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ultifaceted effects of d-MnO2 on
heavy metals, organic matter, and other soil
components

Haoran Hu, a Xiang Li,b Xinyu Gao,a Lei Wang,a Bo Li,a Fandong Zhan, a

Yongmei He,a Li Qin*a and Xinran Liang*a

Manganese oxide minerals are prevalent in soils and play a pivotal role in the immobilization of heavy metals

and the transformation of materials. Characterized by their low point of zero charge and numerous active

adsorption sites, manganese oxides effectively accumulate heavy metals such as lead (Pb) and cadmium

(Cd) from contaminated environments. Different manganese oxides, mediated by Mn(II), vary in their

capacity to enrich heavy metals. Their distinctive nanostructures can be harnessed to create composite

materials that boast enhanced adsorption properties and environmental sustainability. As a highly

reactive element in soil, manganese engages in multiple reactions with soil organic components and

inorganic ions through processes like oxidation-reduction. This activity aids in the elimination of organic

pollutants and facilitates carbon sequestration through various mechanisms. This article explores the

metal enrichment capabilities of manganese oxides and their influence on soil physicochemical

properties, enhancing our understanding of how these oxides adsorb metallic elements and interact with

soil components. Such knowledge is crucial for advancing heavy metal remediation strategies and

comprehending the biogeochemical processes within soil environments.
1 Introduction

As soil metal contamination increasingly threatens human
health and well-being, there is a growing focus on mitigating
the pollution of metal elements. Soils and sediments contain
a variety of minerals, among which iron and manganese
oxides, along with their hydroxides, represent a signicant
component. Despite constituting only a fraction of the total
solid phase in soils or sediments, these oxides and hydroxides
play a crucial role due to their high adsorption capacities, they
signicantly inuence the mobility and bioavailability of trace
metal pollutants.1 Manganese oxides, in particular, oen form
surface coatings on soil particles and nodules. Although
present in relatively low concentrations, manganese oxides
have a higher redox potential and stronger adsorption affinity
compared to iron oxides, enhancing their capacity to accu-
mulate metal elements.2 Table 1 showcases the adsorption
capacities of these manganese oxide minerals for heavy
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metals, emphasizing their importance in soil remediation
efforts.5–7

Manganese oxides, capable of existing in multiple valence
states (II, III, IV), form a variety of minerals such as manganite,
cryptomelane, and birnessite.3 These minerals are pivotal in
enriching soil with metal ions like Pb, Cd, and Co through
mechanisms like adsorption and isomorphic substitution.8,9

They also play a role in the migration of various metals (Pb, Cu,
Ni, Cr) and metalloids (As) within the soil. However, the role of
manganese oxides extends beyond mere enrichment of metal
elements. The interaction of manganese oxides with complex
soil components—organic matter, oxyanions, and cations—and
environmental factors like pH and Eh leads to structural and
morphological changes.10,11 These transformations result in
various crystalline forms of manganese oxide minerals, inu-
encing the migration, bioavailability, and toxicity of metals in
soils.13–15

Moreover, manganese's role as a bio-oxidative metal is
vital in the carbon cycle of terrestrial ecosystems, it facilitates
the deposition of organic substances within mineral-rich
soils and sediments, thereby inuencing carbon migration
and transformation.16,17 The multifaceted interactions of
manganese oxides with soil components are critical in
stabilizing soil ecosystems. This has led to signicant
research interest across various disciplines, highlighting the
importance of manganese oxides in environmental science
and soil remediation.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Adsorption of heavy metal elements by different manganese oxide minerals3,4

Minerals Mineral structure

Adsorption of heavy metal elements (mmol kg−1)

Pb Co Cu Cd Zn

Birnessite Mn4+ layered structure 1832 1084 1268 1042 1207
Cryptomelane Mn4+ tunnel structure 292.8 75.5 132.5 88.8 87.1
Todorokite Mn4+ tunnel structure 284.3 117.3 191.4 85.1 67.3
Hausmannite Low-valence manganese 105.3 44.4 189 3.3 43.1
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2. Enrichment of metal elements by
manganese oxides

