatively charged
vacancy sites, and glyphosate predominantly binds through
the phosphonate group to surface hydroxyl sites (Figure 3g),
leading to preferential AMPA accumulation.

The observed pH dependence further supports this
adsorption-controlled mechanistic interpretation. For layered
Mn oxides, product selectivity shifted from AMPA dominance
at pH 3 to glycine dominance at pH 7 (Figure 2a−f),
coinciding with increasingly negative surface charge (Figure
1a) and stronger interactions between the carboxyl/amino
groups and negatively charged vacancy sites at higher pH
(Figure 3e−f). Conversely, in tunnel-structured cryptomelane,

the absence of negatively charged sites maintained AMPA as
the dominant product across all pH conditions (Figure 2g−i).
Collectively, these results demonstrate that Mn oxide surface
charge and glyphosate adsorption configurations are primary
factors governing competition between the two C−N bond
cleavage pathways.

The formation of phosphate despite the predominance of
C−N bond cleavage pathways warrants further consideration.
We propose that phosphate originated from two concurrent
processes: (1) minor direct C−P bond cleavage during primary
glyphosate oxidation and (2) subsequent oxidation of
accumulated AMPA, which also contains a C−P bond. In
contrast, methylphosphonic acid produced via pathway 3
appeared relatively resistant to Mn oxide-mediated oxidation
and therefore contributed negligibly to phosphate formation.35

The decline in AMPA concentrations at later reaction stages,
particularly under acidic conditions (Figure 2c, f, i), together
with its measurable degradation in independent AMPA
oxidation experiments (Figure 2j−l), supports secondary
AMPA oxidation as a major contributor to phosphate release,
especially at low pH. Other potential degradation products of
glyphosate generated by Mn oxides are summarized in Table
S4.
3.4. Oxidation Mechanisms of Glyphosate by Mn Oxides

3.4.1. Direct Electron Transfer Dominated by Mn(III)
Intermediates. Reductive dissolution of Mn(IV) oxides by
organic compounds is commonly accompanied by the
formation of soluble or labile Mn(III) species, which can
function as highly reactive transient oxidants.55,56 To evaluate
the role of Mn(III) intermediates in glyphosate oxidation, PP
was employed to stabilize labile Mn(III) species and enable
their quantification via the characteristic UV−Vis absorption of
Mn(III)−PP complexes.

The formation kinetics and accumulation of Mn(III) at pH
7 were strongly dependent on Mn oxide structure (Figure 5a−
f). In the vernadite system, glyphosate addition induced the
rapid appearance of a pronounced Mn(III)-PP absorbance
peak within 0.5 h, followed by a sharp increase in intensity,
indicating rapid and substantial Mn(III) production (Figure
5a). In the absence of glyphosate, Mn(III)-PP formation was
still evident but with markedly lower intensity (Figure 5b),

Figure 4. Conceptual schematic illustrating the predominant degradation pathways of glyphosate mediated by Mn oxides as a function of mineral
structure and solution pH. Cry: cryptomelane; Ver: vernadite; Bir: birnessite.
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indicating that organic oxidation strongly promotes Mn(III)
generation. In contrast, birnessite displayed a delayed response,
with detectable Mn(III) appearing only after 2 h in the
presence of glyphosate and gradually increasing to a maximum
at 24 h comparable to the early-stage (0.5 h) Mn(III) signal
observed for vernadite (Figure 5c). Only trace Mn(III)
formation was detected in the glyphosate-free birnessite
system (Figure 5d). Cryptomelane showed intermediate
behavior, with Mn(III) first detected at ∼1 h and reaching
intensities between those of vernadite and birnessite, regardless
of glyphosate presence (Figure 5e−f). Quantification of
Mn(III) accumulation revealed a clear hierarchy of vernadite
≫ cryptomelane > birnessite (Figure 5g), consistent with their
respective glyphosate degradation efficiencies (Figure 2).
Importantly, the accumulated Mn(III) species primarily
originated from redox reactions between Mn oxides and
glyphosate rather than from preexisting structural Mn(III).

