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The increasing intensity of human activities has led to a critical environmental challenge: widespread metal
pollution. Manganese (Mn) oxides have emerged as potentially natural scavengers that perform crucial functions
in the biogeochemical cycling of metal elements. Prior reviews have focused on the synthesis, characterization,

:d(slorptwn and adsorption kinetics of Mn oxides, along with the transformation pathways of specific layered Mn oxides. This
edox . . . . . . . . .
Environment review conducts a meticulous investigation of the molecular-level adsorption and oxidation mechanisms of Mn

oxides on hazardous metals, including adsorption patterns, coordination, adsorption sites, and redox processes.
We also provide a comprehensive discussion of both internal factors (surface area, crystallinity, octahedral va-
cancy content in Mn oxides, and reactant concentration) and external factors (pH, presence of doped or pre-
adsorbed metal ions) affecting the adsorption/oxidation of metals by Mn oxides. Additionally, we identify
existing gaps in understanding these mechanisms and suggest avenues for future research. Our goal is to enhance
knowledge of Mn oxides' regulatory roles in metal element translocation and transformation at the microstructure

level, offering a framework for developing effective metal adsorbents and pollution control strategies.

1. Introduction

Manganese (oxyhydr)oxides (hereafter referred to as Mn oxides) are
minerals prevalent in both terrestrial and aquatic environments.
Although they constitute only about 1 % of soils and sediments, Mn ox-
ides often appear as fine particles, gelatinous aggregates, and spherical or
massive nodules at the interfaces of lithosphere, hydrosphere, atmo-
sphere, and biosphere. Through coating the surfaces of other minerals,
Mn oxides demonstrate a potential activity that extends far beyond what
their overall quantity would suggest [1-4].

The common valence states of Mn encompass II, III, and IV. Mn(II)
and Mn(IV) exhibit great stability in natural environments, capable of
transforming between soluble low-valence states and insoluble high-
valence states [5-9]. Mn(III) is thermodynamically unstable, existing
stably only in specific soluble organic complexes or minerals; it often
disproportionates into Mn(II) and Mn(IV) [10,11]. Consequently, the
genesis of Mn oxide solid phases in natural systems typically begins with
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Mn(II) species, which undergo a sequence of biological and abiotic
oxidation processes, including microbial enzyme activity, reactive oxy-
gen species, and mineral surface catalysis [12-16]. Initially, Mn oxides
manifest as layered phases that are characterized by poor crystallization,
high disorder, and high reactivity. Subsequently, these newly formed Mn
oxides undergo diagenesis and transformation at oxygen-anoxic in-
terfaces, like marine sediments, which give rise to reduction potential
gradients within a few centimeters of the sediment and facilitate
continuous redox cycles between Mn(II) and Mn(IV) [17,18]. Over 30
forms of natural Mn oxides, resulting from intricate biogeochemical
processes, including precipitation, dissolution, maturation, and trans-
formation, are found in contemporary environments [19]. The major Mn
oxides commonly found in soil and water sedimentary environments are
summarized in Table 1.

The basic unit of the crystal structure of Mn oxides includes an MnOg
octahedron with an Mn atom located at the center and six oxygen atoms
surrounding it. The MnOg octahedra connect via edge-sharing to form
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Table 1
Common types of Mn oxide mineral in soils and sediments.

Structure type Mineral Category Chemical formula References

Layer structure Birnessite 8-MnO, (Na,Ca,K)Mn;04-2.8H,0 [20]
Vernadite 5-MnO, MnO,-nH,0 [21]
Buserite (Ca,Na,K)y (Mn*",Mn*")0,4nH,0 [22]
Lithiophorite LiAl,(Mn*"5,Mn>*)Og-(OH)s [23]
Asbolane (Ni,Co)Mn**(0,0H),4-nH,0 [23]

Tunnel structure Pyrolusite $-MnO, MnO, [24]
Ramsdellite vy-MnO, MnO, [24,25]
Nsutite Y-MnO, Mn(O,0H), [26]
Hollandite a-MnO, Ba,(Mn**,Mn®")5016 [27]
Cryptomelane -MnO, Ke(Mn**,Mn®")g016 [27]
Manjiroite Na,(Mn*",Mn®*)g016 [28]
Coronadite a-MnO, Pb,(Mn**,Mn®")g01¢ [17]
Romanechite (Ba,K,Mn?")Mns0; -xH,0 [28]
Todorokite (Ca,Na,K)x(Mn** Mn®)g01,-3.5H,0 [29]

Low-valence Mn oxide mineral Tunnel structure Manganite y-MnOOH MnOOH [30]
Feiknechite $-MnOOH MnOOH [17]
Groutite a-MnOOH MnOOH [30]

Other Mn minerals Hausmannite Mn?*Mn®*,04 [31]

Manganosite MnO [2]
Bixbyite Mn,03 [32]

single chains, producing Mn oxides with diverse structures through
edge- and/or corner-sharing [33]. Based on the stacking arrangement of
MnOg octahedra, the Mn oxides are typically classified into two cate-
gories: layered structure (i.e., phyllomanganate) and tunneled structure
(i.e., tectomanganate) [34-36]. The layered structure comprises layers
of edge-sharing MnOg octahedra, with symmetry dependent on the
Mn(III) octahedra distribution. The tunneled structure, however, in-
volves edge-sharing MnOg octahedra forming tunnel walls or floor/
ceiling [35]. Heterovalent Mn ions and/or foreign transition metal
cations may be present in both layered and tunnel-structured Mn oxides,
either replacing Mn(IV) structurally or acting as charge compensators in
phyllomanganate interlayers or tectomanganate tunnels [37-40].
Common examples include birnessite, buserite, and vernadite for
layered Mn oxides; pyrolusite (4-MnO;), manganite (y-MnOOH), cryp-
tomelane, and todorokite for tunneled Mn oxides [41]. These distinct
Mn oxide layers and tunnels exhibit varying sizes and crystal structures
and thus exhibit different redox, adsorption, electrochemical, and
photochemical reactivity [41].

For a long time, the contamination of soil and wastewater by harmful
metals, particularly heavy metals, has emerged as a major environmental
issue due to increased human activities such as mining, metal industries,
incinerators, power plants, and agricultural use of sewage sludge, in-
secticides, and fertilizers [42,43]. Natural Mn oxides, with their low
point of zero charge (PZC), large surface area, high negative charge, and
high reduction potential, are key in controlling harmful metal concen-
trations, especially heavy metals, through adsorption, coprecipitation,
and redox reactions [2,5,18,44-51]. Compared to traditional adsorbents
like aluminum (Al) oxides, iron (Fe) oxides, green clay polymer sulfur,
and carbon-based materials, Mn oxides offer superior adsorption effi-
ciency and stability for metal removal from water [52-56]. They exhibit
greater adsorption capacities for toxic metals like copper (Cu), cobalt
(Co), nickel (Ni), zinc (Zn), lead (Pb), and cadmium (Cd) than Al oxides
and Fe oxides [57-59]. Mn oxides also possess the advantages of being
cost-effective, minimally toxic, environmentally friendly, and easily
manageable compared to synthetic adsorbents [60-64]. Additionally, Mn
oxides serve as natural oxidants for variable valence metals such as
arsenic (As), Co, chromium (Cr), selenium (Se), thallium (T1), and va-
nadium (V) [57,65-67]. The high redox potential of Mn oxides, evi-
denced by the standard electrode potential (1.23 eV) of
MnO; + HY/Mn?7, (>1.3 V) of Mn®*/Mn?*, is comparable to or higher
than that of O, + H/H,0 (1.229 eV) [68]. This property enables Mn
oxides to alter the valence, chemical form, and thus bioavailability of
harmful metals through oxidation [69,70]. The adsorption and oxidation
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effectiveness of Mn oxides can be further enhanced through electro-
chemical regulation of the degree of redox [71-73].

In recent decades, extensive research has significantly enhanced our
understanding of the formation, structure, and metal adsorption/oxida-
tion mechanisms of Mn oxides, with ongoing studies providing fresh
perspectives. This review aims to consolidate current knowledge in the
field, covering: (1) common types of Mn oxides and their structural
characteristics in the natural environments; (2) the adsorption/oxidation
mechanisms of metals, including alkali and transition metals, on Mn
oxides; (3) key factors influencing metal adsorption and oxidation by Mn
oxides, including mineral crystallinity, surface area, reactant concentra-
tion, pH, Mn valence, octahedral vacancies, and competitive metal ions.
Furthermore, the review suggests directions for future research. The ul-
timate objective is to deepen understanding of Mn oxides' regulatory role
in the environmental mobility and transformation of metal elements and
to provide a framework for developing effective metal adsorbents and
pollution control strategies.

