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ARTICLE INFO ABSTRACT

Associate editor: Juan Liu Manganese oxide (MnOy) plays crucial roles in shaping various environmental and geochemistry processes, with
their reactivity largely dependent on the structure of MnOx. Tunnel MnOy effectively hosts a substantial quantity
of soil elements within its tunnel structure, exerting significant control over element turnover and pertinent
geochemical processes, while the precise determinants regarding the layer-to-tunnel transformation of MnOy
with electron transfer remain unclear. In this study, we delved into the transformation of layer-structured MnOy
during the interaction with coexisting soil redox components (pyrogenic carbon and Tl with differing redox
reactivity). Our findings revealed that the transformation from layer to tunnel structure only occurred in the
presence of reductive pyrogenic carbon and oxidative TI(III) rather than sole reductants/oxidants within a short
incubation period of 6 weeks. The macro reducing environment created by the pyrogenic carbon and the micro
oxidizing environment related to the TI(III) chelation was pivotal in the cyclic valence change of Mn, resulting in
the generation of Mn(II) and vacancies in the Mn structure, the prerequisite for the layer-to-tunnel trans-
formation. Anchoring of oxidative TI(III) on the surface or inside the tunnel structure of MnOy through TI-O-Mn
bonding was the key to building a micro oxidative environment under bulk-reducing conditions. During the
transformation, Tl was integrated into the tunnel of high-crystallinity MnOy, and prolonged incubation resulted
in the deeper embedding of Tl and the formation of atomic clusters. The embedding of TI inside of the tunnel
MnOy led to lower solubility and bioaccessibility, with only 0.05-0.26 mg Kg ™! being extracted with soil organic
acids through reductive dissolution and 8.7-8.9 % by in vitro physiologically based extraction test. This study
underscores the significant role of electron-donating and electron-accepting components in triggering inter-
connected geochemical processes with MnOy, carbon, and trace elements.
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1. Introduction layer MnOy might block the reactive vacancy sites, and Mn(II) formed by

the MnOy reduction might occupy the sorption sites (Flynn & Catalano,

Manganese (Mn) constitutes the second most prevalent transition
metal at a range of 0.09-0.11 %, and Mn oxides (MnOy) represent a
potent group of mineral oxidants within the Earth’s crust. MnOy is
pivotal in the geochemical cycling of various elements, including carbon
(Briiggenwirth et al., 2024; Moore et al., 2023), nitrogen (Karolewski
et al., 2021), phosphorus (Chen et al., 2022), iron (Liu et al., 2021),
halogen (Du et al., 2023), and toxic metals (Flynn & Catalano, 2019;
Phillips et al., 2023). The reactivity of Mn minerals is controlled by both
valence state (+2 to + 4) (Zhang et al., 2023) and structural difference
(Wu et al., 2021). For instance, generating Mn(IIl)-rich edges on the
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2019). Both processes affect the mobilization of toxic elements (e.g., Ni
and Zn) in soils and aquatic systems. The layer-to-tunnel transformation
of MnOy was reported to either decrease or increase the mobility of toxic
elements (Atkins et al., 2016; Wu et al., 2021). Thus, the intricate
transformation of Mn minerals in conjunction with redox reactions
constitutes a cornerstone in comprehending the elemental turnover and
the eco-functionality of soil (Flynn & Catalano, 2019; Mock et al., 2019).

The dissolution of hexagonal phyllo-manganates with the formation
of soluble Mn(II) represents pivotal stages in initiating reductive Mn
transformation (Elzinga, 2011). For instance, reductants such as Fe(II)
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(Limmer et al., 2023), Mn(II) (Zhao et al., 2018), and fulvic acid (Wang
et al., 2018) show the potential to trigger the transformation of hexag-
onal MnO; to Mn30O4, MNOOH (Wang et al., 2019; Wang et al., 2018;
Zhao et al., 2018), and MnCOs (Limmer et al., 2023). A higher reductant
content (e.g, fulvic acid to MnO; ratio > 1) invariably yields an
augmented Mn(II) quantity and engenders the creation of lower-valence
Mn minerals (e.g., Mn3O4) within a compressed timeframe (24 h) (Wang
et al., 2018). Another typical MnOy transformation pathway encom-
passes topotactic variation as layer-to-tunnel transformation, frequently
observed under high acidity in conjunction with toxic elements such as
TI(I) (Ruiz-Garcia et al., 2021), Cr(III) (Aiken et al., 2023), and Co(II)
(Wu et al., 2021). The generation of Mn(II)/Mn(IlI) on the layer-
structured MnOy has equally deemed the inaugural phase in insti-
gating the transformation, as an elevated reductant concentration
customarily fosters the generation of tecto-manganates (Ruiz-Garcia
etal., 2021; Yang et al., 2018). The tunnel MnOy normally showed high
importance for the fate of alkali, alkaline earth, transition, and rare
earth metals, and they are common Mn minerals occurring in soil, sed-
iments, and ocean floor (Post, 1999; Yang et al., 2018).

The precise determinants of layer-to-tunnel transformation of MnOy
remain elusive. A high reductant content is anticipated to yield a lower
valence state of the resulting MnOy (Wang et al., 2018). The fast tran-
sition from layer to tunnel necessitates a heightened reductant content
(Ruiz-Garcia et al., 2021), even the main species of Mn maintained as
Mn(IV) in the tunnel MnOy (Yang et al., 2018). We speculate that other
components instead of reductant contents could be dominant for the
layer-to-tunnel transformation. Considering the Mn valence state in the
tunnel MnOy, the reoxidation of Mn(II)/Mn(III) to Mn(III)/Mn(IV) (Hu
et al., 2019; Inoué et al., 2019) should be indispensable for the con-
struction of tunnel MnOy. Some studies highlighted the contribution of
Mn(III) instead of Mn(II) to the tunnel MnOy formation (Wang et al.,
2019; Yang et al., 2018), and the generation and maintenance of Mn(III)
on the MnOy would need the participation of oxidants. In short, the
cooperation of reductants and oxidants could be critical to determining
the layer-to-tunnel transformation of MnOy.

The oxidative conversion of Mn intermediates under the reduction
conditions may necessitate intricate and specific cooperation of
reducing and oxidizing components, a facet that is largely disregarded in
prevailing research. The emergence of tunnel MnOy is typically contin-
gent on the antecedent formation of an inner complexed metal-MnOy
structure (Peacock & Moon, 2012; Ruiz-Garcia et al., 2021). In addition,
locally combined Mn(III) on the MnOy was reported to be vital for the
tunnel MnOy transformation as the launching step, and its formation
required a sorption of Mn(II) and afterward electron transfer process
(Mn(ID) vs. Mn(IV)) (Yang et al., 2018). All these results underscore the
importance of the local redox environment for the MnOy transformation,
which required a detailed assessment of the redox state at a sub-
nanoscale level. An exhaustive appraisal of the electron transfer mech-
anisms during MnOy transformation and the pivotal steps involving the
collaboration of redox moieties is imperative for a comprehensive un-
derstanding of the fate of soil Mn and concomitant elements.

To assess the contribution of the redox components’ cooperation on
MnOy transformation, pyrogenic carbon and trace elements (thallium)
are selected as the representative soil components with MnOy. Pyrogenic
carbon (PC) is an ancient yet burgeoning form of soil organic matter
distinguished by its pronounced redox reactivity, showing increasing
importance in altering the fate of soil organic matter (Weng et al., 2022),
redox-active minerals, and toxic metals (Xu et al., 2022b). Low-severity
wildfires with incomplete biomass combustion (Bodi et al., 2014; Lopez
et al.,, 2023) and the escalating application for soil conditioning and
carbon sequestration (Lehmann, 2007; Lehmann et al., 2021) driven an
annual soil carbon accumulation of 337 TgC yr~! globally in the past
years (Bowring et al., 2022). PC has rich surface functionality (Kluepfel
et al., 2014; Xu et al., 2022b) with a defect-rich graphitic-like structure
(Sun et al., 2017) that may provide substantial redox activities for soil
minerals’ transformation. These redox properties are intricately linked
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to the fundamental properties of PC and its formation conditions (Zhang
et al., 2018; Zhang et al., 2019). For instance, the reduction of Fe min-
erals by PC commences with direct electron donation from carbon to Fe,
further facilitated by the inherent valence change of Fe(II)/Fe(IIl), and
low-temperature produced one showed a better reducing impact on the
iron minerals (Xu et al., 2022b). The elucidation of redox-related MnOy
transformation with PC warrants attention, particularly in the context of
mineral transformation pathways.