XPS analyses of post-reaction solids further corroborated
these redox transformations (Figures 6 and S1 and Table 2).
All Mn oxides exhibited a decrease in Mn(IV) content
accompanied by an increase in Mn(III), while Mn(II) fractions
remained relatively minor. The resulting decrease in Mn AOS
was most pronounced for vernadite, consistent with its highest
reactivity (Figure 6). Importantly, no phase transformations
were observed, with only slight decreases in crystallinity
occurring during the reaction (Figure S9).

Importantly, the addition of PP markedly suppressed
glyphosate degradation by both vernadite and birnessite
(Figure 5h). In the vernadite system, glyphosate degradation
was consistently inhibited throughout the entire reaction in the
presence of PP, reflecting the sustained sequestration of
reactive Mn(III) intermediates. In contrast, PP exerted little
influence on glyphosate degradation by birnessite during the
initial reaction stage, consistent with the limited formation of

Figure 5. UV−vis absorption spectra of Mn(III)-PP complexes formed in Mn oxide systems in the presence (a, c, e) and absence (b, d, f) of
glyphosate, and net Mn(III)-PP accumulation after subtraction of the glyphosate-free controls (g). Reaction conditions for panels (a−g): 0.2 g/L
Mn oxides, 50 mg/L glyphosate, 5 mM PP, and pH 7 ± 0.1. Glyphosate degradation kinetics by Mn oxides in the presence and absence of 5 mM
PP are shown in panel (h). Reaction conditions for panel (h): 0.2 g/L vernadite or 0.5 g/L birnessite with 50 mg/L glyphosate. Cry: cryptomelane;
Ver: vernadite; Bir: birnessite.
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Mn(III) during this period (Figure 5c). As the reaction
progressed, Mn(III) accumulation increased substantially,
accompanied by a progressively stronger inhibitory effect of
PP on the glyphosate degradation. Given the high SSA of
vernadite, competitive adsorption between PP and glyphosate
was unlikely to dominate the observed inhibition, indicating
that inhibition primarily resulted from the chelation and
stabilization of reactive Mn(III) species rather than surface site
blocking. These observations provide direct evidence that
soluble or labile Mn(III) intermediates play a central role in
controlling glyphosate oxidation kinetics.57

Collectively, these results support a direct electron transfer
mechanism governed by coupled Mn(IV)/Mn(III)/Mn(II)
redox cycling (eqs 1−3). The process is initiated by surface
complexation of glyphosate with Mn(IV) sites, followed by
coupled one- and two-electron transfer processes that reduce

structural Mn(IV) to Mn(III) and Mn(II). Adsorbed Mn(II)
can subsequently undergo comproportionation with neighbor-
ing Mn(IV) to generate transient Mn(III) species.57 These
labile Mn(III) intermediates function as potent one-electron
oxidants capable of diffusing over short distances, readsorbing
onto mineral surfaces, or becoming incorporated into lattice
vacancies, particularly abundant in layered Mn oxides, thereby
sustaining continued glyphosate oxidation.58,59 Morphological
evidence of mineral restructuring, including edge dissolution
and the formation of amorphous secondary phases (Figure
S3), further supports dynamic redox cycling and mineral
transformation during reaction.60

Because Mn(III) species have been implicated in ROS
generation in related Mn oxide systems,56 their potential
contribution to glyphosate degradation was explicitly eval-
uated. EPR spectroscopy using DMPO spin trapping detected

Figure 6. XPS spectra of Mn 2p3/2 (a: birnessite; b: vernadite; c: cryptomelane) and O 1s (d: birnessite; e: vernadite; f: cryptomelane) of Mn
oxides before and after glyphosate degradation. Reaction conditions: 0.5 g/L Mn oxides, 100 mg/L glyphosate, 0.01 M NaCl, and pH 7 ± 0.1.
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only a DMPO−X signal, which was attributed to direct
oxidation of DMPO by Mn oxides rather than to free radical
generation (Figure S10). No DMPO−OH or DMPO−OOH
signals indicative of •OH or O2•− radicals were observed. This
conclusion was further supported by terephthalic acid (TPA)
fluorescence assays for •OH detection,42 which showed no
detectable formation of •OH over 24 h (Figure S11).
Although minor radical contributions cannot be entirely
excluded,61 the consistent absence of ROS signatures across
two complementary probes indicates that glyphosate degrada-
tion under the investigated conditions was dominated by direct
electron transfer mediated by Mn oxides and Mn(III)
intermediates rather than by radical-driven pathways. This
interpretation is consistent with previous studies showing that
Mn oxides mediate organic contaminant transformation
predominantly through nonradical pathways under dark
conditions.62