2. Common Mn oxides in natural environments

Layered and tunneled Mn oxides are ubiquitous Mn oxide minerals
found in both terrestrial and aquatic environments [18,37,74]. The
transformation of layered Mn oxides into tunneled Mn oxides can occur
under specific physicochemical or biological conditions [18,75].

2.1. Layered Mn oxides

2.1.1. Birnessite

Birnessite is a prevalent Mn oxide found in various environments. It
is composed of stacked layers along the c* axis resulting from the
stacking and interaction of a layer of MnOg octahedra with shared edges
and an interlayer containing water and alkaline/alkaline earth metals
(Fig. 1) [16,20,59,76,77]. Charge defects in birnessite layers arise from
vacancies, the substitution of layer Mn** with lower valence cations like
Mn®*, Ni2%, and Co®*, and edge sites [35,78]. The defects can be
neutralized by Mn3+, Mn2+, H', interlayer alkaline/alkaline earth
metals, and other cations [79,80]. By varying the interlayer metal spe-
cies, different birnessite subtypes emerge: Na-birnessite, Mg-birnessite,
and K-birnessite correspond to Na¥, Mgzt and K in the interlayer,
respectively [81]. When the interlayers contain hydrated Ca?* or Mn2*,
the minerals are termed ranceite and takanelite, respectively. In the
presence of large cations such as Ca?*, Mg?*, Ni%*, Co3*, and La>*, the
interlayer spacing expands from 0.7 nm to 1 nm. Additionally, these Mn
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Fig. 1. Structural illustrations of common layered manganese oxides. (a) Hexagonal birnessite. H-site represents octahedral vacancy sites; L-site represents particle
edge sites. (b) Triclinic birnessite. (¢) Lithiophorite. (d) The transformation pathway of buserite. (d) is adapted with permission from the study by Lee and Xu [22].

Copyright 2016, Clay Minerals Society.

oxides presented a poor crystallinity in nature, lacking a fixed stoi-
chiometric composition [82].

Birnessite samples are generally classified into two groups based on
the symmetry of the [MnOg] layer: hexagonal and triclinic. It is proposed
that the inclusion of cell symmetry can serve as a supplement to the
current mineral nomenclature and the subdivision of birnessites into
hexagonal and triclinic crystal systems [16]. The fundamental distinction
between these types lies in the origin of charge defects, nature of inter-
layer cations, and oxidation states of layer and/or interlayer Mn [83].
Hexagonal birnessites contain octahedral layers of Mn(IV)Oe and/or
Mn(III)Og, with octahedral vacancies [84]. These vacancies result in a
layer with negative charges, balanced by interlayer H* and/or interlayer
Mn3t/%+ positioned above or below the vacancies [84,85]. In contrast,
triclinic birnessite features octahedral layers with an alternating
sequence of two Mn(IV)Og rows and one Mn(III)Og row along the b-axis,
and lacks octahedral vacancies [86]. The substitution of some Mn(IV)
with Mn(III) in the MnOg octahedron results in charge deficiency in the
layer [87,88], which is compensated by cations associated with water
molecules (typically K™ or Na™) in the interlayer space [89].

Laboratory synthesis of analogs to natural birnessites is achievable.
Depending on synthesis approaches, the resulting birnessites are cate-
gorized as either acidic or alkaline [90], each exhibiting distinct struc-
tural features and Mn content in various valence states. Acid birnessites,
synthesized in a low pH medium, belong to the hexagonal crystal system
[16,91]. These birnessites possess numerous octahedral vacancies (up to
12 %) in the layers, primarily composed of Mn(IV) with a smaller amount
of Mn(IIT), while the interlayer ions consist mainly of H", Mn®*, and
Mn?* [33,84]. Alkaline birnessites are typically created by fully oxidizing
Mn(OH); with KMnO4 in a weakly alkaline medium, and triclinic bir-
nessites are generally synthesized in alkaline conditions [92-94]. Alka-
line birnessites have a higher Mn(III) content in their layers than acidic
birnessites, and their interlayers consist of Mn®* and Mn?", with fewer
HY [84].

2.1.2. Vernadite

Vernadites are characterized by a layered arrangement of MnOg
octahedra, connected by edge-sharing, and typically feature nano-
crystalline particles in natural samples [21,95]. Chemical properties and
X-ray diffraction (XRD) data have identified three distinct types of ver-
nadites: the ~7 A type, the ~10 A type, and the Fe type [37,96]. The
~7 Aand ~10 A types are distinguished by the presence of one or two
layers of water molecules in the interlayer, whereas the Fe-type verna-
dites have a unique monolayer structure [37,84]. Their XRD patterns
have distinct diffraction peaks at 2.42-2.43 i\, 1.41 Z\, and 1.22 [D\,
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respectively. The d-spacing ratio of the first two strong diffraction peaks
(1.72) closely aligns with the value of 3'/2 indicating the pseudo hex-
agonal symmetry of the Mn octahedral layer. Furthermore, the
near-symmetrical shape of the 1.41 A peak indicates a correlation be-
tween the layered structure and hexagonal symmetry [97].

Vernadite structures are often distorted due to vacancies and substi-
tution of layer Mn by other cations like Ni2t, Cu?t, Mn®*, and Fe**
[97-99]. As vernadites are characterized by low crystallinity, high-density
defects, and predominantly mixed phases, their structures remain
incompletely elucidated [97]. They possess extensive edge-specific sur-
face areas, resulting in a relatively high ratio of edge sites to total sites,
which significantly enhances their capacity for metal ion adsorption at
edge sites [100]. Additionally, vernadites exhibit significant amphoteric
reaction sites due to their extensive edge-specific surface areas [100].

2.1.3. Buserite

Buserite is a type of Mn oxide mineral that is characterized by its
layered structure, consisting of two layers of water molecules located
within the interlayer region (Fig. 1) [22,101]. Typically, the metal ions in
the interlayer area of buserite are bound to water molecules, similar to
those in birnessite and vernadite [102,103]. Na-buserite is a common
type of buserite, which exhibits the strongest diffraction peaks at
10.1-10.2 A and 5.0-5.1 A [22].

The stability of buserite's structure largely depends on the hydration
enthalpy of interlayer ions. High interlayer cation content in buserite
minerals makes them more resistant to conversion into birnessite.
Conversely, birnessite can be converted into buserite upon the inclusion
of specific cations like Mg?*, Ca2*, and Ni%* [22,104]. Moreover, hy-
drothermal processing of buserite can lead to the production of todor-
okite. The synthetic methods for todorokites mainly differ in the initial
synthesis of layered Mn oxides and the specific metal ions incorporated
into the interlayer of the precursor, resulting in Me-buserite (where “Me”
typically represents Mg ions) [105,106]. Cui et al. [105] showed that
reflux treatment in the atmosphere of Na-buserite could facilitate its
conversion into todorokite, indicating the effectiveness of aging treat-
ments in this transformation process.

2.1.4. Asbolane and lithiophorite

Asbolane and lithiophorite exhibit comparable hexagonal symmetry
and layered structure with metal (hydrogen) oxide interlayers (Fig. 1)
[107]. However, the asbolane features an island-like structure formed by
Ni/Co (hydrogen) oxides in the interlayers [108], whereas the lith-
iophorite features Li and Al hydroxide interlayers (Fig. 1). Despite these
structural differences, they share similar optical properties [23,109].
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Asbolane, a Mn(IV) hydroxide exhibiting a higher oxidation state, lacks a
constant molecular formula [110]. Lithiophorite has been categorized as
the third type of Mn oxide, alongside layered and tunnel structures, due
to its mixed layer structure [111]. Lithiophorite discovered in soil ex-
hibits good crystallinity, a small specific surface area, and a slow
weathering rate [111]. Asbolane and lithiophorite frequently coexist in
the environment, leading some scholars to posit that asbolane is a variant
of lithiophorite in which interlayer aluminum is substituted by transition
metals [108]. Burlet and Vanbrabant [23] have proposed that the in-
termediate phase between asbolane and lithiophorite is the asbola-
ne-lithiophorite intermediate. The primary distinction among them is
differentiated by varying concentrations of Co, Ni, Cu, and Li in their
oxides.