Thallium (T1) is a highly toxic element classified as one of the priority
pollutants by the European Water Framework and the U.S. Environ-
mental Protection Agency, and it is listed in China’s latest catalog of key
metals for prevention (Liu et al., 2018; Liu et al., 2023). The long-term
low-dose or acute high-dose exposure to thallium may cause gastroin-
testinal, neurological, and dermatological symptoms and even result in
death (Wu et al., 2019a, 2019b; Peter & Viraraghavan, 2005). Tl exists
as both TI(I) and TI(III) in soil, with the former being more toxic to
various organisms and displaying higher mobility (Trainer et al., 2021).
Anthropogenic sources, particularly metal mining and cement produc-
tion, release an estimated annual quantity of 2000-5000 tons of Tl
(Voegelin et al., 2015), leading to increasing attention in recent years
(Liu et al., 2023). Tl-rich soil (up to over 100 mg kg’l) has been reported
in China (Du et al., 2024; Liu et al., 2018), Switzerland (Voegelin et al.,
2015), Poland (Lis et al., 2003), and Mexico (Cruz-Hernandez et al.,
2018), strongly correlated with Mn minerals (Cruz-Hernandez et al.,
2018; Voegelin et al., 2015) through both oxidative and non-oxidative
uptake (Wick et al., 2019). The redox reaction between Tl and MnOy
can be induced by the sorption of Tl on the vacancy sites of MnOy and
the subsequent formation of stable triple-corner sharing inner Tl com-
plex structures (Manceau & Steinmann, 2023; Ruiz-Garcia et al., 2021)
or Tl oxides (Cruz-Hernandez et al., 2019). Both reduction and oxidation
of Tl could occur with the MnOy during the interaction (Cruz-Herndandez
et al., 2019; Peacock & Moon, 2012), leading to the large uncertainty of
the TI toxicity related to its redox state (T1(I) or TI(III)), induced MnOy
transformation, and affiliation with different MnOy.

We hypothesize that the cooperation between reductants and oxi-
dants may be key to transforming MnOy from layered to tunnel struc-
tures. To explore this hypothesis, we evaluated the MnOy transformation
with different PCs and Tl, both capable of participating in either the
reduction or oxidation. Poorly crystalline birnessite (layer-structured
MnOy), the most abundant natural MnOy (Villalobos et al., 2003), was
selected because it is a critical sink for the soil elements. Through a
strategic combination of microcosm incubation, metal species evalua-
tion, advanced microscopy (e.g., spherical aberration-corrected trans-
mission electron microscope (ACTEM)), and spectroscopy (e.g,
synchrotron X-ray absorption spectroscopy (XAS)), we first unveil the
pivotal role of pairwise redox components to the layer-to-tunnel MnOy
transformation and shed light on the relevant geochemistry processes
with trace elements.

2. Materials and methods
2.1. Production of birnessite and pyrogenic carbon

Birnessite was synthesized by reducing KMnO4 with MnCl; following
the reaction shown in Eq.1 (Ruiz-Garcia et al., 2021). An excess amount
of sodium hydroxide was mixed with KMnO4 before the drop-addition of
MnCl; solution. The addition was conducted with a 30-minute stirring,
and the formed precipitates were further stirred for another 90 min
before filtration. The collected solids, birnessite, were washed with DI
water several times before freeze-drying and stored in a container with
dry Nj gas purging. X-ray diffraction (XRD) confirmed the formation of
birnessite.

2KMnOj4 + 3MnCl; + 4NaOH + 4H20 — 5MnO; + 2KCl + 4NaCl +
6H0 (€8]
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Pyrogenic carbon (PC) was produced by the pyrolysis of woody yard
waste in Hong Kong (obtained with the assistance of the Environmental
Protection Department of the Hong Kong Government) under the Ny
atmosphere. The pyrolysis temperatures were selected as 400 and
700°C, representing the typical temperature range for the pyrogenic
carbon reported in the literature, and they would show a contrasting
redox performance (Kluepfel et al., 2014, Xu et al., 2020). The formed
black solid carbon was collected and stored in the container under the No
atmosphere before further experiments. We refer to these two samples
are PC400 and PC700 hereafter.

The electron-donating capacity (EDC) and electron-accepting ca-
pacity (EAC) of both PC400 and PC700 were quantified by the mediated
electrochemical reduction (MER) and oxidation (MEO) methods
(Kluepfel et al., 2014). Briefly, the working potential was set at 0.61 V,
and ABTS (2, 2-azino-bis (3-ethyl-benzthiazoline-6-sulfonic acid) dia-
mmonium salt) was selected as the mediator for the MEO reaction. For
the MER test, Ziv (Zwitterionic viologen 4,4'-bipyridinium-1,1'-bis(2-
ethylsulfonate)) was chosen as the mediator, and the working potential
was set at —0.49 V. Both EDC and EAC were calculated based on inte-
grating the current peak response with triplicates (Eq.1-2). Details can
be found in Appendix S1.

lox
EDC:M

(@]
Mpc
Ired

EAC — Jde (2
Mpc

where Igeq and Iy [A] are the corrected electrochemical currents in the
MER and MEO tests, respectively; F [s A (mol e’)’l] is the Faraday
constant; and m p¢ [g] is the mass of the pyrogenic carbon.

2.2. Incubation of birnessite with reductants and oxidants

Based on the typical concentrations of Mn minerals (~500 mg kg™1),
PC (~500 mg kg’l), and TI (up to 3.16 mg kg’l) (Jiang et al., 2022) in
the soil, 0.5 g PC and 0.5 g birnessite were mixed in 200 mL TI-
containing solution (~2.6 mg TI(II) in the forms of TI(NO3)3 or TI(I)
in the forms of TINO3). PC and TI can serve as reductants and oxidants,
respectively, to trigger the transformation of birnessite. Incubation of
birnessite with only PC or Tl was set in parallel to further evaluate the
contribution of pairwise existing redox components. All incubation
settings were conducted in triplicate. The pH was controlled at ~
6.5-7.0 by diluted HCl or NaOH, and it was maintained at 6.5-7.6
during the whole incubation, similar to the soil conditions
(Appendix 21). The incubation was conducted for 16 weeks, and the
solid samples were collected at the selected time intervals (weeks 1, 2, 4,
6, 8,12, and 16) to evaluate the solid-phase transformation. Notably, to
exclude the impact of O, and the generated radicals as the oxidant
during the incubation process, 30 mins N gas purging was conducted on
all deionized (DI) water with heating before the utilization.

2.3. Soil incubation and sampling

Soil incubation experiments were conducted in paddy soil collected
from Jiangsu Provine, China, classified as silt loam (IUSS Working
Group, 2014) (6.34 % sand, 79.2 % silt, and 14.4 % loam). The selected
soil has a limited Fe/Mn content (11.6 g kg™ ! for Fe and 0.1 g kg™! for
Mn) with a neutral pH value (7.5), minimizing its potential effect on the
subsequent study of the birnessite transformation. Binessite (500 mg
kg’l) and PC (500 mg kg’l) were added to the soil, and the moisture
content was to be 20 wt% by adding DI water. Tl concentration in the
soil was controlled as ~ 2.6 mg kg1 by spiking the Tl solution in either
oxidative TI(III) forms (T1(NO3)3) or reductive TI1(I) (TINO3) as control,
representing the typical Tl contamination in the paddy soil (up to 3.16
mg kg™!) (Jiang et al., 2022). The control groups without birnessite, Tl,
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or pyrogenic carbon were set in parallel. The incubation lasted for 16
weeks, and the water content was controlled by replenishing DI water
weekly. The soil samples were collected at week 4, week 8, and week 16,
air-dried, crushed, and stored at —4°C before further characterization,
and triplicates were conducted for each setting.