Long-term heavy metal pollution poses signicant risks to
arable soil and human health, with cadmium (Cd) and lead (Pb)
being common contaminants that inltrate soil and water
bodies through anthropogenic activities.18,19 Manganese oxides
are particularly noted for their negatively charged surfaces and
distinctive nanostructures, making them valuable for adsorb-
ing, immobilizing, and transferring heavy metals. Manganese
oxides can also be combined with other adsorbents and
reducing agents to enhance remediation efforts.

d-MnO2, a primary form of manganese oxide, can evolve into
other secondary manganese oxide minerals.3 This trans-
formation is inuenced by its interaction with heavy metal ions,
which is closely linked to its crystal structure. The structure of d-
MnO2 consists of disordered layers of [MnO6] octahedra and
water molecules, within the [MnO6] octahedral layer, vacancies
caused by low-valence manganese substitution or manganese
deciency, alongside [Mn(III)O6] octahedra arranged in
a shared-apex conguration, contribute to the negative charge
of d-MnO2.20–22 This negative charge is crucial for the electro-
static adsorption of cationic pollutants.23
Fig. 1 Manganese oxide enrichment mode for different metal ions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Birnessite, a type of d-MnO2 with a low point of zero charge
(PZC < 3), is effective in removing metal cations across a broad
pH range through adsorption and co-precipitation.24,25 Fig. 1
illustrates the mechanisms of metal ion enrichment by
manganese oxides, where adsorption typically involves electro-
static attraction at the solid/liquid interface, and co-
precipitation includes both this interfacial binding and the
formation of surface precipitates from metal oxides.26 Manga-
nese oxides are integral to the biogeochemical cycles of trace
metals and metalloids, signicantly inuencing the bioavail-
ability and mobility of these elements in the environment.27–29
2.1 Enrichment of Cd by manganese oxides

Cd(II) is commonly found in soils as hydroxides or carbonate
precipitates. Manganese oxides are highly effective at removing
Cd(II) across a wide pH range, signicantly reducing its
bioavailability and toxicity. Below a pH of 4.0, Cd(II) removal
primarily occurs through ion exchange, in the pH range from
5.0 to 6.0, the predominant mechanisms are the formation of
outer-sphere and inner–sphere complexes, at a pH of 6.0, Cd(II)
binds to the (001) and (002) crystal faces of d-MnO2 through
surface complexation, forming triple corner-sharing (TCS)
complexes, achieving a maximum adsorption capacity of
RSC Adv., 2024, 14, 37752–37762 | 37753
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View Article Online
104.17 mg g−1.30–32 Above a pH of 7.0, Cd(II) is completely
adsorbed by MnO2.33 The processes of Cd(II) removal through d-
MnO2 involve distinct mechanisms during adsorption and co-
precipitation. In the adsorption process, Cd(II) interacts with
layered manganese oxide (IV), whereas in co-precipitation,
Mn(II) is oxidized to Mn(III) and forms double corner sharing
(DCS) complex with Cd(II).34–36 This detailed understanding of
the interactions and conditions affecting Cd(II) removal
enhances the potential for targeted remediation strategies in
contaminated soils.

To enhance the adsorption capacity of manganese oxides for
metal ions, researchers have developed innovative combinations
with other adsorptive materials. Wang created a composite of
todorokite and biochar (BRB), which demonstrated a remarkable
adsorption capacity for Cd at 9068 mg kg−1, signicantly
surpassing that of birnessite alone at 4335 mg kg−1.18 Xia
improved the adsorptive properties of MnO2 by incorporating
yeast, nding that potassium permanganate (KMnO4) could alter
the yeast's cell wall structure at pH values above 4.51, this alter-
ation exposes more functional groups, like carboxyl and amino,
enhancing the composite's capacity for Cd(II) adsorption.37–39