2.2. Tunneled Mn oxides

Tunnel-structured Mn oxides consist of MnOg octahedra chains that
share edges and corners with neighboring chains, arranged in an m x n
rectangular configuration. The size of the tunnels, defined by the number
of chains, accommodates large cations (e.g., Mg?*t, Ca?t, Ba®*, Nat, k™)
and water molecules [112-115]. Commonly found tunnel-structured Mn
oxide minerals in nature include pyrolusite (1 x 1 configuration),
Ramsdellite (1 x 2), nsutite (mixture of 1 x 1 and 1 x 2), cryptomelan
(2 x 2), romanechite (2 x 3), and todorokite (3 x 3), with the rare
occurrence of woodruffite (3 x 4) [116-122]. Under specific conditions
in soil or sediments, layered Mn oxides can undergo a transformation into
tunnel-structured Mn oxides [18,37,102,103,123].

2.2.1. Todorokite

Todorokite, a prominent Mn mineral found in marine ferromanganese
nodules and crusts [37,124-126], is characterized by its tunnel structure
composed of triple chains of edge-sharing Mn(IV)Og octahedra that are
corner-shared with adjacent triple octahedral chains. This arrangement
resultsina 3 x 3 tunnel structure, providing a significant tunnel cavity per
unit cell measuring 6.9 x 6.9 A [29,123,127,128]. The tunnels present in
natural samples exhibit a partial occupancy of water molecules and a
diverse range of cations, such as Mg?", Ca®", K, Na*, and Ba®" [124,127].
Moreover, todorokite holds promising economic significance due to its
frequent association with strategically important metals such as Co®*
Ni%*, cu®*, and platinum group metals, as well as rare earth elements [37].

In natural occurrences, todorokite often exhibits poor crystallinity
and is commonly found in combination with other poorly crystalline
oxyhydroxides like vernadite [129,130]. The formation of todorokite is
generally believed to stem from layer-structured Mn oxides with triclinic
symmetry. Traditionally, the conversion of birnessite to todorokite is
explained as a topotactic process, wherein certain morphological char-
acteristics and structural components of the initial phyllomanganate are
retained in the newly formed todorokite [34,102,130,131]. Atkins et al.
[102] proposed a four-stage mechanism for this conversion. Further-
more, recent research also indicates that todorokite predominantly oc-
curs in deeply buried nodules, suggesting that phyllomanganates can
transform into todorokite under relatively suboxic conditions as well
[126,132].

Todorokite, a prevalent tectomanganate mineral, plays a crucial role
in the biogeochemical cycling of trace metals. Although its external edge
surfaces possess a considerably smaller surface area than its intra-
tunnels, metal diffusion occurs more rapidly along the external surface
than within the tunnels [127,133,134]. Kim et al. [135] proposed a
surface-loading-dependent mechanism, characterized by high affinity,
which plays a dominant role during the initial adsorption stage.
Conversely, the intra-tunnel sites act as slow sites, significantly respon-
sible for the overall cation adsorption capacity.

2.2.2. Pyrolusite
Pyrolusite, a tunnel-structured Mn oxide, exhibits a high degree of
crystallinity. The MnOg octahedron in pyrolusite is arranged in a single
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chain with an edge connection, with adjacent chains sharing corners to
create a 1 x 1 tunnel structure (Fig. 2). The small size of the tunnel
structure in pyrolusite makes it difficult to accommodate additional ions
or water molecules [24,136,137]. The structure of pyrolusite and
manganite can transform under specific conditions [138]. Manganite
represents a distorted form of pyrolusite, arising from partial substitution
of Mn(IV) by Mn(IIl) in pyrolusite, and subsequent charge compensation
by H". This process leads to a reduction in symmetry from the tetragonal
system to the orthorhombic system. Upon oxidation, manganite can be
transformed into pyrolusite [30].

2.2.3. Ramsdellite

The ramsdellite possesses a tunnel structure of 1 x 2, where Mn(IV)Og
octahedrons are linked into double chains. Each double chain is
composed of two adjacent single chains that share the edge of the octa-
hedrons (Fig. 2). The crystal structure of ramsdellite is akin to pyrolusite,
with the exception that the single chain of pyrolusite octahedron is
substituted by the double chain in ramsdellite. The double chains are
corner-connected to form a framework, creating a rectangular cross-
sectional tunnels [24,136]. Ramsdellite is commonly found in localized
oxidation areas of Mn-rich sediments and is considered a metastable
MnO; [139].

Ramsdellite exhibits isomorphism with minerals such as goethite
(FeOOH), gibbsite (AIOOH), and groutite (MnOOH). Under specific con-
ditions, ramsdellite and groutite can undergo an interconvert [30]. Grou-
tite exhibits the formation of strong hydrogen bonds through OH groups.
While ramsdellite is ostensibly devoid of hydrogen, certain ramsdellite
samples display weak hydrogen bonds formed by OH groups [140].

2.2.4. Nsutite

Nsutite, a Mn oxide mineral with a higher water content [118], is
widely distributed and possesses a 1 x 1 and 1 x 2 tunnel structure
(Fig. 2) [141]. Its XRD diffraction pattern is similar to that of ramsdellite,
categorizing it as a distinct form of y-MnO5 [139]. Some nsutite samples
exhibit tunnel structures larger than the typical 1 x 1 (pyrolusite) and
1 x 2 (ramsdellite), such as 1 x 3 and 3 x 3 tunnels, as well as various
defects and grain boundaries [142]. The tunnel configuration of nsutite
typically includes trace amounts of ions such as Na*, Ca?t, Mg?*, K*,
Zn%*, Ni2t, Fe3*, A1, Si**, along approximately 2%-4% water (w/w).
These constituents may be accommodated within larger tunnels or along
grain boundaries. Charge balance is maintained by partially substituting
Mn(IV) with Mn(III) [2].

Nsutite is a secondary substitute mineral that typically arises from the
oxidation of Mn carbonate minerals [118]. Another type of manganoan
nsutite exhibits poor structural stability due to its high water content and
low-valence Mn(III)/Mn(Il) with a large ionic radius. Upon heating,
manganoan nsutite can transform into standard nsutite [118].
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Fig. 2. Common tunneled Mn oxides. Mn, manganese.
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2.2.5. Hollandite

The a-MnO; mineral, known as hollandite, features a 2 x 2 tunnel
structure similar to ramsdellite. This structure is comprised of double
chains of edge-sharing MnOg octahedra, forming a tunnel with square
cross sections (measuring two octahedra on a side of 4.6 A x 46 f\)
(Fig. 2). The tunnel cavities typically host large monovalent or divalent
cations, in some cases, water molecules [2,119]. The metal ions (Me"")
within the tunnels are commonly understood to bond with oxygen atoms
in the structure, with each Me-O bond exhibiting an equal distance. The
tunnel center can be occupied by various Me™, including Ba?* (in hol-
landite), K (in cryptomelane), Pb®* (in coronadite), and Na* (in man-
jiroite) [27,143-145]. The inclusion of Me™" within the tunnel has the
potential to reinforce the structural integrity of the tunnel and prevent
collapse [27]. The tunnel's chemical composition exhibits a notable de-
gree of adaptability, stemming not only from cation exchange within the
tunnel but also from the replacement of the octahedral framework [115].
This adaptability contributes to the versatility of hollandite in various
environmental and geological contexts.

3. The adsorption and oxidation mechanisms of harmful metals
by Mn oxides

3.1. Adsorption

Both layered and tunneled Mn oxides play significant roles in metal
adsorption, but they exhibit notable differences in their adsorption ca-
pacities. In layered Mn oxides, interlayer cations form strong inner-
sphere surface complexes at the vacancy sites. Conversely, tunneled
Mn oxides feature a combination of inner-sphere complexes at the tunnel
corner sites and outer-sphere complexes coordinated with six water
molecules at the tunnel center sites [127,133]. Previous research has
demonstrated that birnessite exhibits a greater capacity for adsorbing
metal ions than todorokite [146]. Consequently, layered Mn oxides,
particularly birnessites, are more prevalent and effective in the geolog-
ical milieu [147-149].

The accumulation of heavy metals and transition metal elements in
Mn oxides is attributed to the obligate and selective adsorption processes,
closely related to the properties of the adsorbed ions and the surface
properties of Mn oxides [51]. The oxygen component of Mn oxides can be
classified into two distinct chemical states, namely, saturated oxygen and
unsaturated oxygen, with the latter constituting approximately 20% of
the surface area and serving as crucial adsorption sites [150]. The
structure of birnessite includes two main types of allosteric sites, namely
octahedral vacancy sites (H-site) in layers and particle edge sites (L-site)
(Fig. 1). In some minerals, a low-energy site (L-II site) exists, character-
ized by its tridentate arrangement and proximity to octahedral vacancies.
For these sites to be effective, the vicinity of interlayer Mn(III) is essen-
tial. The presence of Mn(III) results in the formation of additional un-
saturated oxygen within the layer, thereby rendering low-energy sites
within the layer [151].