2.4. Mn Transformation analysis

XRD analysis was first conducted to evaluate the crystal structure
transformation of the MnOy during the 16-week incubation period.
ACTEM combined with Energy Dispersive X-ray spectroscopy (EDX),
Electron Energy Loss Spectroscopy (EELS), and Selected Area Electron
Diffraction (SAED) analysis were used to characterize the particle
morphological and association information of Mn, Tl, and C. X-ray
photoelectron spectroscopy (XPS) analysis with depth profiling was
conducted to evidence the valence transformation and the depth dis-
tribution of the key elements. Moreover, Mn K-edge XAS analysis was
conducted to unveil the local coordination environment of Mn during
the incubation process. Details for the XAS data collection and analysis
can be found in Appendix S3.

2.5. Tl speciation analysis

The fate and stability of Tl were first evaluated by the different
extraction analyses, including CaCl,, CH3COONH4 (Wick et al., 2020),
(NH4)2C204 (Voegelin et al., 2015) and NH,OH-HCl (Marafatto et al.,
2021) extraction. CaCly extraction mainly targets the surface-sorbed TI,
which can be replaced with Ca, and CH3COONH, can extract the Tl on
the surface and within the mineral layer due to its lower hydrated radius
(Wick et al., 2020). Both (NH4)2C204 and NH,OH-HCI can dissolve the
MnOx to different extents based on the reduction and chelation process,
and they can extract Tl, which is incorporated into the MnOy. The
extracted/dissolved content of Mn during each extraction method was
quantified. Details for these extraction procedures are summarized in
Appendix S4.

In addition, Tl L3-edge XAS data was collected to characterize the T1
local structure during the MnOy transformation process. The valence
state of Tl under the different layers of the MnOx was determined by XPS
analysis, and its distribution in the MnOy was visualized by the ACTEM.
The leachability of Tl was evaluated by extraction using soil organic
acids derived from root exudates, microbial secretion, and plant
decomposition (Xu et al., 2019). The bioaccessibility of Tl during the
incubation with MnOx and PC was evaluated using the in vitro physio-
logically based extraction test (PBET) in the gastric phase that was
simulated with organic acids and pepsin (Ruby et al., 1996). Details for
selecting soil organic acids and PBET are elaborated in Appendix S5.
Inductively coupled plasma-optical emission spectrometry (ICP-OES) or
mass spectrometry (ICP-MS) was used to detect the Tl concentrations
after the acidification and solid digestion.

3. Results
3.1. MnO, transformation

The pristine MnOy showed a typical crystal structure of birnessite
(Fig. 1), generally denoted as a layered 2 x oo structure with the basic
unit as the Mn-O octahedron. The formation of hollandite, a tunnel
MnOy with a 2 x 2 structure, was found after 6-week incubation with Tl
(II1) and PC400, and its crystallinity continued to grow during the 16-
week incubation (Fig. 1a). A slower layer-to-tunnel transformation
occurred with the TI(III) and PC700, with minor peaks emerging after
more than 12 weeks of incubation (Fig. 1b). Unlike TI(III), the incuba-
tion with TI(I) showed limited impact on inducing the MnOy trans-
formation with either PC400 or PC700 (Fig. 1d & 1e). No tunnel
structures were formed during the 16 weeks of incubation with Tl alone
(Fig. 1lc & 1f). Peaks of tunnel MnOx occurred after 12 weeks of
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Fig. 1. XRD patterns of MnOy incubated with different pyrogenic carbon (PC400 or PC700) and TI (L: Layer-structured MnOy with 2x oo structure, birnessite; T:
Tunnel-structured MnO, with 2 x 2 structure, hollandite; T*: Tunnel-structure MnO, with 1 x 1 or 1 x 2 structure). 0 W represents the raw birnessite without
incubation. Formation of tunnel-structured MnOy occurred after 6 weeks of incubation with PC400 and TI(III), while limited layer-to-tunnel transformation was

found with PC700 or TI(I).

incubation with PC alone, which belong to the MnO; with1 x 2or1 x 1
structure and high disorder degree (Fig. 1g & 1h).

3.2. Mn stability during transformation

Extraction analysis was conducted to evaluate the transformation of
MnOy with Tl and PC (Appendix S4 & Appendix S6). Approximately 90
% of Mn can be extracted by NH,OH-HCI due to its strong reduction
capacity and high acidity, while a relatively lower content of Mn can be
extracted by (NH4)2C204 (with lower reducing capacity). The varying
extraction amounts may indicate the different stability of the MnOy
during incubation with PC and Tl. Furthermore, we computed the
variance between the two extraction methods, which may denote the
MnOx with relatively high stability, as it can only be extracted by strong
NH,OH-HCl, while the remaining portion pertains to the low-stability
MnOy (Fig. 2a).

The low-stability MnOy decreased from 73.7 % to 49.7 % during the
16-week incubation with PC400 and TI(III), while a smaller decrease
was observed with PC700 and TI(III) (73.7 % to 62.0 %) (Fig. 2a). The T1
(I) incubation systems showed less variation in MnOy stability with
either PC400 or PC700 (from 73.7 % to 66.9-71.4 % during the 16-week
incubation). For the incubation without PC, an increase in the low-
stability MnOy was observed, and TI(I) induced a more apparent in-
crease to 89.1 % compared to TI(III) (83.1 %).
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3.3. Fate of Tl during transformation

Based on the complete dissolution of NHo,OH-HCl on MnOy, over 90
% Tl can be extracted, and the proportion remained unchanged during
the incubation process (Appendix S6). The partial dissolution of the
MnOy by (NH4)2C204 led to a relatively lower release amount of T1, and
its content changed with the incubation process. Based on the extraction
results, Tl predominantly existed in the crystal structure of the MnOy
(over 88 % of Tl extracted by the MnOy dissolution, i.e., NHoOH-HCI or
(NH4)2C204 extraction), and the extraction amount of Tl varied during
the incubation (Fig. 2b and Appendix S6). In the presence of TI(III) and
PC400, the percentage of Tl combined with low-stability Mn (extracted
by (NH4)2C204) decreased from 55.9 % (week 1) to 12.8 % (week 16),
while the percentage of Tl combined with high-stability Mn (extracted
by NH,0OH-HCI) concurrently increased to 75.2 % (week 16) (Fig. 2b).
PC700 with TI(III) only induced a slighter decrease of Tl combined with
low-stability Mn from 56.4 % (week 1) to 40.7 % (week 16), and TI(III)
alone can only cause a decrease from 65.3 % (week 1) to 50.7 % (week
16) (Fig. 2b). A much more neglectable decrease was found in the TI1(I)
system (Fig. 2b). Incubation with TI(I) and PC only caused a decrease of
the Tl combined with low-stability Mn from 35.8-37.6 % (week 1) to
26.1-31.0 % (week 16), with a slight increase of T1 combined with high-
stability Mn from 56.4-57.6 % (week 1) to 61.0-64.8 % (week 16). TI(I)
alone induced a more apparent transformation than PC, and TI
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Fig. 2. The change of Mn (a) and TI (b) proportions during the incubation with PC and/or T1. Low-stability MnOy was calculated based on the extraction amount by
(NH4)2C204, while the difference between Mn content extracted by (NH,4)2C204 and NH,OH-HCl was denoted as the high-stability MnOy. A significant increase in the
high stability of MnOy occurred with PC400 and TI(III) during incubation. The Tl attached to the MnOy, was calculated based on the extraction amount of Mn through
CH3COONHy. The difference between CH3COONH4 and (NH4)2C204 (low-stability MnOy) or (NH4)2C>04 and NH,OH-HCI (high-stability MnO,) was used to
determine the TI incorporated within the MnOx. Notably, a limited soluble Tl and surface-attached Tl on MnOy, (extracted by CaCl,) was detected (see Appendix S6).

Week 0 represents the birnessite without incubation.

combined with low-stability Mn decreased from 58.0 % (week 1) to 40.6
% (week 16).