Additionally, zeolite-loaded manganese oxide has been utilized as
a soil amendment to promote the association of exchangeable Cd
with manganese oxide, thereby bolstering the immobilization of
Cd and reducing its uptake by plants. The use of this amendment
led to signicant reductions in Cd content in wheat grains, straw,
and roots by 65.0%, 11.7%, and 55.3%, respectively.40,41

The adsorption mechanisms of manganese oxides involve
spontaneous redox reactions; d-MnO2, for instance, can be
reduced and dissolved by reductive substances. Qian explored
combining d-MnO2 with S2+ and cysteine, revealing that S2+ could
relocate Cd(II) from vacancies to edge sites, forming CdS adsor-
bed on d-MnO2 surfaces, at pH 5.5, cysteine induced the release
of Cd(II) (52.8–68.6%) previously held in vacancies, while at pH
7.5, it facilitated the formation of Cd-cysteine complexes.6,42,43

Wang reported maintaining a high removal efficiency of Cd at
96% at pH 5 with a thiosulfate/manganate (TS/Mn) molar ratio of
3, demonstrating the potential for tailored approaches to
enhance heavy metal remediation in contaminated environ-
ments.44,45 Furthermore, the reduction of Fe(II) to Mn(III) impacts
Cd(II) adsorption on MnO2 by shiing adsorption sites from
vacancies to edge sites, forming DCS and double edge shared
(DES) complexes. The introduction of new minerals, such as b-
MnOOH and iron oxides, at pH 7.5 with Fe(II) resulted in weaker
adsorption capabilities for Cd(II) compared to MnO2.46,47

These studies highlight how integrating manganese oxides
with various materials can signicantly boost their adsorption
capacity for cadmium (Cd). This enhancement not only improves
their effectiveness in controlling heavy metal pollution but also
broadens their applicability in soil remediation efforts. Such
advancements are crucial for developing more efficient strategies
to mitigate the impact of heavy metals on the environment.
2.2 Enrichment of Pb by manganese oxides

Manganese oxides are particularly selective in their adsorption
of metal ions, with d-MnO2 demonstrating a preference for Pb
37754 | RSC Adv., 2024, 14, 37752–37762
over Cu, Ni, and Zn, Pb to form stable Pb–O/OH bonds on the
surface of d-MnO2, which enhances the stability of DES and TCS
complexes, signicantly increasing the adsorption selectivity for
Pb.48 A critical factor inuencing this capacity is the Mn average
oxidation state (MnAOS) of the oxides, as the MnAOS increases
from 3.67 to 3.92, the maximum adsorption capacity for Pb
correspondingly rises from 1320 to 2457 mmol kg−1.49,50 X-ray
photoelectron spectroscopy (XPS) analysis highlighted that
used potassium permanganate (KMnO4) as a catalyst not only
boosts the effectiveness of hydrated manganese dioxide (HMO)
in removing Pb but also facilitates the oxidation of Pb(II) to
Pb(IV) under alkaline conditions, in redox reaction, Mn(II) and
Pb(IV) form Mn(OH)2 and PbO2, respectively, with an oxidation
efficiency for Pb(IV) reaching 50%.51

Manganese oxides already exhibit strong adsorptive proper-
ties for Pb. The strategic combination of manganese oxides with
other materials further enhances this efficiency, creating
composite materials with synergistic effects. These composites
show great promise for the immobilization of Pb in various
environmental applications.