Heavy metals and transition metals, with their high nuclear charges,
small ionic radii, strong polarization and deformation capabilities, are
easy hydrolysis to form hydroxylated cations and exhibit specific and
selective adsorption on Mn oxide surfaces by forming stable inner-
sphere complexes [51]. The adsorption mechanisms of layered Mn
oxides, especially birnessites, for transition metals can be succinctly
delineated as follows: (1) metal ions engage in intricate reactions with
surface hydroxyl groups, resulting in the formation of hydroxyl com-
plexes that are linked by coordination bonds. The strength of adsorp-
tion directly correlates to the stability constants or hydrolysis constants
of the hydroxylated cations [51,147,152,153]; (2) metal ions partici-
pate in an exchange process with surface Mn(II) to produce highly
stable inner-sphere complexes [48,129,151,154,155]; (3) transition
metal cations preferentially adsorb above or below octahedral va-
cancies in birnessites, or integrate into vacancies, becoming part of the
hexagonal layers (Fig. 3) [35,78,150,156-158]. Additionally, metal
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cations can adsorb at the edge sites of the layer structure through
double-corner-sharing (DCS) or double-edge-sharing (DES) (Fig. 3)
[100,159]. The octahedral vacancies within the layer are preferred sites
for cation adsorption, whereas layer edges are exclusive for anion
adsorption [160].

During Me?" adsorption, the simultaneous release of Na*, H', and K*
into the solution occurs, and the quantities of released Na*, H*, and K*
exhibit a linear increase in relation to Me?>" adsorption. Therefore, the
determination of metal adsorption can be inferred from the quantities of
Na™ and K released [95,161]. Simultaneously, the content of Na* or K™
influences the structure of Mn oxides. For instance, decreasing K™ con-
centrations in birnessite interlayers significantly diminishes the
hydrogen bonding, reducing the stabilization of MnOg layers connected
by K ions between adjacent layers. This reduction in hydrogen bonding
may explain the observed decrease in MnOs sheet stacking in these bir-
nessites [162,163]. The promotion of the conversion of c-axis disordered
birnessite to todorokite is facilitated by the presence of Na™, as evidenced
by various studies [79,81,89,164,165]. Conversely, interlayer K* ap-
pears to have an opposing effect. The contraction or expansion of the
(001) basal spacing of Na-birnessite is contingent upon the ratio of
exchanged K and the content of interlayer water [81,89]. Therefore,
Na™ and K' ion exchanges induce structural alterations in Mn oxides,
consequently impacting their metal adsorption capabilities.

The metal adsorption capacity of Mn oxides can be enhanced through
the electrochemical methods [166-170]. For instance, during a char-
ge-discharge process in a Zn?'-containing solution, Zn?" ions are
adsorbed at the vacancies of birnessite and inserted into the interlayer,
leading to the transformation of birnessite into zinc-buserite and
hetaerolite [166]. Previous investigations have demonstrated that bir-
nessite can effectively remove Cu?* through multiple cycles of electro-
chemical redox reactions. These reactions alter the chemical composition
and initiate a dissolution-recrystallization process, which increases the
interaction between birnessite and heavy metal ions, exposing more
active sites on the electrode for electrosorption [167]. In the case of
cadmium adsorption, Cd>" ions are adsorbed onto the surfaces and in-
terlayers of birnessite, with the recrystallization process expanding the
effective adsorption area, consequently augmenting the metal adsorption
capacity. The maximum electrosorption capacity of birnessite for cd*t
ions was determined to be approximately 900.7 mg/g, which is signifi-
cantly greater than its adsorption isotherm capacity (125.8 mg/g) [168].
This demonstrates the potential of electrochemical methods in boosting
the metal adsorption capabilities of Mn oxides.

3.2. Oxidation

Mn oxides are among the most potent oxidizing solids in Earth's
surface environments [171,172]. These oxides, particularly known for
their oxidizing properties, include layered structures like birnessite,
vernadite, and buserite with a hexagonal structure, alongside certain
tunnel Mn oxides such as pyrolusite and todorokite [69,127]. The
Mn(IV)/Mn(II) redox pair, with its high redox potential, is effective in
oxidizing a wide range of metals, including but not limited to Cr, U, As,
Se, Tc, Np, Pu, Co, Sb, TI, and V [5,59,70,159,173].

The metal oxidation process on Mn oxides is believed to involve the
adsorption of low-valent metal ions onto Mn oxides, followed by electron
transfer [173,174]. The ratio of Mn(IV) in the mineral can influence its
redox reactivity [175]. Furthermore, the redox ability of Mn oxide par-
ticles is influenced by several crucial factors, including the crystallinity of
the particles, the Mn valence, the number of octahedral vacancies, and
the presence of single and double coordinated oxygen atoms at the edge
sites [85,159,174,176-178].

The redox reaction between metals and Mn oxides involves three
fundamental stages: (1) metal ions adsorb onto the edge or interlayer of
Mn oxides to create coordination complexes, either inner or outer-sphere
coordination; (2) electron transfer takes place; (3) the coordination
complexes dissociate [179]. Among these stages, the slowest process,
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Fig. 3. Crystal structure of hexagonal birnessite (a) and possible surface complexation species of metals on birnessite (b-e). (b) TCS, triple-corner-sharing complex; (c)
DCS, double-corner-sharing complex; (d) DES, double-edge-sharing complex; (e) INC, incorporated inside a Mn vacancy. (a) is adapted with permission from ref. [44].
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often the electron transfer, typically acts as the rate-limiting step. In cases
where the inner-sphere complex is formed, and the rate of coordination
exchange of the reactant is slow, the formation of the coordination
complex becomes the limiting step. However, if either or both of the
reaction products are susceptible to coordination exchange, step (3)
cannot be the limiting step [180]. For example, the oxidation of As(III)
was initially believed to involve two separate electron transfer steps
[181]. Recent studies suggest, however, that Mn(IV) undergoes direct
reduction to Mn(II) upon receiving two electrons, without the generation
of Mn(IIl) intermediate species, indicating a two-electron, single-step
process [159,174]. In the case of Cr(III) oxidation, it is hypothesized that
the reduction dissolution of Mn(IV) in birnessite occurs via two separate
single-electron reactions, with the availability of Mn(IIl) significantly
influencing the rate of Cr(IIl) oxidation [182].

Experimental investigations have demonstrated that during the re-
actions involving Mn oxides and metal reduction, oxidation transpires
expeditiously at the outset, but subsequently decelerates until reaching a
state of equilibrium. This trend indicates a gradual decrease in Mn oxides'
reactivity, often ascribed to the mineral surface passivation [159,162,
174,183,184]. Typically, surface passivation of Mn oxides is attributed to
the accumulation of reaction products [185], especially Mn(II) generated
by the reduction of Mn(IV), and metal ions adsorbed via oxidation [173].
Cationic agents are capable of passivating birnessite minerals, and in
some cases, anionic agents are also capable of doing so [5,173,186]. The
net positive charge on the edge sites of birnessite particles, especially
evident at pH 4, due to proton adsorption, is attributed to the PZC of
these sites [6,7]. Consequently, these positively charged edge sites have
the ability to attract cationic agents, leading to passivation due to the
accumulation of a substantial quantity of negative charges [78,186].

3.3. Typical harmful metals

To provide a detailed analysis of the adsorption and oxidation
mechanisms of metals on Mn oxides, a considered selection of repre-
sentative metal elements was undertaken. The selection criteria priori-
tized their capacity to accurately exemplify the mechanisms, rather than
their potential harm to organisms. Detailed summaries of the interactions
between Mn oxides and these selected metals are provided in the Sup-
plementary Information (Table S1).

3.3.1. Lead

Birnessites exhibit the highest adsorption affinity and capacity for
pb3* among common metal ions [147]. The structures of the com-
plexes formed by Pb2t at the vacancies and edge sites have been
investigated using extended X-ray absorption fine structure (EXAFS)
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and density functional theory (DFT). These complexes include (1)
triple-corner-sharing (TCS), where a Pb atom and three oxygen atoms
(Opp) bind above/below the octahedral vacancies of the layer structure
[153,154,157]; (2) TES, where Pb binds with two Oy and one surface
O atom (Opy), and the Opy coordinates with Mn tridentate vacancies
formed by the triangular shared Mn octahedron [156]; (3) DES,
involving the bonding of a Pb atom to two singly and one doubly
coordinated oxygen atoms at the layer edge [187]; (4) DCS, charac-
terized by the bonding of a Pb atom to two adjacent MnOg octahedra
on layer edge sites, with two single coordinated O atoms (Fig. 3) [154,
156,188].