In addition to the Tl that existed in the crystal structure of MnOy, a
substantial proportion of Tl was attached in the interlayer of MnOy
(4.2-12.0 %, extracted by CH3COONHy), and a relatively lower amount
was attached on the surface (0.3-1.2 %, extracted by CaCly) (Fig. 2b and
Appendix S6). We compared the change of Tl attached on the MnOx
(sum of the surface attached amount and interlayer attached amount)
(Fig. 2b). During the incubation with PC and TI(III), the attached TIl
increased from 6.2-6.8 % to 8.3-11.9 %. For the TI(I) system, a fast rise
of the attached Tl occurred within the first six weeks of incubation (from
5.9-6.4 % to 10.4-12.7 %), while a sustainable decrease to 7.8-8.7 %
was shown during the subsequent incubation with PC.

3.4. Tl and Mn turnover in soil

A similar phenomenon of Tl/Mn turnover was observed in the soil
incubation systems. During the incubation with TI(IIl), a discernible
decrease of Tl associated with low-stability Mn (extracted by
(NH4)2C204 only) was evident throughout the entire incubation period
compared to the group without PC (Fig. 3). PC400 triggered the decrease
of Tl associated with low-stability Mn from 1.11 mg kg ! to 0.53 mg kg

1 while a less decrease was found with PC700 (from 1.11 mg kg !

0.74 mg kg ™1 (Fig. 3a). In addition to the Tl within the crystal structure
of MnOy, the surface-attached Tl and interlayer fixed Tl showed a sus-
tainable decrease with PC, especially with PC400. The extracted Mn by
(NH4)2C204 decreased from 352.5 mg kg ~! to 243.9 mg kg ~ and 289.2
mg kg ! with PG400 and PC700, respectively, and both were lower than
that in the control group (357.5 mg kg ) (Fig. 3b). Less variation of
both low-stability Tl (from 1.07 mg kg ! to 0.83 mg kg 1) and Mn (from
370.2 mg kg ! to 301.2 mg kg 1) was observed when selecting TI(I) as
the Tl source (Appendix S7).

22

3.5. TI bioaccessibility and leachability

In the TI(III) system, PC400 could effectively reduce the bio-
accessibility of Tl after 4 weeks of incubation compared to the control
group without PC (15.2 % < 38.9 %, Fig. 3¢), and a further decrease was
found with prolonged incubation (8.7-8.9 %). A lower impact was found
with PC700 during the incubation process (24.4-26.7 %). Limited
impact was found in the TI(I) system for either PC400 (25.4-31.5 %) or
PC700 (29.0-29.3 %), with a slightly lower bioaccessibility in the con-
trol group without PC (33.7-36.5 %) (Appendix S7).

The leachability of Tl in soil with different soil organic acids
(Appendix S5) signifies the enhanced stability of Tl and Mn during the
layer-to-tunnel transformation (Fig. 3d). Four typical soil organic acids
were used to extract the T1, and a lower proportion of Tl can be extracted
with PC400 (0.05-0.26 mg kg™!) compared to PC700 (0.08-0.41 mg
kgfl) by all organic acids in the TI(III) system. Oxalic acid (0.18-0.41
mg kg™1) and tartaric acid (0.13-0.32 mg kg™!) showed an apparent
higher impact on the Tl leaching compared to the malic acid (0.12-0.24
mg kg™1) and succinic acids (0.05-0.09 mg kg™1). Notably, limited
variation of the extracted Tl amount occurred when selecting TI(I) as the
Tl source for the soil incubation (Appendix S7). Approximately
0.15-0.45 mg kg~ could be extracted by different organic acids after 4
weeks of incubation with TI(I) and PC, the extraction amount main-
tained after 16 weeks of incubation (0.15-0.44 mg kg_l) (Appendix S7).
The leachability of Tl with PC was similar to that without PC (0.18-0.50
mg kg™1) in the TI(I) system during the whole incubation process.

3.6. Morphology evaluation

TEM-EDX analysis confirmed the MnOy transformation during the
interaction with PC 400 and TI(III) (Fig. 4a). MnOy transformed from an
amorphous phase (layer MnOy birnessite, 1-4 weeks) to a crystal needle-
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Fig. 3. The extraction amount of Tl (a) and Mn (b) from the soil incubated with TI(III), PC, and MnO, with different extraction approaches; Bioaccessibility (c) and
leachability of Tl by different soil organic acids (d) from the soil incubated with TI(III), PC, and MnO.

like structure (tunnel MnOy, hollandite, 8-16 weeks) during the incu-
bation process, consistent with the XRD findings. The tunnel-like
structure started to appear after four weeks of incubation, and its crys-
tallinity continued to increase during further incubation based on the
SAED patterns (Appendix S8). Similarly, less transformation of Mn
minerals occurred in the TI(I) incubation system based on the
morphology analysis (Appendix S9). TEM-EDX analysis showed a high
correlation of Tl and Mn in both layer and tunnel MnOy (Fig. 4a),
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evidencing the fixation of T1 on Mn minerals with different speciation.

ACTEM-High-Angle-Annular-Dark-Field (HAADF) analysis was then
conducted to reveal the distribution of Tl during the incubation. Due to
the disparity in the atomic weight, Tl appeared as brighter spots in the
HAADF version, which can visualize the incorporation of Tl during the
incubation process with PC. T] was mainly attached to the MnOy surface
during the first 4 weeks of incubation (Fig. 4b). Along with the layer-to-
tunnel transformation (week 4—week 8), Tl (van der Waals radius as
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Fig. 4. TEM-EDX images of MnOy, after incubation with PC400 and TI(II) (a); ACTEM-HAADF images of MnOy, after 4 weeks (b), 8 weeks (c), and 16 weeks (d) of
incubation with TI(III) and PC400. The enlarged version below shows the distribution of Tl and Mn vacancies. ACTEM-HAADF analysis revealed the Tl incorporation
in the tunnel MnOx, Mn vacancy formation, and Tl aggregation during the whole incubation process.
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2.60 ;\) was embedded inside the tunnel structure of MnOy (2 x 2 with
diameter = ~4.6 A (Yuan et al., 2024)) and distributed as single Tl
atoms (Fig. 4c). With prolonged incubation, a continuous accumulation
of Tl inside the tunnel can be observed (Fig. 4d), implying the preference
for Tl to be fixed on the high-stability MnOy. Due to the increasing
numbers of Tl atoms in the tunnel MnOx along with the incubation
process, Tl atoms tended to form an atomic cluster after 16 weeks of
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incubation (Fig. 4d). Notably, the high-resolution image of the ACTEM
indicated the existence of the Mn vacancies on the MnOx, which can be
shown as the black deficiency in the crystal structure. Mn vacancies can
be widely found in the MnOy after 4-8 weeks of incubation (Fig. 4b &
4c), while a well-growth crystal lattice was shown in the MnOy after 16
weeks of incubation (Fig. 4d).
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Fig. 5. Mn K-edge EXAFS spectra in R + AR-space of MnOy after incubation with PC400 and TI(III) (a). The fitting output (solid lines) is overlain with the data
(dotted lines). WT-EXAFS of Tl L3-edge in the MnOy during the incubation with PC400 and TI(III) (b).
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3.7. Local coordination environment of Mn

Shell-by-shell fitting of extended X-ray absorption fine structure
(EXAFS) data was conducted to evaluate the local coordination envi-
ronment of Mn minerals during the incubation process. Due to the stable
structure of the basic Mn-O octahedron, no significant difference in the
Mn-O path could be found during the incubation process, especially for
the path radius (1.89 A) (Fig. 5 and Appendix $3). A slight increase in
the coordination number was found throughout the incubation process,
probably indicating the crystallization of the mineral structures with a
longer incubation time. It is worth noting that the coordination number
of Mn-O was approximately 4.4-4.5, which was less than 6 in the
standard octahedron, and it indicated the formation of O vacancy with
less Mn valence state on the MnOy samples during the whole incubation.
The radius of the Mn-Mn path increased from 2.90 A (1 week) to 2.94 A
(16 weeks) during the incubation of birnessite with TI(III) and PC400
(Fig. 5 and Appendix S3), and the coordination number of the Mn-Mn
path increased from 4.8 to 5.1. Notably, a limited extent of trans-
formation of the Mn-Mn path could be found after 16 weeks of incu-
bation with PC400 and TI(I), again evidencing the less transformation of
the MnOy with TI(I) (Appendix S3).