3.4.2. Structural Determinants of Degradation Re-
activity. Oxidative degradation of organic pollutants by Mn
oxides generally proceeds through two sequential steps: (1)
adsorption and precursor complex formation at surface
Mn(IV) sites, followed by (2) interfacial electron transfer.63

Our results demonstrate that the Mn oxide mineral structure
critically regulates both steps through a suite of interrelated
physicochemical properties, including crystallinity, SSA,
oxidative potential, and the capacity to generate labile Mn(III)
intermediates.

Cryptomelane, characterized by a tunnel structure, exhibited
rapid initial glyphosate degradation, particularly under acidic
conditions (Figure 1f and Figure 2i). This behavior likely arises
from its relatively high SSA and large mesopore size (20−45
nm), which facilitate diffusion of glyphosate molecules (∼0.9
nm),64 together with the highest intrinsic redox potential
among the investigated Mn oxides (Table 1 and Figure 1b).
These features collectively promote efficient surface complex-
ation and rapid initial interfacial electron transfer. However,
the high crystallinity of cryptomelane likely imparts structural
rigidity that increases the energetic barrier for sustained redox
turnover (Figure S2a).65 As a result, its oxidative efficiency
declined markedly under circumneutral conditions (pH 5−7),
where long-term redox sustainability rather than initial
reactivity becomes rate-limiting (Figure 2g and h).

In contrast, vernadite, a disordered layered Mn oxide,
exhibited the highest overall degradation capacity across the
investigated pH range (Figures 1a,d and 2a−c). Its exceptional
performance arises from a synergistic combination of low
crystallinity, exceptionally high SSA, and abundant reactive
surface oxygen species (Figure S2a and Table 1). Although its
redox potential is lower than that of cryptomelane, vernadite
generated the largest amount of labile Mn(III) intermediates
(Figure 5a and g). These Mn(III) species function as mobile
one-electron oxidants that continuously propagate oxidation
reactions beyond the initial Mn(IV) surface sites. The coupling
of high adsorption capacity with prolific Mn(III) generation
renders vernadite to be the most effective and sustainable
oxidant among the examined Mn oxides.

Birnessite, another layered Mn oxide, displayed the slowest
initial degradation kinetics, primarily due to its low SSA,
limited porosity, and comparatively low oxidative potential
(Table 1, Figure 1a−b, S2c). Nevertheless, birnessite possesses
the highest Mn AOS (Table 2), reflecting a substantial
reservoir of structural Mn(IV). This intrinsic oxidative capacity
enables birnessite to sustain oxidation over extended reaction

periods, ultimately achieving complete glyphosate degradation
and surpassing cryptomelane under circumneutral conditions
(Figures 2d and g). These observations suggest that birnessite
reactivity is initially constrained by surface complexation
kinetics but is increasingly governed by persistent Mn(IV)-
driven oxidation as the reaction progresses.

Collectively, the observed structure-dependent reactivity
reflects a dynamic interplay between the surface accessibility
and long-term redox sustainability. Cryptomelane excels in
rapid initial oxidation due to its high oxidative potential and
accessible tunnel framework; vernadite combines an extensive
reactive surface area with prolific Mn(III) generation to sustain
rapid and efficient oxidation; and birnessite relies on its large
Mn(IV) reservoir to maintain long-term oxidative capacity.
This mechanistic framework provides a predictive basis for
linking Mn oxide mineralogy to oxidation kinetics, pathway
selectivity, and contaminant transformation outcomes in both
natural and engineered environments.