High-energy sites on birnessite surfaces, particularly those with va-
cancies, attract Pb?* ions preferentially during surface interactions [20,
153], followed by occupation of low-energy edge sites [151]. As a result,
TCS surface complexes are formed above or below the vacancies at low
surface Pb%* loading. Under conditions of high Pb?* loading, the for-
mation of TES complexes occurs in close proximity to vacancies, as well
as DCS and DES surface complexes along the edges [189,190]. As Pb load
increases, Pb?>* coordination becomes distorted, resulting in significant
distortion of the ideal Pb2* coordination geometry and a notable
decrease in coordination number. The instability of Pb-DCS depends on
local coordination and hydration, with Pb-DES the primary remaining
the primary edge surface species [187]. The higher density of internal
vacancies compared to external vacancies results in greater adsorption of
Pb%>* onto layer surfaces as TCS complexes [177].

Pb?t adsorption onto birnessite is intricately associated with va-
cancies or substructures. Typically, Pb>" can be adsorbed onto vacancies
and edge sites. The proportions of Pb adsorbed on vacancies and edge
sites are dependent on the particle size [191]. In contrast, other cations
are proposed to be adsorbed onto vacancies. Pb*"sorption capacity
significantly surpasses that of most other heavy metals on birnessite [62],
making Pb%" a useful indicator for assessing vacancy content.

3.3.2. Zinc

Layered Mn oxides, specifically birnessite, predominantly adsorb
Zn?* at the octahedral vacancies, with the coordination geometry of Zn
depending on the Zn loading, pH, and so on [156,157,172,192,193].
Grangeon et al. [192] reported that at low surface loadings, Zn?t was
primarily adsorbed in tetrahedral coordination ("YZn) as a TCS complex
at vacancies. At higher loadings, both tetrahedral and octahedral (VZn)
coordinations coexist in the birnessite's structure. Kwon et al. [194]
suggested that the ratio of VZn to V'Zn significantly influences the
structural stability of birnessite.

Synchrotron micro-X-ray fluorescence spectroscopy (p-SXRF), p-XRD,
and p-extended X-ray absorption fine structure (p-EXAFS) analyses
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revealed that two-thirds of the Zn adsorbed by the octahedral vacancies
of birnessite in soil iron-manganese nodules exist in the form of tetra-
hedral coordination, while the remaining one-third exists in the form of
octahedral coordination [195]. The incorporation of Zn?** into the
structure results in the replacement of interlayer Na™ and Mn(1II). At pH
values of 6 or 8, DCS complexes are formed at the layer edges in addition
to the TCS octahedral complexes at the vacancies (Fig. 3) [193].

3.3.3. Copper

The binding of Cu by layered Mn oxides occurs via three mechanisms,
namely adsorption on octahedral vacancies, incorporation into the Mn
layers, and adsorption at edge sites. Cu®>" adsorption onto vacancies
entails the coordination with three surface oxygen atoms surrounding the
vacancies, forming a TCS complex (Fig. 3) [101,151,156,196,197].
EXAFS spectra fitting indicates that at low pH (pH ~ 4.0), the Cu-Mn
distance in the birnessite ranges from 3.39 A to 3.43 A, aligning with the
Cu-TCS complex [63,156]. At high pH (pH = 8.0), approximately 20 % of
Cu?" infiltrated the 8-MnO,, layer (Cu INC) (Fig. 3), based on the peak
near 2.9 A in EXAFS spectral fitting and DFT calculation [63]. DFT
studies conducted by Kwon et al. [150] explored the four-, five-, and
six-fold Cu™ coordinations and suggested the existence of five or six O
or OH in the first Cu shell.

With increasing Cu adsorption, more multinuclear Cu(II) clusters
form at the periphery of manganite, particularly in the pH range of
3.3-5.3 [198]. Nevertheless, the stability of the twisted [CuOg] octahe-
dron is relatively low when subjected to proton attack under acidic
conditions [198]. Similar to Ni and Pb, Cu binds to Mn octahedra at the
birnessite's periphery through the edge or angular shared coordination
[101,188]. EXAFS analysis by Pena et al. [196] showed that Cu pre-
dominantly attached to the periphery of birnessite in the configuration of
dimers or polynuclear surface substances, with Cu favoring adsorption at
particle edge more than Ni and Zn [196].

3.3.4. Cadmium

Surface complexation modeling indicates that the adsorption
mechanism between Cd(II) and Mn oxide is mainly ion exchange at pH
levels below 4.0 [199,200]. However, above pH 5.0, Cd** adsorbed
onto birnessite shows similarities with Zn?*, Cu®", and Ni%®*, with
binding primarily occurring above and below octahedral vacancies
[201], resulting in the formation of predominantly TCS inner-sphere
complexes [62,186]. At pH 5.5, the addition of Mn(II) hinders the
sorption of Cd(II) onto vacant sites, thereby forming DCS complexes at
edge sites, suggesting that Cd(II) binds more strongly to vacant sites
than edge sites [202].

3.3.5. Chromium

Cr(III) and Cr(VI) are the most commonly observed oxidation states of
Cr. Under normal conditions, Cr(II) can only be oxidized by a limited
number of natural oxidants, such as Mn oxides [203-206]. The adsorp-
tion capacity of Mn oxides for Cr is contingent upon their structure,
composition, surface properties, and crystallinity [158,206]. Weaver and
Hochella [175] quantitatively analyzed the oxidation kinetics of Cr
across various Mn oxides, including hausmannite, manganite, roma-
nechite, cryptomelane, lithiophorite, pyrolusite, and birnessite, finding
birnessite most effective converting Cr(III) to Cr(VI). Further compara-
tive studies on Cr(III) reactivity in various Mn oxides confirmed that the
oxidation rate of birnessite was the most rapid [147]. The hydration
tendency (pK;) of the heavy metals, the surface variable charge of the Mn
minerals, and pH significantly impact the adsorption [147].

Previous research outlines a three-step process for the oxidation of
Cr(IlI) by birnessite. Initially, Cr(III) present in the solution enters the
vacancies in the octahedral layers of MnOg, then undergoes redox re-
actions with adjacent Mn(IV), releasing Cr(VI) into the solution [207].
Nevertheless, an alternative hypothesis suggests that Cr(III) does not
penetrate a vacancy prior to oxidation but instead undergoes electron
transfer with Mn oxide when forming the outer-sphere complex, thereby
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generating octahedral coordinated Cr(IV). This Cr(IV) either infiltrates
vacancies, while the remaining fraction undergoes a configuration
metamorphosis to generate tetrahedrally coordinated Cr(IV), which is
expeditiously oxidized by Mn oxide to Cr(V) and Cr(VI) [175,208].
EXAFS analysis shows Cr(III) adsorption as a strong inner-sphere com-
plex, while Cr(VI) adsorbs weakly onto Mn(IV)O, as an outer-sphere
complex [209]. Recent studies indicate both Cr(IlI) and Cr(VI) can
form inner-sphere complexes at birnessite's octahedral sites when the pH
exceeds PZC [210].

3.3.6. Cobalt

The oxidation of Co(II) on the surface of hexagonal Mn oxides occurs
via two potential mechanisms: (1) initially, the Mn(III) in the Mn oxide
layers undergoes a disproportionation reaction, creating octahedral va-
cancies. Subsequently, Co(II) adsorbs above and below the octahedral
vacancies and undergoes immediate oxidation to Co(Ill) by adjacent
layer Mn(III), which then occupies the vacancies (Fig. 4). This reduces
Mn(III) to Mn(II), which then either migrates to the interlayer or enters
the solution, forming new octahedral vacancies. The total number of
vacancies remains constant throughout this process [211-214]. (2) The
second mechanism involves the initial oxidation of Co(II) in the solution
to Co(IIl) by interlayer Mn(IIl) situated above and below the octahedral
vacancy, followed by the reduction of interlayer Mn(III) to Mn(II) which
subsequently enters the solution (Fig. 4). Here, Mn(III) acts as an electron
acceptor with higher oxidizing potential than Mn(IV). Co(III) replaces
Mn(III) at the octahedral vacancies, reducing the quantity of vacancies
[59,215,216].