3.8. Local coordination environment of Tl

The chemical information of the Tl attached to the Mn minerals was
evaluated during the 16 weeks of incubation (Table 2, Fig. 5b, and
Appendix S3). In addition to the typical TI-O1 path in the Tl-attached
Mn mineral samples (R = ~2.28 A) (Wick et al., 2019), another TI-02
path with a relatively long interatomic distance was found in all the
samples (R = 2.42-2.45 A), which belong to the TI-O in the Tl (hydr)
oxides precipitated on the MnO; surface. Meanwhile, two Tl-Mn paths
(R = 3.33-3.49 A or 3.53-3.74 A) and one TI-TI path (3.82-4.05 A) can
be detected in the second shell (Fig. 5b), which represents the typical
coordinate structure in the Tl-sorbed MnOy and Tl oxides (Cruz-
Hernandez et al., 2019; Wick et al., 2019).

With the first 4-week incubation, the coordination number of TI-O2
and TI-Tl decreased from 1.8 to 1.0 and from 3.3 to 2.5, respectively
(Table 2), with the increase in coordination number of T1-Mn path from
2.2 to 2.5 to 3.4-3.8. With the prolonged incubation of 8 weeks, the
coordination number of T1-O2, and TI-Tl was reduced to 0.9 and 1.3,
respectively. The coordination number of TI-Mn decreased to 0.9-1.1,
in contrast to the transformation in the first 4 weeks (Table 2), and the

Table 1
Shell-by-shell fitting results of Mn K-edge EXAFS data.
Path RA CN o2 AE, R-
(eV) factor
TI(III)-PC400- Mn-O 1.89 4.4 0.003 -7.15 0.029
1w @ 4 (€Y]
Mn-Mn  2.90 4.8 0.006
(0) (2 @
TI(III)-PC400- Mn-O 1.89 4.4 0.003 —6.86 0.034
4w @ 3) (€Y]
Mn-Mn 291 5.1 0.008
@ 3 2
TI(IID)-PC400- Mn-O 1.89 4.5 0.005 —6.52 0.044
16w @ 3 (2
Mn-Mn 294 5.1 0.009
(V)] @ (3)
TI(I)-PC400- Mn-O 1.89 4.4 0.002 -3.29 0.024
16w @ (©)] 1
Mn-Mn  2.89 4.6 0.008
@ ()] (2)

Fitting parameters include CN, coordination number, R, interatomic distance,
62, squared Debye-Waller factor, AE, energy difference accounting for the phase
shift between the overall experimental spectrum and FEFF calculation. Fitting
quality was estimated using the R-factor. The passive electron reduction factor,
S%, was fixed at 0.85.
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Table 2
Shell-by-shell fitting results of Tl L3-edge EXAFS data.

Path® RA CN o2 R-factor

1w Tl-01 2.28(0) 2.2(1) 0.003(0) 0.006
TI-02 2.42(0) 1.8(1) 0.000(0)
Tl-Mnl 3.49(0) 2.5(3) 0.014(1)
Tl-Mn2" 3.74(0) 2.2(4) 0.014(1)
TI-T1 4.05(1) 3.3(9) 0.029(9)

4w Tl-01 2.28(0) 2.4(2) 0.005(0) 0.008
Tl-02 2.44(0) 1.0(2) 0.001(0)
Tl-Mn1 3.49(0) 3.8(8) 0.014(2)
Tl-Mn2 3.74(0) 3.4(8) 0.014(2)
TI-T1 3.93(0) 2.5(5) 0.011(0)

8w Tl-01 2.29(0) 1.8(2) 0.002(1) 0.008
TI-02 2.47(0) 0.9(2) 0.000(0)
Tl-Mnl 3.45(0) 0.9(4) 0.017(0)
Tl-Mn2 3.58(0) 1.1(4) 0.017(0)
TI-T1 3.84(0) 1.3(5) 0.006(4)

16w TI-01 2.28(0) 2.0(2) 0.004(1) 0.013
Tl-02 2.45(0) 1.2(2) 0.001(0)
Tl-Mnl 3.33(0) 1.4(4) 0.010(5)
Tl-Mn2 3.53(0) 2.0(7) 0.010(5)
TI-T1 3.82(0) 1.7(4) 0.007(4)

Fitting parameters include N, coordination number, R, interatomic distance, and
62, squared Debye-Waller factor. Fit quality was estimated using the R-factor.
The passive electron reduction factor, S2, was fixed at 0.85.

2 52 of TI-Mn1 and TI-Mn2 was set as the same value during the fitting process.

path radium of TI-Mn decreased to 3.45-3.58 A. With further incubation
to 16 weeks, all paths showed increased coordination numbers
compared to that after 8-week incubation. Notably, a shorter radius of
either the TI-Tl path (R = 3.82 A) or TI-Mn (R = 3.33-3.53 A) was found
along with the incubation process (Table 2).

3.9. Valence State of Tl/Mn

The valence state of TI/Mn on different layers of MnOy incubated
with TI(III) and PC400 was evaluated by XPS analysis with different
etching times (i.e., 0 s, 20 s, 40 s, 80 s, and 200 s) (Appendix S10).
Basically, the Mn valence state in the surface 5 nm decreased from 3.60
to 3.10 during the incubation process, while its value in the inner 5-50
nm area increased from 2.42 to 2.91 to 2.42-3.06 (Fig. 6a). Meanwhile,
the reductive transformation of TI(III) to TI(I) was nearly completed
during the first 4 weeks of incubation, and TI(III) remained at a low
value of less than 10 % during the afterward incubation (Fig. 6b).
Synchrotron-based X-ray Absorption Spectrum (XAS) analysis
confirmed the reduction of TI(III) with the generation of T1(I) during the
16 weeks of incubation (Fig. 6¢). Notably, the low valence state of Mn on
the MnOy implied the formation of O vacancy in the Mn-O octahedron
(Appendix S3).

The reductive transformation of Mn mainly occurred in the deeper
layer of the MnOy during the incubation with TI(III), while surface
oxidation with a higher Mn valence state was found with PC700 or
without PC (Fig. 6d). In the TI(I) system, Mn showed a contrasting
transformation both on the surface and inside of the MnOy, ie., a
decrease of Mn valence state on the surface with the increase of Mn
valence state inside MnOy. TI(I) was the main species (>80 %) on the
whole MnOy in all incubation systems instead of that with TI(III) alone
(Fig. 6e). Over 90 % of Tl was TI(III) on MnOy after 4 weeks of incu-
bation with TI(III) alone, and it decreased to 40.0-62.0 % after 16 weeks
of incubation.

4. Discussion

4.1. layer-to-tunnel transformation of MnO, and its impact on the fate of
Tl

The layer-to-tunnel transformation occurred during the incubation
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Fig. 6. Mn average valence state (a) and TI(III) proportion (b) during the incubation of MnOy with PC400 and TI(III). Information under different depths was
obtained by etching with a sputter rate of 0.25 nm/s for Ta,Os. Tl L3-edge XANES spectra of the sample during the 16 weeks of incubation (c) and the reference
spectra of TI* and T1,03 (dash line) were obtained from the reference (Wick et al., 2019). Mn average valence state (d) and TI(III) proportion (e) during the in-
cubation of MnOy with different PC and/or Tl. The surface data was obtained from direct XPS analysis, while inside data was obtained after 200 s etching.

with TI(III) and PC, especially with the PC400, evidenced by the XRD
(Fig. 1) and TEM analysis (Fig. 4). The extraction experiment indicated
that the formation of crystal tunnel MnOy would increase its stability to
resist the dissolution from soil organic acids and strong reductants such
as NHyOH-HCI, thus reducing the mobility and bioaccessibility of the
incorporated T1. Therefore, a lower content of Tl can be extracted with
PBET and soil organic acids after incubation with MnOy and PC400
(Fig. 3). The potent combination of Tl with tunnel MnOy indicated its
lower threat to human health through the water system, and the limited
extraction by root-derived organic acids suggested less possibility of
biomagnification through the food chain (Liu et al., 2019). Moreover,
the low extraction amount through PBET implied its low bioaccessibility
and ingestion risk when incorporated into the tunnel MnOy.