4. ENVIRONMENTAL IMPLICATIONS
This study establishes a comprehensive mechanistic framework
for glyphosate degradation by Mn oxides, explicitly linking Mn
oxide mineralogy and solution pH to reaction kinetics,
transformation pathways, and interfacial redox mechanisms.
Within the investigated pH range (3−7), glyphosate
degradation efficiency followed the order vernadite >
cryptomelane > birnessite and was markedly enhanced under
acidic conditions. Under near-neutral conditions, layered Mn
oxides (birnessite and vernadite) preferentially cleaved the C−
N bond adjacent to the phosphonate group, forming glycine as
the dominant product, whereas tunnel-structured cryptome-
lane favored cleavage near the carboxyl group, leading to
AMPA accumulation. Under acidic conditions, AMPA
formation was consistently enhanced across all Mn oxides,
indicating an elevated risk of AMPA persistence in acidic soils
and sediments.

Mechanistically, glyphosate oxidation was dominated by
direct electron transfer mediated by structural Mn(IV) and
transient, labile Mn(III) intermediates rather than by radical-
driven pathways. The formation and persistence of Mn(III)
emerged as critical controls on sustained oxidative reactivity,
with vernadite generating the highest abundance of reactive
Mn(III) intermediates and exhibiting the greatest overall
oxidative reactivity. The contrasting behaviors of individual Mn
oxides reflect distinct structure−reactivity relationships:
vernadite combines exceptionally high SSA with prolific
Mn(III) generation to sustain rapid and efficient oxidation;
cryptomelane couples high intrinsic oxidative potential with
accessible tunnel porosity to drive rapid initial degradation;
and birnessite relies on its substantial Mn(IV) reservoir to
maintain long-term oxidative capacity. The absence of
detectable •OH and O2•− further demonstrates that
glyphosate degradation under environmentally relevant con-
ditions proceeds predominantly through mineral-mediated
nonradical electron-transfer processes.

Collectively, these findings advance the fundamental under-
standing of mineral−water interfacial redox chemistry and
provide a predictive basis for evaluating glyphosate persistence
in soils and sediments containing variable Mn oxide
assemblages over pH 3−7. From an applied perspective, the
results highlight disordered layered Mn oxides, particularly
vernadite, as highly effective and sustainable redox-active
materials for glyphosate attenuation. More broadly, the
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demonstrated structure-dependent control over degradation
pathways underscores the importance of coupling minera-
logical context with geochemical conditions when designing
Mn-based remediation strategies, particularly when seeking to
minimize AMPA accumulation while maximizing glyphosate
removal in contaminated environments. In natural waters and
soils, coexisting constituents such as dissolved organic carbon
and competing oxyanions (e.g., phosphate and silicate) are also
expected to influence Mn oxide-glyphosate degradation
pathways and mechanisms, particularly at environmentally
relevant concentrations. Further investigation of these coupled
geochemical effects is therefore needed to achieve a more
comprehensive understanding of glyphosate’s environmental
fate.
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Text S1: Preparation and characterization of Mn oxides  23 

Synthesis of Mn Oxides: To synthesize K-birnessite, 300 mL of 0.667 M KMnO4 was 24 

prepared and boiled in a thermostatic oil bath at 110 ℃, 45 mL of 6 M HCl was added at a rate 25 

of 0.7 mL/min while stirring. The mixture was kept boiling for 30 min and aged at 60 ℃ for 16 26 

h.1 To synthesize vernadite, 750 mL of 0.15 M Mn(NO3)2 was gradually added at a rate of 10 27 

mL/min into a mixture containing 750 mL of 0.1 M KMnO4 and 0.2 M NaOH while stirring. 28 

The suspension was then aged at room temperature for 20 h.2 For the synthesis of cryptomelane, 29 

8.45 g of MnSO4·4H2O was dissolved in 100 mL of 2 M acetic acid solution. Simultaneous ly, 30 

an 80 mL solution of 0.44 M KMnO4 was prepared. Two solutions were heated to 60 ℃ and 31 

mixed by continuous stirring. The mixture was further heated to 100 ℃ for 20 min before 32 

cooling to 60 ℃ for 24 h of aging.1 The synthesis of manganite was modified by the method of 33 