For instance, a study produced manganese dioxide biochar
(MBR) that demonstrated increased specic surface area and
pore volume, XPS analysis identied the formation of Pb–O
bonds or combinations with –OH groups as critical mechanisms
for Pb(II) removal in MBR.52 Wu developed a novel manganese
dioxide modied biochar-based porous hydrogel (MBCG), this
three-dimensional structure offers a uniform pore distribution
and outstanding adsorptive performance, achieving a Pb
adsorption capacity of 70.90 mg g−1, remarkably, MBCG also
maintained an 80.5% adsorption efficiency aer several recycling
processes.53 Layered double hydroxides (LDHs) and layered
double oxides (LDOs) are celebrated for their ion-exchange and
metal ion adsorption capabilities due to their anionic nature and
robust thermal and chemical stability. Huang synthesized two
materials, MnO2/MgFe-LDH and MnO2/MgFe-LDO, with Pb(II)
adsorption primarily occurring through precipitation, functional
group complexation, electrostatic attraction, cation exchange,
isomorphic substitution, and memory effects. The MnO2/MgFe-
LDO demonstrated exceptional regenerative adsorption capabil-
ities, with an impressive adsorption capacity of 531.86 mg g−1 for
Pb(II).54 Cui introduced a new MnO2@polyaniline (PANI)
composite, showcasing enhanced adsorption capabilities for
Pb(II) compared to the original materials, achieving over 99%
removal efficiency at a dosage of 0.5 g L−1.55,56

Poly(m-phenylenediamine) (PmPD) has faced limitations as
a heavy metal adsorbent due to its positively charged surface
and small surface area. However, Xiong's innovative synthesis
of MnO2@PmPD composites has demonstrated notable
improvements. The key to these composites' enhanced perfor-
mance lies in the oxidation products of aniline (a reducing
group) present in PmPD, specically quinone imine and
carboxylate groups. These functional groups effectively bind
with Pb(II). Through Density Functional Theory (DFT) analysis,
it was determined that the (311) crystal plane of MnO2@PmPD
serves as the primary adsorption site for Pb(II).65,66

Manganese oxides were combined with substances that
possess adsorption capabilities, their ability to adsorb lead (Pb)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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is signicantly enhanced, this synergistic effect also can
improve the capability of PmPD to address its deciencies in
metal adsorption. The application of manganese oxides, both
individually and in conjunction with other adsorbents, offers
substantial promise for effectively stabilizing lead in soil envi-
ronments. This approach is crucial for reducing lead mobility
and toxicity, contributing to safer and healthier soil ecosystems.
2.3 Enrichment of other metal elements by manganese
oxides

Manganese oxides are highly effective in adsorbing various
metal elements within the soil environment. Notably, Ni and Co
could integrate into the structure of d-MnO2 via isomorphic
substitution, replacing Mn4+ within its layers. However, Ni was
effectively adsorbed onto the vacancies of the birnessite (001)
surface, forming trigonal shared complexes that facilitated
a removal rate of over 80% for Ni(II) at a pH of 7,67 birnessite
exhibited a marked increase in its adsorption capacity for Co(II)
at pH 7.5, reaching about 280 mmol/0.1 g, which was roughly
double the capacity observed at pH 6.8,68 Wu's research further
revealed that the incorporation of Co(III) into manganese oxides
resulted in a reduction of Mn(III) octahedra, which hindered the
structural transition from layered to tunnel congurations.69

The presence of Ni during the crystallization process of bir-
nessite could inhibit the incorporation of Co, reducing the
number of manganese layers in the co-doped mineral. This
interaction demonstrated the competitive dynamics between Ni
and Co within manganese oxide structures.48,70

Koppula explored NiCo(BDC)@MnO2 composites main-
tained excellent stability at high temperatures and showcased
remarkable adsorption capacities for Cu2+ (756.82 mg g−1), Cr6+

(111.22 mg g−1), and U6+ (365.25 mg g−1).71

Zn(II) is absorbed onto acid birnessite and d-MnO2 as endo-
hedral complexes (Zn IV or Zn VI), which also decreases the
Mn(III) content within the MnOx layers.72 Interestingly, the
adsorption rate for Zn(II) signicantly increases from 36% to
96% as the pH value rises from 3 to 9.73 Hawash's synthesis of
two types of modied clinoptilolite, using Fe(III) and MnO2,
demonstrated through Differential Thermal Analysis (DTA) that
crystalline MnO2-clinoptilolite has a stronger adsorption
capacity for Zn(II) compared to the amorphous Fe(III) clinopti-
lolite, reaching an efficiency of 99.65%.74