The combined spectroscopy and morphology analysis revealed the
underlying mechanisms for the Tl turnover with the MnOx (Fig. 7). At
the beginning of the incubation (Week 0-4), accumulation of Tl on
MnOx with weak Tl-O-Mn bonding or existing as amorphous TI oxides
was the primary process with limited MnOy transformation. The
increasing TI-Mn path, as evidenced by the EXAFS (Table 2), can be
direct evidence for this process. Meanwhile, the increased proportion of
interlayer-attached Tl on MnOy in the first four weeks supports the
accumulation of Tl (Fig. 2 and Appendix S6). The accumulation of the Tl
was accompanied by the redox reaction of Mn with the Mn(III) accu-
mulation, especially on the surface 10 nm layer of MnOy (Fig. 6), both
contributing to the layer-to-tunnel transformation of MnOy in the
following stage.

With the layer-to-tunnel MnOy transformation, Tl would be either
incorporated into the tunnel MnOy or fixed inside the tunnel of MnOy
(Week 4-8), as evidenced by STEM-HAADF (Fig. 4). Mn(III) formation is
the prerequisite for the Tl incorporation or fixation for the electron
balance (Ruiz-Garcia et al., 2021; Wick et al., 2019), and Tl in both
forms was stabilized with the TI-O-Mn bonding. Tl incorporation should
be the primary process, as most of the Tl can only be extracted by high-
stability MnOy dissolution (Fig. 3), accounting for its low mobility and
bioaccessibility. The dramatically changing stage of Tl and MnOy is
aligned with the decreased coordination of TI-Tl, TI-O, and Tl-Mn path
(Table 2).

The crystallization of the tunnel MnOy with a well-formed structure
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Fig. 7. Fate of Tl during the MnOy transformation. Stage I: Tl accumulation
with Mn redox transformation; Stage II: Tl incorporation with the layer-to-
tunnel transformation of MnOy; Stage III: Tl aggregation with MnOy crystalli-
zation. Tl and Mn stability increased during this three-stage transformation.
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was the primary reaction during the final stage (Week 8-16). The shaper
peaks in XRD (Fig. 1), signals in the SAED pattern (Appendix S8),
increased coordination numbers by EXAFS fitting (Fig. 5), and well
tunnel-like structure under HR-TEM (Fig. 4) all support these findings.
Less valence transformation of Mn and TI occurred in this stage, and Tl
(I) with Mn(III)/Mn(II) remained as the main species, indicating the
potential forms as TI(I)Mn(III)O, (Ruiz-Garcia et al., 2021). Notably, Tl
atoms fixed in the tunnel would aggregate with the formation of clusters
as detected by the STEM-HAADF. The lattice expansion of MnOx with an
increased distance from 3.19 A to 3.31 A could support this conclusion
(Appendix S8). In addition, the increased signal of the TI-Tl path with
shorter radium during the final stage of incubation indicated the
recombination of T1 within the tunnel of MnOy (Table 2).

The increasing stability mainly occurred in the first eight weeks of
incubation, indicating that both the accumulation and incorporation of
T1 contribute to the increasing stability to resist the reductive dissolution
by organic acids. The increasing stability of MnOy with the formation of
tunnel MnOy was crucial to resist the reductive dissolution, leading to
the higher stability of incorporated Tl to resist the extraction. In addi-
tion, the continuous accumulation of Tl in the high-stability MnOy was
found during the incubation process, especially for MnOx with PC400
and TI(III). The T1/Mn molar ratio in the low-stability MnOy decreased
from 1.88 x 1073 to 0.57 x 107° during the incubation with PC400 and
TI(IID), and the Tl/Mn ratio in high-stability MnOy, increased from 2.45
x 107 to 3.34 x 1073, serving as the direct evidence for the Tl accu-
mulation in stable tunnel MnOy (Appendix S11). The accumulation of T1
mainly occurred in the first eight weeks, fitting well with the stability
variation and transformation stage. By contrast, further crystallization
of MnOy in the last 8 weeks and the Tl accumulation showed a less
significant impact on the overall Tl mobility than in the first 8 weeks.

Notably, we found the atomic dispersion of Tl within the 2 x 2 tunnel
of the MnOy after 4-8 weeks of incubation and its further aggregation
with the formation of atomic clusters at the end of 16 weeks. The atomic
level distribution of Tl was first reported with MnOy, and they would be
crucial for the geochemistry process. Metal distributed as single atoms
and/or atomic clusters at the sub-nano level exhibits significantly higher
reactivity than bulk minerals for generating radicals or undergoing
direct redox processes (Guo et al., 2022; Rong et al., 2020). Therefore, it
is crucial to consider the potential formation and aggregation of metal at
the sub-nano level during the layer-to-tunnel MnOy transformation
when interpreting biogeochemical processes, especially for co-existing
metals such as iron (Fe) that are highly reactive and abundant in soil.
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4.2. Fast MnO, transformation induced by the cooperation of redox
components

By comparing MnOy transformation with different PC and TI, an
apparent mineral transformation can only be found with PC400 and Tl
(II1) within a short incubation time. A relatively smaller amount of
tunnel MnOy occurred after a long-term incubation with PC700 and Tl
(I11), implying that PC400 showed a higher potential to trigger the layer-
to-tunnel transformation. A higher electron-donating capacity (0.71
mmol e g7 > 0.40 mmol e~ g1) with a lower electron-accepting ca-
pacity (0.53 mmol e~ g~! < 0.67 mmol e~ g~1) was detected for the
PC400 than PC700 through the electrochemical methods (Xu et al.,
2022a) (Fig. 8a). The higher reducing capacity of PC400 would be
dominant for the layer-to-tunnel transformation, as the reductive for-
mation of Mn(III) was considered as the launching step (Yang et al.,
2018).

Unlike the current literature, we observed that only TI(III) could
induce the layer-to-tunnel transformation process with PC, while no
detectable evaluation of MnOy was found with TI(I) through spectros-
copy and extraction evaluation. In other words, reductive TI(I) nega-
tively impacted the layer-to-tunnel MnOy transformation with PC. This
difference could be attributed to the environmental conditions, as the
reported layer-to-tunnel transformation of MnOy with sole TI(I) required
a high TI concentration (T1/Mn = 0.08, i.e., high reducing moiety con-
tent) and acidity (pH = 4.0) for the formation of Mn(II)/Mn(III) to
induce the MnOy transformation (Ruiz-Garcia et al., 2021; Wick et al.,
2019). This condition could hardly be achieved in soil environment and
was different from our studied settings ((Tl/Mn ratio = ~0.002) and
mild acidity (pH = ~6.5-7.6)). Under more realistic conditions, the
formation of tunnel MnOy required the contribution from the TI(III)
together with the reductants, i.e., cooperation from reducing and
oxidizing components. We calculated the electron exchange capacity of
Tl and PC for Mn in different incubation systems (Fig. 8b), and the re-
sults again confirmed that the suitable cooperation of reducing and
oxidizing moieties (i.e., reductive PC with oxidative Tl with EDC/EAC
approaching 1) determined the sufficient MnOy, transformation.

Based on the XPS analysis, the reduction of Mn on the surface of
MnOy occurred during the first 8 weeks, which was driven by the py-
rogenic carbon, i.e., PC(2e") + Mn(IV) — PC + Mn(Il). Meanwhile, the
reduction of TI(III) occurred (Fig. 6), which was related to either direct
reduction by PC or electron transfer with Mn(Il), i.e., TI(III) + 2Mn(II) —
TI() + 2Mn(III). As the Tl was strongly combined with the MnOy
through TI-O-Mn bonding, the electron was more likely to be trans-
ferred through MnOy with Mn(II) oxidation to Mn(IIl). This electron
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Fig. 8. Electron-donating capacity (EDC) and electron-accepting capacity (EAC) of different PC (a); The redox capacity in different incubation systems (b); the ratio

of EDC and EAC in different incubation systems (c).
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transfer through redox-active minerals was reported in the Fe minerals
to indirectly reduce the combined Cr(VI) by PC (Xu et al., 2022b). The
indirect electron transfer process was supported by the Mn oxidation
and TI reduction in the deeper area of MnOy (10-50 nm), as PC can
hardly interact with the Tl inside the MnOy. Additionally, the limited
formation of tunnel MnOy in the presence of T1(I) and PC 400 indicated a
preference for indirect electron transfer, as opposed to direct electron
transfer between PC400 and TI(II). If TI(III) were to be reduced by
PC400 and subsequently sorbed onto the MnOy, we would anticipate
observing a comparable formation of tunnel MnOx when contrasting
PC400 with TI(I) and PC400 with TI(III). In short, the cyclic trans-
formation of Mn was constructed with the reducing capacity of PC and
oxidizing capacity of TI(III) (i.e., PC — MnOy — TI (III)), which could be
dominant for the layer-to-tunnel transformation of MnOy.