Previous research indicates Co(II) adsorption onto Mn oxides,
including birnessite, cryptomelane, and pyrolusite, occurs in two phases:
rapid adsorption and slow adsorption [218-220]. The former phase is
governed by the mechanism (1), wherein Co(II) undergoes adsorption
and oxidation at particle edges, forming Co>"-DCS and Co®>-DES com-
plexes (Fig. 3) [100]. Edge Mn(III) acts as the most efficient oxidizing
agent in this phase [100]. However, Manceau and Steinmann [217]
posited that the oxidation of Co(II) does not occur at the edge of the
MnOs;, layers but is adsorbed onto Mn(IV) vacancies on layers surfaces as
TCS complex (Fig. 3). Subsequently, Co(Il) enters the vacancies and
undergoes oxidation to form Co(Ill) by the layer Mn(IV) cations [201].
The slow phase may follow mechanism (2), where interlayer Mn(III)
slowly oxidizes Co(II) to Co(III). Due to the higher crystal field stabili-
zation energy, Co(IIl) incorporates into the lattice through isomorphic
substitution, releasing Mn(Il) into the solution, illustrating the distinct
behavior of Co(IlI) and Mn(III) in the system [212,218,221].

4. Factors affecting the sorption and oxidation of metals on Mn
oxides

The adsorption of metal ions onto Mn oxides is significantly influ-
enced by the intrinsic properties of the Mn oxides, including their
oxidation state, surface charge, crystallinity, and surface area, as well as
the physical and chemical characteristics of the metal elements.
Moreover, a range of environmental factors, such as reactant concen-
tration, temperature, reaction time, pH value, and coexisting ions, also
influence the adsorption behavior and capacity of Mn oxides for metal
ions [8,116,222].

4.1. Phase, size and morphology

The performance of Mn oxides is significantly influenced by their
phase, size, and morphology [223]. Layered Mn oxides are categorized
into triclinic and hexagonal structures based on structural symmetry
[129,224], while common tunneled Mn oxides possess n x m structures
[116-122]. Hexagonal birnessites, consist of curled layers of
edge-sharing [Mn(IV)Og] and [Mn(III)Og] octahedra with varying
amounts of octahedral vacancies, possessing superior oxidation capacity
compared to the triclinic birnessites [225].
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Fig. 4. Reaction mechanism of oxidative adsorption of cobalt on hexagonal birnessite. The transformation of the octahedral TCS complex into a smaller tetrahedral
TCS complex facilitates the migration of Co(II) through the surface oxygen layer and its subsequent occupation of the vacant octahedral Mn(IV) site. Upon occupying
the octahedral vacancy, Co(II) undergoes a transition from the high-spin to the low-spin state, accompanied by a significant distortion of the Co(II) octahedron due to
the Jahn-Teller effect. Subsequently, an electron exchange reaction occurs between Mn(IV) and Co(Il), leading to the formation of a regular low-spin Co(IIl) octa-
hedron and a Jahn-Teller distorted high-spin Mn(III) octahedron. Adapted with permission from ref. [217]. Copyright 2022, American Chemical Society. TCS,

triple-corner-sharing.

The Mn oxides possess distinct Mn-O coordination configuration
numbers due to their varying phase structures. Metal substitution in the
layer depends on the coordination radius (CR) with Mn(III)/Mn(IV)
[201]. Surface energies of cryptomelane, Na-birnessite, K-birnessite, and
Ca-birnessite are significantly lower than binary Mn oxides (Mn3Oa,
Mny03, and MnOs,), indicating enhanced stability of layered and
tunneled structures at the nanoscale. Surface energies decrease with the
average Mn oxidation state. Additionally, the transformation between
Mn oxide phases with increasing surface area tends to favor compositions
with lower surface energy [226].

Natural Mn oxides are commonly present in soil and water sedi-
ments as surface coatings or small particle aggregates, exhibiting a large
specific surface area, especially for layered Mn oxides and Mn oxides
with large tunnel sizes [1,20,227], which also have substantial inner
surface, usually occupied by moisture and metal ions [38,40]. Mineral
phases, such as 8-MnOy, randomly stacked birnessite, and acidic bir-
nessite, characterized by poor crystallinity and layered structure,
exhibit strong metal adsorption and oxidation capabilities [228]. Bir-
nessites with higher amorphousness, for example, possessed a
remarkable adsorption capacity for Cr(IIl), surpassing that of pyrolu-
site, hausmannite, and manganite. Pyrolusite displayed a compara-
tively lower adsorption capacity, potentially attributable to its elevated
crystallinity [148]. 8-MnO,, with fewer layers and greater specific
surface area than acidic birnessite, adsorbs a greater quantity of metal
ions such as TI(I) prior to the transition from a layered to tunneled
structure [91].

The specific surface area of natural Mn oxides varies with crystal
structure type, and differences even exist within the same structure type.
Even Mn oxides synthesized through the identical methods can exhibit
considerable variation in specific surface area. For instance, birnessites
synthesized under alkaline conditions can have surface areas ranging
from 120 to 315 m2/g [93,159,229,230].

4.2, pH

pH significantly affects the hydrolysis of metal ions, ion exchange
between metal and hydrogen ions, surface charge adsorption, and metal
ion distribution in reaction system [14,147,231]. Mn oxides, categorized
as hydrate oxide types [232], exhibit cation adsorption capacity deter-
mined by hydroxyl sites [233,234]. The surface of Mn oxides in sus-
pension exhibits variable charges strongly influenced by the medium's
pH value [147,148], with increasing pH leading to a more negative
surface charge (Fig. 5). Hence, the zero point of charge (PZC) is crucial in
assessing Mn oxides' adsorption capacity for metal cations, with PZC
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values varying across different structures [235,236]. In the soil Mn
minerals, the PZC ranges from 1.5 in birnessite to 7 in Hausmannite [237,
238], indicating the potential for a substantial negative surface charge in
soil pH conditions [236].

When the pH value is below the pHpyc, the hydroxyl group
(=MnOH) on the surface of Mn oxides tends to form positively charged
=MnOH," through protonation reactions, still enabling metal ion
adsorption. Conversely, when the pH value exceeds the pHpyc, the
surface =Mn-OH reacts with OH™ to form negatively charged =MnO~
groups, with metal ions adsorption influenced by hydroxyl complexa-
tion and electrostatic attraction [113,239]. Aguilar-Carrillo et al. [113]
discovered that the adsorption capacity of TI" onto birnessite was
greater at pH = 6 than pH = 2, attributed to birnessite's more negative
charge near neutral pH, enhancing Tl affinity. Higher Cr(VI) production
from Cr(III) oxidation by birnessite at pH 2.0 and 3.0 compared to pH
4.0 and 5.0 is due to surface charge alterations below PZC, birnessite
dissolution at pH < 3.5, and increased redox potential of birnessite at
low pH [36,240].

Nevertheless, the pH-independent chemical adsorption and the high
metal ion affinity to Mn oxides regardless of surface charge are observed.
Metal ion adsorption order on Mn oxides is generally consistent with the
hydroxylated cation stability, with Pb>* exhibiting the highest affinity,
followed by Cu®>* > Co** > Ni?* > Zn?* > Mn?*" > Ca®* > Mg?* >

+ [58,147,152,153]. The reduction in the average charge of metal
cations resulting from hydrolysis leads to a significant decrease in their
secondary hydration energy. This, in turn, lowers the energy barrier that
hydroxylated cations must overcome during specific adsorption onto the
oxide surface, thereby facilitating adsorption [147,175].

The pH level also plays a significant role in determining the config-
uration and structural transformation of Mn oxides [79,164,241,242].
For instance, 5-MnO», transforms to y-MnO; at pH 2.4, a-MnO; at pH 4,
a-MnOOH at pH 6, and y-MnOOH at pH 8.0 [241,242]. Under conditions
of pH 7.0-8.5 and high Mn(II)/MnOs, ratios, birnessite transforms into
feitknechtite (y-MnOOH), manganite (y-MnOOH), and hausmannite
(Mn304) [44]. These transformations impact heavy metal immobilization
or mobilization, consequently altering their environmental behaviors.

4.3. Valence states of Mn and octahedral vacancies

4.3.1. Valence states of Mn

The adsorption capacity for various metal ions, including Pb%*,
Cu®", Zn?*, and Cd%", increases with the average oxidation state (AOS)
of Mn, indicating stronger binding energy and affinity as higher AOS
(Fig. 6) [62]. A highly significant linear positive correlation between the
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Fig. 5. Relationship between pH and surface charge, charge density, and adsorption amount of P

b2+ of different MnO,. (a) Surface negative charge; (b) charge

density; (c) birnessite sample (Mnaos = 3.92), (d) birnessite sample (Mnaos = 3.83); (e) birnessite sample (Mnaos = 3.67). AOS is the abbreviation for the average
oxidation state of Mn. The dotted line and the solid line represent the Pb%* adsorption amount calculated by the CD-MUSIC-EDL model at 0.001 mol/L and 0.01 mol/L
ionic strength, respectively. Data used in (a) and (b) are from the study by Feng et al. [147], and data used in (c), (d), and (e) are from the study by Zhao et al. [177].