The removal of arsenic (As) varies depending on its oxidation
state and the adsorption dynamics on the surfaces of metal
oxides. Todorokite, for instance, can remove As with an effi-
ciency of up to 98% within a pH range of 3 to 9. Wang revealed
that As could be removed through endohedral complexes
formed within the core–shell structure of MnO2@La(OH)3.
Further enhancing the technology, Wen synthesized a MnO2-
coated Fe3O4 magnetic ower-like nanocomposite material,
which achieved maximum adsorption capacities for As(III) and
As(V) of 76.73 mg g−1 and 120.50 mg g−1, respectively.75–77

Manganese can enter the soil through the deposition of
throughfall or litterfall. Excessive uptake of soil manganese by
plants, beyond their nutritional needs, can impair photosyn-
thesis in species such as sugar maple and various owers.78
© 2024 The Author(s). Published by the Royal Society of Chemistry
Applying manganese can alter the soil's manganese content as
well as the mobility and transformation of heavy metals. Table 2
details the study on the use of various manganese oxides and
their composites to stabilize heavy metals in contaminated
soils. By incorporating manganese oxide minerals andmodied
manganese materials, heavy metals can be concentrated in
multiple ways (illustrated in Fig. 1) at different locations (shown
in Fig. 2). These investigations underscore how manganese
oxide minerals and their modied forms can signicantly
enrich metal elements through a variety of mechanisms at
different sites. It has been noted that the valence state of
manganese within these oxides plays a critical role in their
capacity to enrich metals. Manganese oxides typically present in
II/III/IV valence states, with divalent manganese oen found in
solution and serving as cations that adhere to manganese oxide
minerals. This facilitates the transformation of manganese
from lower to higher valence states, which subsequently
impacts the behavior of heavy metal ions, either xing or
releasing them from manganese oxides.

The subsequent section will delve into the inuence of low-
valence Mn(II) on the adsorption of metal ions by manganese
oxides. This exploration aims to further illuminate the diverse
and potent capabilities of different manganese oxide forms to
enrich metal ions, offering deeper insights into the mecha-
nisms that govern their interactions and efficiencies in envi-
ronmental remediation scenarios.
3 Impact of Mn(II) on manganese
oxide enrichment of heavy metal

The varying oxidation states of manganese, particularly Mn(III)
and Mn(IV), are essential for the catalytic efficiency of manga-
nese oxides, previous studies have demonstrated that Mn(II) can
alter the composition and structure of d-MnO2 minerals.3 A key
process in the interaction of Mn(II) with manganese oxides is
the comproportionation reaction, where Mn(II) and Mn(IV)
combine to form two Mn(III).79 This newly formed Mn(III) then
undergoes disproportionation, reverting to Mn(II) and Mn(IV).
This continuous cycle of reactions promotes the dynamic
exchange among manganese different oxidation states,
enhancing the reactivity and functional versatility of manga-
nese oxides.80,81 Higher pH levels facilitate the comproportio-
nation and disproportionation reactions involving Mn(II),72,82

when the pH exceeds 7.5 and Mn(II) is introduced, a noticeable
transformation occurs in d-MnO2, transitioning to minerals like
manganite (g-Mn(III)OOH), feitknechtite (b-Mn(III)OOH), and
hausmannite (Mn3O4), which have a greater capacity to stabilize
Zn and Ni.11,12,83–85 Research indicated that Mn(II) regulated the
ability of manganese oxides to adsorbmetal ions such as Co, Sb,
and Cd.10,86–89 This change underscores how pH and Mn(II)
concentrations critically inuence the structural development
of manganese oxides. The changes in adsorption capacities
resulted not only from structural modications in the oxides
but also from the role of Mn(II) in promoting the regeneration
and transformation of manganese oxides into more reactive
forms. This dynamic behavior emphasizes the complex
RSC Adv., 2024, 14, 37752–37762 | 37755
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Table 2 Study on using various manganese oxides and their composites to stabilize heavy metals in contaminated soils