Duckworth and Sposito.3 A mixture of 100 mL of 1.4 M MnSO4·H2O and 100 mL of 0.4 M 34 

NH3·H2O was prepared. Then, 90 mL of H2O2 solution was added at a rate of 3 mL/min. After 35 

the addition, the suspension was placed in an oil bath at 105 ℃ under reflux for 24 h. All these 36 

obtained Mn oxides were washed using deionized water, freeze-dried, ground, and labeled as 37 

birnessite, vernadite, crytomelane, and manganite, respectively.  38 

X-ray Diffraction: Mn oxides were characterized using a Bruker D8 ADVANCE X-ray 39 

diffractometer (XRD) with Cu Kα radiation (λ = 0.15418 nm), an operating voltage of 40 kV, 40 

and a current of 40 mA. The scanning range was 5-85°, with a speed of 1°/min and a step size 41 

of 0.02°.  42 

Elemental Composition: 0.1000 g of each sample was accurately weighed into a conical 43 
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flask, followed by the addition of 25 mL of 0.25 M hydroxylamine hydrochloride. Then, 1 M 44 

H2SO4 was added to dissolve the sample completely. After dissolution, the solution was 45 

transferred to a 250 mL volumetric flask and brought to volume with deionized water, followed 46 

by thorough mixing. Metal concentrations were measured using a flame atomic absorption 47 

spectrometer (Varian AAS240FS), and Na+/K+ contents were determined using a flame 48 

photometer (Sherwood Model 410). 49 

Mn K-edge XAS: Mn K-edge X-ray absorption spectroscopy (XAS) was performed at 50 

the 1W1B beamline of the Beijing Synchrotron Radiation Facility (BSRF) in transmiss ion 51 

mode using a Si(111) double-crystal monochromator. The energy resolution was 1–3 × 10-4. 52 

The electron beam energy was 2.5 GeV with a maximum beam current of 250 mA. Spectral 53 

background subtraction and fitting analyses were performed using Athena software.  54 

Specific Surface Area and Pore Structure: Birnessite, vernadite, and cryptomelane were 55 

degassed at 100 ℃, 60 ℃, and 120 ℃ for 6 h, 12 h, and 6 h, respectively, to remove adsorbed 56 

water and volatiles prior to specific surface area (SSA) and pore size distribution measurements.  57 

N2 adsorption-desorption isotherms were obtained using an automatic surface area and porosity 58 

analyzer (Micromeritics ASAP 2460), and the five-point Brunauer-Emmett-Teller (BET) and 59 

the Discrete Fourier Transform (DFT) method were employed for the calculations.  60 

Zeta Potential Measurements: The Zeta potential of the Mn oxides suspension was 61 

measured using a Malvern Zetasizer Nano ZS. Suspensions were prepared at a minera l 62 

concentration of 0.2 g/L in 0.01 M NaCl background solution, and the pH was adjusted over 63 

the range 1-8 using 0.01-1 M NaOH or HCl. Each measurement was conducted in triplica te, 64 
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and the average value was reported. 65 

Redox Potential Measurements: The redox potential of the Mn oxides suspensions was 66 

determined by an automatic potentiometric titrator (Metrohm 907) equipped with a platinum 67 

electrode as the working indicator electrode and an Ag/AgCl electrode as the reference 68 

electrode. The mineral concentration was maintained at 0.2 g/L, and the pH range was adjusted 69 

in the range 3-10 using 0.01-1 M NaOH or HCl. Measurements were performed at room 70 

temperature, and each sample was measured three times to ensure reproducibility, with the 71 

mean values reported. 72 

 73 

Text S2: Determination of glyphosate and its degradation products 74 

1 mL of the filtrate of degradation product was mixed with 0.12 mL of 5% boric acid 75 

buffer, adjusting the pH to 9. Then, 0.12 mL of 12,000 mg/L 9-fluorenylmethyl chloroformate 76 

(FMOC) in acetonitrile (ACN) solution was added, and derivatization was carried out at 22 ± 77 