The average oxidation state of the Mn was approaching three during
the first 4 weeks of incubation with TI(III)-PC400 (Fig. 6a), and the
surface Mn after 16 weeks of incubation with TI(III)-PC400 was closer to
three compared to other incubation system (Fig. 6d). Both results indi-
cated that the cyclic transformation of Mn with PC400 and TI(III) sup-
ported the accumulation of Mn(Il) in the whole MnOy. The Mn(III)
formation could benefit from the formation of Mn(III)TI(I)O, with a
balanced charge during the oxidation of Mn(II) by TI(III). Mn(III) was a
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key to the tunnel MnOy formation, as it would weaken the Mn-O-Mn
boundaries to form the nucleus of the tunnel structures (Yang et al.,
2018). Moreover, the cyclic transformation of Mn would be responsible
for generating surface defects and/or Mn vacancies on the MnOx with
reductive dissolution and oxidative precipitation, which is critical for
the topotactic variation of MnOx (Yang et al., 2018). The high-resolution
ACTEM confirmed the formation of structure defects and vacancies on
the MnOy during the incubation with PC and TI(III) (Fig. 4). In addition,
the increasing o? from the shell-by-shell fitting of Mn EXAFS results
indicated the increasing disorder degree of the MnOy during incubation
(Table 1). Notably, this cyclic transformation mainly occurred in the
first four weeks, accumulating sufficient Mn(III) and vacancies on MnOx
at the end of four weeks (Fig. 6a), leading to the next stage of layer-to-
tunnel transformation.

The importance of Mn’s cyclic valence transformation to the layer-
to-tunnel transformation could be verified by using an electrochemical
approach (Jung et al., 2020), who found that the formation of hollandite
required a higher energy barrier with faster redox cycles. In this study,
this was provided by the cooperation of PC400 and TI(III). The cyclic
transformation of Mn could occur during the interactions with small
organic carbon (e.g., formic acid, formaldehyde, and methanol) and O,
driving the biogeochemical cycling of variable valence elements (Ye
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Fig. 9. ACTEM-EELS analysis of MnOy after 4-week (a), 8-week (b), and 16-week (c) of incubation. The figure insert was the EELS spectrum for the corresponding
test points in the enlarged ACTEM-HAADF image. The shown data was the position of Mn-L3 peaks and the intensity ratio between L3 and L, peaks. Mn reduction
occurred during the PC incubation, while chelation with TI(III) caused the oxidation of Mn with a bigger peak position and lower intensity ratio. The schematic

diagram of the electron transfer for the MnOy transformation (d).
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et al., 2024) and mineral transformation.

4.3. TI(ID) chelation for the efficient electron accepting and mineral
transformation

According to the EXAFS fitting and TEM evaluation, Tl was strongly
chelated on the MnOy with TI-O-Mn at the atomic level, which probably
created a microenvironment with a relatively high oxidation potential in
the inner area of MnOy. The incorporation and chelation of MnOy
avoided the fast reductive formation of TI(I) through interaction with
PC. TEM-EELS analysis was conducted to evaluate the electron transfer
route under the sub-nanoscale level (Fig. 9). The reductive trans-
formation of MnOy induced by the PC can be evidenced by the redshift of
peaks (641.0-642.5 eV > 640.1-641.5 eV > 639.0-640.0 eV) and the
increasing intensity ratio of L3 to Ly peaks (3.1-3.4 > 2.6-3.1 > 2.4-2.8)
(Inoué et al., 2019; Tan et al., 2012) with the increased incubation time
with PC. With the attachment of Tl on the MnOy, the oxidative trans-
formation of Mn was shown with a blueshift of the Lg peaks
(639.0-641.0 eV < 640.0-642.5 eV) compared to the MnOy area
without Tl (Fig. 9). The sub-nanoscale level evaluation of the Mn valence
state indicated that the attachment of Tl would induce an oxidative
environment in the micro area, thus facilitating the oxidative trans-
formation of Mn.

The importance of the micro oxidation environment created by Tl
(II) can be evidenced by the MnOy transformation with PC alone. A
much slower formation of tunnel MnOy with a higher disorder degree
and smaller tunnel size was detected with PC alone; even though PC
itself can serve as both electron-donating and accepting moieties
(Kliipfel et al., 2014). The more efficient electron withdrawal of the
chelated TI(III) would lead to a faster MnOy transformation compared to
the oxidation by PC. In addition, the limited transformation of MnOy
with soluble reductants and oxidants (i.e., Mn(II) and TI(III) or T1(I) and
Fe(IlI)) implied the importance of the micro oxidation environment
(Appendix S12). The fast redox reaction between reductants and oxi-
dants in the solution phase (i.e., Mn(II) and TI(III)) inhibited the for-
mation of a micro oxidation environment and macro reduction
environment, resulting in only limited mineral transformation. Another
advantage of the Tl chelation was the direct inner electron transfer
(instead of electron transfer from the surface to the inner area), leading
to a faster Mn valence state cycle (Ye et al., 2024). The atomic dispersion
of Tl with MnOx would impart a higher reactivity, leading to a rapid
electron acceptance from Mn(II) with the formation of Mn(III). TI che-
lation could regulate the tunnel size as the bridging cations, and it was
fixed into the tunnel in the meantime. The efficient electron transfer
with the chelated TI(III) explains the limited transformation with the T1
(I) system, as chelated T1(I) can only donate instead of accept electrons
from the MnOy directly.

In conclusion, the Tl attachment created an oxidative microenvi-
ronment with efficient electron withdrawal, which constructed the
oxidation side together with the macro reduction environment related to
the PC (Fig. 9d). The co-existence of micro oxidation environment and
macro reduction environment is a key to forming Mn(III) and layer-to-
tunnel transformation of MnOx.

4.4. Implications on the fate of MnO, and toxic elements after wildfire

During high-severity wildfires, soil temperature may exceed 600°C
(Rein et al., 2008), leading to mineral transformation and formation of
pyrogenic carbon (Lopez et al., 2024; Lopez et al., 2023). Previous
studies indicated the transformation of phyllo-manganate to tecto-
manganate (cryptomelane) over 400°C, while incorporating metal ele-
ments may inhibit this transformation with a high proportion of the
birnessite (Yin et al., 2022; Yin et al., 2024). Phyllo-manganate with a
highly disordered phase would still be the dominant phase without
tunnel MnOy formation under 400°C (Golden et al., 1986), a common
situation of wildfires with relatively low severity. These disordered

30

Geochimica et Cosmochimica Acta 388 (2025) 18-33

MnOy had a higher chance of getting involved in the layer-to-tunnel
transformation with the generated PC. The higher reducing capacity of
PC formed under a lower temperature (400°C) and the TI(II) formed by
thermal oxidation could support the cyclic transformation of MnOy and
facilitate its transformation. In short, high-severity wildfires led to the
direct topotactic transformation of MnOy, while low-severity wildfires
and post-fire incubation with PC would determine the fate of MnOy and
coexisting toxic elements.

Regarding the toxic elements with MnOy, the thermal transformation
of MnOy under high temperatures (> 500°C) would significantly in-
crease the stability of attached toxic elements during reductive acid
dissolution due to its incorporation into the MnOy framework (Yin et al.,
2022). By contrast, a limited change in the stability of toxic elements
occurred under a relatively lower temperature (< 400°C), while our
results indicated that their bioaccessibility could be significantly
increased during the post-fire incubation with PC. Notably, the limited
transformation of birnessite and the attached toxic elements occurred
under ambient conditions (e.g., 8-year dry aging under room tempera-
ture) (Yin et al., 2022), further emphasizing the critical contribution of
wildfire and PC on the fate of minerals and toxic elements. Considering
both the direct impact of wildfire and the post-fire incubation with PC is
important to provide a comprehensive understanding of wildfire’s
environmental and geochemical implications.