Manganese oxide material Treatments Effects Reference

Amorphous manganese oxide
(AMO)

Applied to agricultural soil
contaminated by a smelting plant,
adjust the pH to between 3 and 8

pH > 5, MnCO3 forms on the surface
of AMO, leading to reductions in the
soil concentrations of As, Cu, Pb,
and Sb to 20%, 35%, 7%, and 11%
of their original levels, respectively

57

AMO, Maghemite, and Magnetite
were each applied to the soil
surrounding a lead-copper smelting
plant

Aer applying AMO, the
concentrations of Cd, Cu, and Pb
decreased by 92%, 92%, and 93%,
respectively, which is an order of
magnitude greater reduction
compared to the other twomaterials
used

58

Natural manganese oxide Soil contaminated with Pb Aer applying NMO, the soil
showed a signicant decrease in
water-exchangeable Pb

59

Hydrous manganese oxides (HMO) Sludge containing heavy metals and
soil from around a smelting plant
were used to simultaneously
cultivate ryegrass and tobacco

HMO altered the binding of Cd and
Pb in the soil, reducing their
transfer from the soil to the soil
solution and ultimately decreasing
plant uptake of these heavy metals

60

Zeolite-loaded manganese oxide Alkaline dryland soil containing Cd The application reduced the
available Cd content in the soil by
44.3% and increased the available
Mn content by 61.9%

61

Fe–Mn modied biochar composite
(FMBC)

Arsenic-contaminated paddy soil FMBC application decreased the
available arsenic content in the soil
by promoting the transformation of
non-specically sorbed and
specically bound arsenic into
residual forms and those bound to
amorphous and crystalline hydrous
oxides

62

Hiol-functionalized graphene oxide/
Fe–Mn composite (SGO/Fe–Mn)

Soil contaminated with Hg Applying 0.8% SGO/Fe–Mn can
reduce the extractable mercury
content by up to 98.9%

63

Birnessite Soil contaminated with Cu Birnessite lowered the free Cu2+

activity in the soil
64
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interactions within manganese oxides and their potential
effectiveness in environmental remediation applications.

3.1 Mn(II) Facilitation of manganese oxide enrichment of
metal elements

3.1.1 Ni. Ni adsorption on d-MnO2 is relatively low, with
only about 10% of Ni being adsorbed when the molar ratio of
added Ni to d-MnO2 is approximately 13, primarily because Ni
tends to occupy manganese vacancies.25,67 The interaction of pH
and Mn(II) further affects Ni binding to manganese oxides.80,90,91

At pH 6.5 and 4.0, Ni(II) is displaced from these vacancies by
Mn(III), which is generated through Mn(II)-mediated compro-
portionation–disproportionation reactions, prompting Ni(II) to
relocate from vacancy to edge sites, at pH 7.5, the presence of
aqueous Mn(II) triggers the transformation of d-MnO2 into
secondary feitknechtite containing Ni(II), thereby increasing the
removal rate of Ni(II) by approximately 30%.92

3.1.2 Zn. When d-MnO2 adsorbed both Zn(II) and Mn(II),
Mn(II) initially occupied the vacancies meant for Zn(II),
prompting Zn(II) to shi from the vacancies of todorokite to
edge sites.82,93 This process was aided by the bio-oxidation of
37756 | RSC Adv., 2024, 14, 37752–37762
manganese through surface ion exchange, which released
Mn(II) oxidized by Mn(II) oxidase, thereby reducing the
competitive adsorption between Mn(II) and Zn(II).94 At pH 7.5,
the interaction between Mn(II) and Zn(II) transformed todor-
okite into a spinel Zn(II)1−xMn(II)xMn(III)2O4 precipitate, signif-
icantly increasing the adsorption capacities for Mn(II) and Zn(II)
to 800 mmol/0.1 g and 400 mmol/0.1 g, respectively—eight and
two times higher than at pH 6.5.82 Moreover, Mn(II) triggered the
formation of feitknechtite, manganite, and hausmannite from
d-MnO2, withminimal Zn(II) precipitation in the solution. These
newly formed minerals greatly enhanced the xation of Zn(II).95