1 °C for 16 h. The reaction was terminated by adding 0.015 mL of 6 M HCl, adjusting the pH 78 

to 1.5. After 1 h, the derivatized sample was filtered through a 0.22 μm membrane and analyzed 79 

using an Acclaim 120 C18 column (2.1 × 250 mm) with gradient elution. The elution solvent 80 

consisted of 5 mM HAc/NH₄Ac (pH 4.8) and acetonitrile. The acetonitrile percentage changed 81 

as follows: 5% to 75% from 0 to 42 min, 100% from 42.1 to 45 min, and 5% from 45.1 to 55 82 

min. All samples were completely separated within 55 min.4  83 

Glyphosate concentrations were determined spectrophotometrically based on the 84 

formation of N-nitrosoglyphosate through reaction with sodium nitrite under acidic conditions. 85 
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Absorbance was recorded at 242 nm, and concentrations were quantified using an external 86 

calibration curve.5  87 

 88 

Text S3: XPS Data Processing 89 

Background subtraction was performed using the Smart-type method. Charge correction 90 

was performed by setting the adventitious C 1s peak to 284.8 eV. The average Mn oxidation 91 

state (AOS) was determined from the multiplet splitting of the Mn 3s spectra.6 Overlapping 92 

peaks in the Mn 2p3/2 spectra were deconvoluted using fixed binding energies for Mn(II), 93 

Mn(III), and Mn(IV), with equal full width at half maximum (FWHM) for all components. The 94 

quantified Mn species are subject to inherent uncertainty associated with spectral resolution, 95 

background selection, and peak deconvolution.7 For O 1s spectra, the FWHM of all peaks was 96 

kept constant. Peak fitting employed incorporating Lorentzian/ Gaussian line shape.8 97 

  98 
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     99 

 100 

Figure S1. XPS Mn 3s spectra of Mn oxides before and after glyphosate degradation: (a) 101 

birnessite, (b) vernadite, and (c) cryptomelane. Binding energies were charge-corrected using 102 

the adventitious C 1s peak at 284.8 eV. Reaction conditions: 0.5 g/L Mn oxides, 100 mg/L 103 

glyphosate, 0.01 mol/L NaCl as the background electrolyte, and pH 7 ± 0.1.  104 
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  107 

Figure S2. Physicochemical characterization of the synthesized Mn oxides: XRD patterns (a), 108 

N2 adsorption-desorption isotherms (b), and pore size distribution curves calculated by density 109 

functional theory (c).  110 
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 111 

Figure S3. SEM images of Mn oxides before (a: birnessite; c: vernadite; e: cryptomelane) and 112 

after (b: birnessite; d: vernadite; f: cryptomelane) glyphosate degradation. The Mn oxide 113 

loading was 0.5 g/L, the initial concentration of glyphosate was 100 mg/L, pH was 7 ± 0.1, and 114 

the reaction was in dark at room temperature for 24 h. 115 
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 116 

Figure S4. Mn K-edge XANES spectra of Mn oxides and fitting using the Combo method. 117 

 118 

 119 

       120 

Figure S5. The speciation diagram of phosphate. 121 
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       123 

         124 

         125 

Figure S6. Mass balance analysis of glyphosate degradation and product formation (AMPA, 126 

methylphosphonic acid (MPA), phosphate) during Mn oxide-mediated oxidation, for vernadite 127 

(a–c), birnessite (d–f), and cryptomelane (g–i) at pH 3, 5, and 7. Experiments were conducted 128 

with an initial glyphosate concentration of 100 mg/L and a Mn oxide loading of 0.5 g/L. Note: 129 

The concentration of MPA was estimated from the molar amount of glycine, assuming 130 

equimolar formation of glycine and MPA via C(3)–N bond cleavage of glyphosate. Both 131 

glycine and MPA are considered resistant to further oxidation by Mn oxides under the 132 

experimental conditions.9  133 
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  135 

Figure S7. P K-edge X-ray absorption near edge structure (XANES) spectra for pure 136 

glyphosate and AMPA. Pure glyphosate and AMPA powders were diluted with boron nitride 137 