AOS and the maximum adsorption capacity of Pb%* was observed
(Fig. 6) [177].

Mn(IV) is the primary oxidant in Mn oxide systems [182,184]. Bir-
nessites and todorokite, possessing the highest Mn(IV) content (showing
high AOS), exhibit greater oxidation rates for metal ions of variable
valence, whereas lithiophorite, characterized by a higher Mn(III) content
(exhibiting relatively low AOS), displays the lowest oxidation rate [158,
206]. The oxidation rate of Cr(IIl) increases with the AOS of birnessite
[147,206]. This phenomenon can be attributed to the higher proportion
of Mn(IV) in Mn oxide minerals (Fig. 6), which is advantageous for
enhancing the oxidation of Cr(III) [147]. Zhang et al. [160] synthesized
vernadite with varying AOS but identical particle sizes, finding that
vernadite with lower AOS exhibited a reduced oxidation rate for As(III).

Contrarily, some studies highlight the significant oxidation capabil-
ities of Mn(III) [59,180,206]. Mn(III) may enhance oxidative reactions
through two mechanisms: first, the redox potential of Mn(III) — Mn(II)
surpasses that of Mn(IV) — Mn(IIl), which greatly enhances electron
transfer to Mn oxides in solid-liquid systems [211]; second, Mn(III) and
the corresponding reduction products form inner-sphere complexes more
quickly on the oxide surface compared to Mn(IV) [243]. Studies show
that Mn(III) is crucial in Cr(IIl) oxidation in 8-MnO, [180], and the
presence of Mn(II) and/or Mn(Ill) impurities within the Mn(IV)O,
structure may augment the mineral's capacity to oxidize Cr(IIl) [177,
228]. In natural environments, dissolved Mn(III) binds to various organic
or inorganic ligands to form complexes with different stabilities. In forest
top soils, reactive Mn(III) species dominate the oxidative activity [177].

Although Mn(IV) exhibits greater oxidation capability than Mn(III),
their oxidation rate towards variable valence metals can differ. There-
fore, further comprehensive investigation is required to elucidate the
underlying mechanisms involved.

4.3.2. Octahedral vacancies

Octahedral vacancies predominantly occur within the layered Mn ox-
ides, such as birnessite, resulting from the deficiency of center Mn in
[MnOg] octahedron in the layers. Many studies have indicated that the
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birnessite structural vacancies account for the negative layer charges [62,
147,154,177]. Therefore, the quantity of octahedral vacancies signifi-
cantly impacts the affinity and adsorption capacity of Mn oxides towards
metals, as well as their oxidation potential for variable valence metals [85].

The correlation between the AOS of Mn in birnessites and the inter-
planar distance of the d110 crystal surface lattice reveals that an increase
in AOS correlates with more octahedral vacancies [62,154,177]. The
increase of vacancies in the Mn oxide layer leads to a corresponding in-
crease in the quantity of hydroxyl groups bound to them, thereby facil-
itating the formation of surface complexes between metal ions and
surface hydroxyl groups. The presence of additional octahedral vacancies
in birnessite layers facilitates the selective adsorption of particular metal
ions, especially those that form stable complexes with unsaturated O(H)
groups in a tridentate coordination mode on the vacancies [48,129].

The existence of interlayer Mn(III)/Mn(II) also influences the
adsorption capability of Mn oxides towards metals. Studies have
demonstrated that Pb?* substituted Mn®' situated above/below the
octahedral vacancies between layers during the adsorption process.
Interlayer Mn>* ions can undergo disproportionation reactions, leading
to the incorporation of Mn** into the octahedral vacancies. This process
resulted in a reduction in the number of octahedral vacancies and sub-
sequently diminished the adsorption capacity of Pb?* [244].

4.4. The concentration of the initial reactants

Variations in the initial concentrations of reactants can modify the
coverage of the active sites on the surface of Mn oxides, impacting their
adsorption/oxidation capacity for metals and potentially altering the
overall reaction mechanism [48,147]. When the quantity of Mn oxide is
fixed, the number of active sites typically remains constant. However, as
the initial concentration of metal ions increases, the total amount of
metal adsorption also rises [147]. Consequently, within a certain metal
concentration range, the adsorbent can exhibit significant effectiveness.
For example, increases in concentrations of Pb?*, Cu?", Co?*, Cd%", and
Zn** lead to enhanced absorption on Dbirnessite, todorokite,
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cryptomelane, and hausmannite, depending on the specific metal species
and minerals [8].

With a higher concentration of Mn oxides, there is a corresponding
increase in the total surface area, active adsorption sites, and the likeli-
hood of contact between Mn oxides and metal ions, resulting in more
rapid metal ion capture. Increasing the solid concentration of birnessite
notably enhances the oxidation rate of As(IIl) and the adsorption capacity
for As(V) [183,185]. However, at excessively high Mn oxide dosage, the
crowding effect can hinder metal ions from reaching the adsorption sites,
known as the solid concentration effect [245].

Extensive research has focused on the adsorption or redox effects of
Mn oxides on common transition metals like Zn, Pb, Cu, Cr, and Co,
among others. Yet, there is limited research on specific metals or met-
alloids, such as Sb and Tl, which are highly toxic biologically and can be
indicators of paleoceanographic and paleoclimate [129,246,247]. Ruiz
Garcia et al. [91] found that the addition of small quantities of TI(I) to
hexagonal birnessite in multiple instances differs significantly from a
single addition of the same total amount. The former approach trans-
formed birnessite into a tunnel-structured Mn oxide, whereas the latter
did not change the structure. In the stepwise addition scenario, water
might act as a reducing agent for Mn oxides [91]. However, the exact
mechanism for the thalliomelane-like [TI"(Mny £+ Cug £ ")016] stepwise
formation requires further investigation.

4.5. Doped and pre-adsorbed metal ions

Mn oxide minerals in natural environments are often rich in various
metallic elements, including K, Ca, Zn, Co, Ni, and V [11,37,57,162]. The
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sequestration of these metals by Mn oxides can be classified into two sit-
uations: the incorporation of metal ions (substitution) during the genesis
of Mn oxides, or the adsorption of metal ions onto the pre-existing Mn
oxides [248]. Previous studies have shown that the metal ion inclusion in
Mn oxides alters their microstructure, physicochemical properties, and
reactivity. These alterations include alterations in crystal thickness along
the c* axis, coherent scattering domain size in the a-b plane, layer sym-
metry, particle size, specific surface area, Mn AOS, vacancy content, sur-
face hydroxyl number, and even mineral structure transformation.
Consequently, these modifications affect the adsorption and oxidation
properties of the Mn oxides for metals [78,149,190,198,224,249,250].
The adsorption sites for metal ions post-doping depend on the dopant
type. Most doped metal ions are adsorbed to vacancies and particle edge
sites, with a minor integration into the octahedral layer [198]. The doped
ions occupying the initial octahedral vacancies lead to a reduced number
of available vacancies. Despite the increase in substrate surface and edge
sites due to reduced thickness along the c* axis, the augmented edge sites
are inadequate to offset the occupied sites, reducing the metal adsorption
capacity [59]. However, Co-doped birnessites exhibit enhanced Pb?*
removal compared to undoped versions [161], attributed to negative
charge acquisition in the octahedral layer from Mn(IV) substitution with
Co(II), and vacancy creation due to heterogeneity between Co(III) and
Mn**/Mn3* (Fig. 7a, c). Conversely, in Co pre-adsorbed birnessite,
Co(III) incorporation and Mn3*/Mn2* adsorption on vacancies reduce
the number of available vacancies and edge sites, decreasing metal
adsorption capacity (Fig. 7b, d) [250]. In Ni-doped birnessite, significant
Ni(II) occupation of vacancies and edge positions further reduces va-
cancy availability [162]. Nevertheless, specific metal ions can form
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complexes at the edge sites of birnessite, increasing adsorption capacity
when doped with these ions. For example, V-doped birnessite shows
increased vacancy content and decreased particle size with rising V
content, imparting a large negative charge and enhancing the adsorption
capacity [190].