Mn(II), despite its strong competitive adsorption with Ni and Zn,
can prompt the transformation of d-MnO2 into feitknechtite and
other tunnel-structured manganese oxides. This transformation
enhances the stabilization of Ni and Zn within these structures.

3.2 Mn(II) inhibition of manganese oxide enrichment of
metal elements

3.2.1 Cd. At a pH of 5.5, introducing Mn(II) at concentra-
tions of 2 mM and 8 mM into a system containing d-MnO2

adsorbing Cd(II) at 5 mM had led to a reduction in Cd(II)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic representation of the different sites of enrichment of metallic elements by manganese oxide9,23
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adsorption by approximately 10% and 20%, respectively.96 To
mitigate the inhibitory effect of Mn(II) on Cd(II) adsorption by d-
MnO2, research had indicated that intermittent introduction of
low concentrations of Mn(II) could effectively remove Mn with
an efficiency of 97.40%, while causing minimal desorption of
Cd(II), which had a release rate of only 0.73%, in contrast,
adding high concentrations of Mn(II) directly had reacted with
KMnO4 to regenerate MnO2, providing a dual xation effect that
had enhanced the stabilization of Cd(II).97 Natacha found that
aeration treatments, which oxidized b-MnOOH and d-MnO2,
had resulted in a decrease in pH and subsequent leaching of
Cd(II). On the other hand, anoxic treatments had helped prevent
some Mn(II) from oxidizing into MnSiO3 and Mn(II)Al-LDH,
thereby better stabilizing Cd(II).98

3.2.2 Co. For Co(II), it could substitute Mn(II) within the
secondary b-Mn(III)OOH lattice formed during the reaction
between Mn(II) and d-MnO2, thereby inhibiting the adsorption
and reductive transformation of Mn(II) on d-MnO2.92 At a pH of
7.5, the introduction of Mn(II) (1 mM) had facilitated the
reductive transformation of isomorphically substituted Co(III) in
d-MnO2 (0.1 g/L), leading to the formation of feitknechtite
containing Co(II), with some Co(II) being released into the
solution.8

3.2.3 Sb. Antimony (Sb), a toxic and carcinogenic element,
was found in trace amounts in natural environments, typically
in the oxidation states Sb(III) and/or Sb(V).99 Previous research
had demonstrated that manganese oxides played a crucial role
in regulating antimony in soils and sediments. Sb was adsorbed
onto the edge sites of manganese oxides through coprecipita-
tion, forming endohedral complexes with an adsorption
capacity of up to 342.0 mmol g−1.100–103 In a pH 7.5 d-MnO2

coprecipitation system with Sb, the addition of 10 mM Mn(II)
had transformed d-MnO2 into manganite and hausmannite
within 24 hours, resulting in a composition of 93% and 7%,
© 2024 The Author(s). Published by the Royal Society of Chemistry
respectively, the released Mn(II) concentration was around
5 mM, while the release of Sb was almost undetectable.104

Additionally, Sb(V) signicantly affected the Mn(II)-induced
transformation of d-MnO2. At varying concentrations of
aqueous Sb(V) (low: 10 mmol L−1, medium: 200 mmol L−1, and
high: 600 mmol L−1), d-MnO2 was transformed into manganite,
hausmannite, and groutite (a-Mn(III)OOH). The removal effi-
ciencies for Sb at these concentrations were 85%, 28%, and
14%, respectively, with the released Mn(II) concentration
stabilizing at approximately 2.7 mmol L−1.105