(BN) to achieve 15,000–20,000 mg P/kg prior to XANES measurements. 138 

 139 

 140 

Figure S8. Figure S9. ATR-FTIR spectra of glyphosate adsorption-oxidation on Mn oxide 141 

surfaces at pH 7 over 60 min, followed by continuous flow of a 10 mg/L Mn(II) solution. The 142 

indicated times represent the elapsed time after the start of Mn(II) flow.  143 
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144 

 145 

Figure S9. XRD patterns of Mn oxides before and after glyphosate degradation. Reaction 146 

conditions: 0.5 g/L Mn oxides, 100 mg/L glyphosate, 0.01 mol/L NaCl, and pH 7 ± 0.1, a: 147 

birnessite; b: vernadite; c: cryptomelane. 148 

 149 

 150 

Figure S10. EPR spectra of Mn oxides (0.2 g/L) with DMPO as a spin-trapping agent at pH 151 

3.0 (a) and pH 7.0 (b). Cry: cryptomelane; Ver: vernadite; Bir: birnessite. 152 
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 153 

Figure S11. HPLC chromatograms of hTPA and TPA after the reaction between 0.2 mM TPA 154 

and Mn oxides for 24 h at pH 3. 155 

 156 

 157 

 158 

Figure S12. XPS P 2p spectra of solid products from glyphosate degradation by Mn oxides. 159 

Reaction conditions: 0.5 g/L Mn oxides, 100 mg/L glyphosate, 0.01 mol/L NaCl, and pH 7 ± 160 

0.1. 161 

  162 
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Table S1. Fitting results of Mn K-edge XANES spectra of Mn oxides using the Combo method 163 

Samples 
Mn(II) 

(%) 

Mn(III) 

(%) 

Mn(IV) 

(%) 
R-factor Mn AOS 

Birnessite  1.50 5.80 92.70 0.00005 3.91 

Vernadite 1.00 11.50 87.50 0.00003 3.88 

Cryptomelane 1.17 14.17 84.67 0.00002 3.83 

 164 

Table S2. Degradation kinetic constants (k) of glyphosate by Mn oxides 165 

 pH k (min-1) R2 

Birnessite 

7 0.0007 0.8706 

5 0.0013 0.9091 

3 0.0033 0.9698 

Vernadite 

7 0.0150 0.9763 

5 0.0152 0.9735 

3 0.0176 0.9785 

Crytomelane 

7 0.0028 0.8599 

5 0.0039 0.9340 

3 0.0065 0.9528 

 166 

Table S3. Possible assignments of characteristic infrared bands for glyphosate adsorption on 167 

Mn oxide surfaces. MM, BB, and MB denote monodentate mononuclear, bidentate binuclea r, 168 

and mononuclear bidentate complexes, respectively.  169 

Assignments 

Wavenumber (cm-1) 

Birnessite Vernadite Cryptomelane 

pH 5 pH 7 pH 5 pH 7 pH 5 pH 7 

νas(COO-) 1604 1639 1679 1678 1641 1666 

δ(NH2
+) 1589 1627 1645 1654 1573 1589 

νs(COO-) 1444 1407 1396 1400 1392 1377 

ν(POMn)MM 1093 1101 1116 1120 1136 1136 

ν(P(OMn)2)BB 975 972 979 975 974 970 

ν(P(O)2Mn)MB 954 947 925 923 929 931 
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Table S4. Potential products of glyphosate degradation by Mn oxides 170 

Pathways By-products Molecular structure Molecular weight 

/ Glyphosate 

 

169 

Pathway 2 AMPA 

 

111 

Pathway 3 Glycine 
 

75 

Pathway 3  Methylphosphonic acid9 
 

96 

Pathway 3  Formaldehyde9 
 

30 

Pathway 2/3  Phosphate 
 

98 

Pathway 2/3 Formic acid11 
 

46 

Pathway 2/3  Nitrate ion12 
 

62 

Pathway 2/3  Ammonium ion12  18 

Pathway 2/3  Carbon dioxide12 
 

44 

 171 
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