The oxidation of variable valence metals by Mn oxides is impacted by
the presence of doped metals, which can modify the structural compo-
sition and alter the oxidizing properties of Mn oxides. For example, when
Na™ and Ca®" are coprecipitated with Mn(II) in birnessite formation, the
mineral's symmetry shifts from hexagonal to triclinic. This trans-
formation influences the overall distribution of Mn ions and conse-
quently reduces birnessite's oxidation capacity [214]. The introduction of
V (VO4"") into cryptomelane as a substitute for Mn(IV) gradually lowers
the Mn AOS, reducing the mineral's oxidation resistance [57]. Similarly,
adding Co to birnessite leads to isomorphic substitution of Mn(III) by
Co(IIl), reducing the Jahn Teller distorted Mn(III) octahedron in the
mineral and disrupting the transition from birnessite to todorokite, thus
preventing oxidation capacity [34]. Doping birnessite with Pb(II) de-
creases the initial rate of As(III) oxidation due to the blockage of edge
sites by Pb(II) [191]. The co-precipitation of Ni%" and Mn®* increases
octahedral vacancies, facilitating the formation of hexagonal birnessite
and enhancing its oxidation [214]. Zn?" doping in birnessite's layers
dynamically reduces Mn(IIl) in the layers, creating new vacancies,
reducing particle size, and consequently enhancing adsorption and
oxidation properties [192,251]. In experimental conditions, Ni**-doped
birnessite showed superior oxidation ability compared to undoped bir-
nessite, resulting in a rapid initial reaction rate that completes the
oxidation of As(III) in solution [162].

4.6. Synergistic effects of multiple factors in real environments

Current research on Mn oxides' impact on metal adsorption and
oxidation mechanisms mainly involves single-factor experiments, with a
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limited number of orthogonal experiments. In the natural environment, a
variety of chemical, biological, and geological factors simultaneously
influence the adsorption, oxidation, and immobilization of metal ions,
often displaying synergistic or antagonistic effects. Additionally, micro-
organisms, like bacteria and fungi, can actively engage in the trans-
formation of Mn oxides through their life processes and secretions [199,
252-254]. Moreover, owing to their pronounced reactivity and extensive
widespread presence, Mn oxides often interact with multiple heavy
metals such as lead, nickel, cadmium, zinc, and antimony, among others,
within the natural environment [201].

Simulating natural conversion pathways in the laboratory remains
challenging due to limited experimental data. For instance, reproducing
todorokite under low temperatures and neutral environmental condi-
tions in the lab is difficult. The current methods for synthesizing todor-
okite from layered Mn oxides typically require conditions that
significantly differ from those in nature, such as elevated pH levels [18,
105,255,256]. The aforementioned observation outcome exhibits a
notable disparity from the prevailing occurrence of todorokite in natu-
rally occurring low-temperature settings [18]. Therefore, accurately
replicating Mn oxides' adsorption and oxidation mechanisms on metals,
along with their key influencing factors, is complicated in real-world
scenarios.

5. Conclusions and prospects

Decades of research have led to a thorough understanding of the
genesis, classifications, and structural characteristics of Mn oxides in
nature, though comprehensive reviews on these subjects are limited.
Islam et al. [8] focused predominantly on the synthesis and character-
ization of Mn oxides, placing specific emphasis on the kinetics, thermo-
dynamics, and adsorption capacity of various metals. Shi et al. [79]
reviewed the transformation pathways of birnessite and the mechanisms
of heavy metal stabilization during this transformation process. Chen
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et al. [201] categorized metal adsorption on Mn oxides into surface
adsorption, lattice replacement, and formation of association minerals.
Furthermore, they also discussed the synthesis of Mn composites based
on synergy and water treatment applications.

Compared to the aforementioned review, our review delves deeper
into the adsorption and redox reactions between Mn oxides and trace
metals at a more microscopic level. This is achieved by incorporating
insights from various analytical methods, including X-ray absorption fine
structure spectroscopy (XAFS), X-ray photoelectron spectroscopy, XRD,
nuclear magnetic resonance, infrared spectrometer (IR), DFT, and so on.
Our main conclusions are outlined accordingly.

Birnessites, a type of layered Mn oxide, are characterized by low
crystallinity, significant specific surface area, and low PZC, endowing
them with numerous adsorption sites capable of adsorbing metal ions
over a broad pH range. Hexagonal birnessites, in particular, demonstrate
superior oxidation potential for metals with variable valence states due to
their high AOS and abundant octahedral vacancies. In contrast, tunneled
Mn oxides with relatively higher crystallinity and constrained by ion
hydration radius and tunnel dimensions show reduced metal adsorption
capacity and greater selectivity.

Through the utilization of advanced instrumental analysis techniques,
researchers have acquired a certain comprehension of the binding modes
between various metal ions and Mn oxides. For example, XAFS helps
ascertain the metal ions' valence state and local coordination environ-
ments. The combination of extended EXAFS and DFT offers deeper
insight into metal ion locations, such as whether they are adsorbed on
octahedral vacancies in layered Mn oxides, inter-layered, or located in
tunnels of tunneled Mn oxides, or adsorbed on the edge sites of mineral
particles, including their coordination modes like TCS, DCS, DES, among
others.

The adsorption/oxidation behavior and mechanisms of Mn oxides
towards metals have been explored under various internal and external
environmental conditions: (1) specifically, for layered Mn oxides, the
number of octahedral vacancies and Mn(IV) ratio may influence
adsorption capacity more than a large specific surface area; (2) the effect
of pH on adsorption and oxidation capacities largely hinges on the PZC of
Mn oxides; (3) reactant concentration significantly affects the adsorp-
tion/oxidation reaction, influencing the metal (Me)/Mn molar ratio post-
adsorption, which can fundamentally alter the oxidative adsorption
mechanism and potentially induce mineral transformation; (4) copreci-
pitated or pre-adsorbed metal ions during Mn oxide formation can impact
Mn oxides' capacity to adsorb/oxidize other metal ions; (5) layered Mn
oxides, with higher specific surface areas and Mn ion oxidation states,
show greater adsorption and oxidation capacities than tunnel Mn oxides.
However, tunnel structures offer more stability, making metal ions
within less likely to be released.

Despite extensive research on Mn oxides' adsorption/oxidation
mechanisms for metals, some aspects remain unclear. We have outlined
several directions for future research to address these uncertainties.

(1) Research on Mn oxides' interactions with less abundant, toxic
metals like thallium (T1) [49,91,129,257] and antimony (Sb) [189,
258-262] is limited and warrants further exploration.

(2) The role of photocatalysis on the redox activity of Mn oxides with
metals, particularly in the presence of organic substances or other min-
erals, is not well understood and warrants further investigation.

(3) The precise adsorption mechanisms for variable valence metals on
Mn oxides, particularly under varying Me/Mn loading ratios, need clar-
ification. For instance, prior research has indicated that, under low Tl/
Mn loading, the quantity of electrons transferred by TI(I) does not
correspond with the number of electrons received by Mn(IV). It is plau-
sible that the oxidation of TI(I) may instigate the reduction of Mn(IV) by
H20 [91], although this mechanism has yet to be fully understood.

(4) While the geometric coordination modes of metals on Mn oxides
are known, precise characterization of these modes, particularly atomic
distances in different structures are similar, remains challenging. For
instance, DCS and DES complexes of Pb on hexagonal birnessite are
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difficult to distinguish from TCS complexes [162]. Accurate identifying
of these coordination states is essential for understanding the environ-
mental release and migration mechanisms of metals.

(5) The isotopic compositions of metals exhibit significant variability,
rendering them useful as tracers for elucidating their origin, transfer, and
biogeochemical cycling [263], as well as for investigating environmental
and paleoceanographic phenomena [134,264,265]. In recent times, the
advent of multi-collector inductively coupled plasma mass spectrometry
has enabled precise determination of isotopic compositions for specific
elements, and thereby enhances our comprehension of elemental
geochemistry. Nevertheless, the impact of Mn oxide mineralogy on metal
isotopic fractionation during adsorption is under-researched, necessi-
tating further research.

(6) The structural transformation of natural Mn oxides, influenced by
various chemical, biological, and geological factors, needs further
exploration. For example, the dissolution and metal release under redox
conditions, non-selective adsorption due to coexisting metals, and
organic compound interactions with Mn oxides are areas needing more
clarity. Quantifying the contributions of different pathways in complex
scenarios remains a challenge.

(7) Comprehensive research on the coexistence of multiple heavy
metals in complex systems is crucial. This includes understanding the
adsorption priority based on metal toxicity, developing selective
adsorption materials tailored to different metals, and exploiting syner-
gistic relationships between metals for simultaneous adsorption, creating
more effective remediation strategies.
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