4.5. Geochemistry implications on pyrogenic carbon

This study highlights the significant role of pyrogenic carbon in
initiating the layer-to-tunnel transformation of MnOy, a crucial
geochemical process that provides insights into the behavior of man-
ganese minerals. The geochemistry process initiated by the emergence
of pyrogenic carbon has garnered significant attention, primarily due to
its substantial soil accumulation (Bowring et al., 2022). Previously re-
ported mineral transformation induced by pyrogenic carbon mainly
focused on the Fe minerals or transition metals on the clay minerals
(Dong et al., 2023; Xu et al., 2021; Xu et al., 2022b). This study unveiled
that sole PC could trigger the layer-to-tunnel Mn transformation with
the formation of tunnel Mn with 1 x 2 or 1 x 1 size, and the formation of
hollandite with 2 x 2 tunnel size occurred with the support of TI(III).

The tunnel MnOy formation inevitably impacts the soil element
turnover. The leachability and mobility of the associated toxic elements
would be greatly affected (Li et al., 2024), such as Tl (this study), Co
(Zhao et al., 2023), Ni (Yin et al., 2022), and Sb (Karimian et al., 2021b),
due to their accumulation and incorporation into the tunnel MnOy with
higher stability and lower bioaccessibility. In addition, the redox po-
tential of the tunnel MnOy differs from the layer MnOy, thus affecting the
redox-sensitive pollutants. These immobilization implications support
the pyrogenic carbon application during soil restoration and remedia-
tion. Pyrogenic carbon (or biochar) is often considered an adsorbent for
pollutants (Ahmad et al., 2014) and redox moieties to reduce the
mobility and toxicity of specific elements (e.g., Cr(VI)) (Xu & Tsang,
2022; Xu et al., 2021). This study reveals a new immobilizing route of
biochar for pollution control, ie., triggering the Mn minerals trans-
formation with toxic elements incorporation.

The transformation of Mn minerals has a substantial impact on the
fate of soil organic carbon and nutrients (Briiggenwirth et al., 2024; Li
et al., 2021), which are related to carbon sequestration and soil condi-
tioning. The influence of pyrogenic carbon on Mn minerals trans-
formation demands attention as a distinct advantage for its wider
consideration. The reported MnOy transformation with elements turn-
over is crucial for soil revegetation after wildfires, as a certain amount of
pyrogenic carbon would be generated during the wildfires (Bodi et al.,
2014; Lopez et al., 2023). Our findings serve as a critical reference for
these aspects, and more studies are warranted in the future.
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4.6. Geochemical implications on the fate of MnOy

MnOy represents a potent group of mineral oxidants in soil, and its
speciation is crucial for the co-existing elements. In addition to the Mn
(ID-induced transformation of MnOy with the assistance of reductants,
this study proposed that the cooperation of reductants and oxidants
could further facilitate the layer-to-tunnel transformation of MnOy. The
key was the chelation of oxidants (i.e., TI(III)) on MnOx to create a micro
oxidation environment under the macro reduction environment.

Other cationic elements, such as Co (Wu et al., 2019a, 2019b), Ni
(Wu et al., 2020), and Fe (Yin et al., 2013), with an oxidation potential
may contribute to the layer-to-tunnel transformation of MnOy together
with the PC. A wide range of cationic metals can be anchored on the
MnOy, forming stable surface complexes, and most contain a variable
valence state with potential as an oxidizing agent. For instance, we also
observed the formation of tunnel MnOy with 2 x 2,1 x 2, and 1 x 1
tunnels with Fe/Ni and PC after 16 weeks of incubation (Appendix S12).
Further investigation is needed to understand the actual control of
tunnel size, which might be related to the proportion of Mn(IIl), atomic
size of the cations, and frequency of redox cycles. The formation of
todorokite (3 x 3 tunnel size), non-ideal 3 x n tunnel MnOy (Wu et al.,
2019a, 2019b), or even 4 x 4 tunnel MnOy (Yang et al., 2018) was re-
ported. The key issues that are controlling the tunnel size are still
underexplored. Oxyanions, especially CrO, might have a potential
capacity to serve as oxidants to trigger the layer-to-tunnel MnOy trans-
formation together with the reductants, while relevant studies are
limited.

We used pyrogenic carbon as the reductant to trigger the layer-to-
tunnel transformation, while other reductants, including soil organic
matter, Fe(II), Mn(Il), and toxic elements, can potentially serve as the
reduction sites for the pairwise redox components. Cooperation of As
(II)-Fe(II) (Mock et al., 2019), Fe(II)-Cr(VI) (Liao et al., 2019), Fe(II)-
Oy (van Genuchten & Ahmad, 2020), organic matter-Fe(IIl) (Patzner
et al., 2020; Xu et al., 2022b), Mn(II)-Sb(V) (Karimian et al., 2021a),
organic matter-Oq (Ye et al., 2024), and organic matter-Mn(IV) (Trainer
et al.,, 2021) can be found in the soil environment. Their cooperation
might trigger similar tunnel MnOy formation, while their direct in-
teractions would affect the cyclic valence transformation of Mn(IV).

Tunnel MnOy was also formed when incubated with Fe(III)/T1(I) or
TI(III)/Mn(II) as the redox components, but the formation was less
apparent compared to the PC system (Appendix S12). This could be
attributed to the fast interaction between TI(III) and Mn(II) in the so-
lution without interactions with MnOy. The soluble phase of PC was
extracted and incubated with the MnOy together with TI(III) and/or Fe
(I1), and a limited extent of transformation occurred (Appendix S12).
The soluble phase of PC contained a lower reducing capacity to trigger
the reduction process (Xu et al., 2022b), and they could quickly interact
with soluble ions instead of the MnOy. Sorption of elements on the PC is
the first step for the electron transfer process, thus allowing the oxida-
tive species to interact with MnOy and create a micro oxidative envi-
ronment to foster the cyclic Mn valence transformation. In short, the
layer-to-tunnel transformation of MnOy can be triggered by PC and a
wide range of oxidative elements, while how to ensure the cyclic
transformation of Mn by pairwise interactions with both reductants and
oxidants is key to the transformation process.

In addition, the dynamic nature of soil systems, including sequential
flooding and draining, can alter the redox potential and lead to the
coexistence of reducing and oxidizing species in the soil. The transition
zone between oxygen-rich and oxygen-deficient conditions, such as in
wetland and paddy soil, can create a gradient of reduction potential
within a short distance, exposing the soil to oxidizing and reducing
conditions (Madison et al., 2013). Further studies are needed to scruti-
nize the electron transfer and MnOx transformation under these dy-
namic conditions.
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5. Conclusions

In this study, we investigated the layer-to-tunnel transformation of
MnOy with the coexistence of pyrogenic carbon and TI. The results
showed that the formation of hollandite (tunnel MnOy with 2 x 2 tunnel
size) only occurred with PC and TI(III), while TI(I) failed to induce the
MnOy transformation with or without PC. The macro reducing envi-
ronment created by the PC and the micro oxidizing environment related
to the locally chelated TI(III) was pivotal in forming the active Mn(III)
species and structure vacancies on MnOy, which were the prerequisites
for its layer-to-tunnel transformation through the cyclic electron transfer
process. This finding advances our understanding related to the tunnel
MnOy formation, as the cooperation of reducing and oxidizing compo-
nents can trigger the MnOy transformation under mild conditions, which
sole reductants cannot achieve. The crystal tunnel MnOy formation can
incorporate the chelated Tl into the tunnel, resulting in the high stability
and low bioaccessibility of T1. Our results emphasize the critical roles of
cooperation of electron-donating and electron-accepting components in
triggering MnOy transformation, which has significant implications for
understanding the fate of carbon, minerals, and toxic elements in the
environment.
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