These studies highlighted the intricate interactions between
Mn(II) and other metal ions in the presence of manganese
oxides, demonstrating that Mn(II) could either facilitate or
hinder metal adsorption during the transformation of todor-
okite into other manganese oxide minerals. This trans-
formation was inuenced by several factors, including pH,
Mn(II) concentration, and the presence of competing metal
ions. Such processes were vital for regulating the mobility of
heavy metals, as Mn(II) played a key role in the structural and
morphological evolution of manganese oxides within the soil
environment. Understanding these dynamic interactions is
crucial for managing the geochemical behavior of heavy metals
in contaminated soils, offering valuable insights for environ-
mental remediation and pollution control strategies.
4 Interaction between manganese
oxides and soil components

Soil, as the most frequently interacted-with layer in human
activities, contains a diverse array of minerals and reactive
substances formed through sedimentary processes. These soil
components mutually inuence each other's migration and
transformation. Manganese oxideminerals play a key role in the
removal and transformation of organic materials, humic
RSC Adv., 2024, 14, 37752–37762 | 37757
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substances, and oxyanions within the soil.16 Conversely, these
soil components can also impact the structure and functionality
of manganese oxides, leading to complex and interdependent
interactions between them.
4.1 Potential of manganese oxides for organic matter
degradation and stabilization

Manganese was a highly reactive component in soil, actively
participating in the removal and transformation of organic
matter through redox reactions under both aerobic and anaer-
obic conditions, making it a key player in carbon
sequestration.106–109 The primary mechanism by which manga-
nese oxides adsorbed organic matter mirrored their role in
heavy metal removal, relying on electrostatic interactions.109 In
neutral environments, manganese oxides carried a negative
charge, allowing them to adsorb positively charged functional
groups, such as those in proteins.110

The adsorption of organic matter on manganese oxide
surfaces was inuenced by the specic functional groups
present.111 Organic compounds containing hydrophobic groups
and nitrogen tended to be more readily adsorbed onto manga-
nese oxides.112,113 Additionally, high molecular weight organic
compounds with aromatic structures were preferentially
adsorbed and were more likely to undergo oxidation, breaking
down into lower molecular weight compounds.114 This selective
adsorption and transformation of organic matter by manganese
oxides played a crucial role in the cycling and stabilization of
organic carbon in soils.

In the context of organic pollutant removal, it was essential
to consider both the degradation of these pollutants and the
xation of carbon. Research had shown that during the removal
of organic matter by various manganese oxide minerals, dis-
solved oxygen oxidized Mn(II) to Mn(III), which induced the
transformation of d-MnO2 into minerals such as feitknechtite,
manganite, and hausmannite, however, the formation of Mn(III)
could block active sites on the manganese oxides, thereby
reducing the oxidation of phenol and ultimately inhibiting its
degradation.115 Additionally, oxygen competed with fulvic acid
(FA) for active sites on MnO2, making anaerobic conditions
more effective for removing total organic carbon (TOC),
achieving removal rates as high as 79.8%, the transformation of
d-MnO2 into MnOOH could also lead to the preservation of
organic carbon by producing insoluble MnCO3 crystals.87,116–119

Humication was another crucial process, signicantly
inuencing the physicochemical properties of soil and sup-
porting plant growth and development.119 Manganese oxides,
with their high redox potential, held promise for enhancing
humication processes. MnO2 and its reduction products
(MnOOH and Mn(II)) could catalyze the reduction of fulvic-like
acids (FLAs) and humic-like acids (HLAs), leading to the
production of CO2.120 Research by Qi found that d-MnO2 could
catalyze the further condensation of unstable substances into
highly aromatic complex substances, thereby increasing the
degree of humication of FA and improving the bioavailability
of HLAs.17,121 Similarly, Li's research on methanol oxidation
using Mn2O3 and d-MnO2 revealed that the
37758 | RSC Adv., 2024, 14, 37752–37762
comproportionation–disproportionation reactions within these
manganese oxides could enhance lattice oxygen transfer and
Mn(IV) oxidation, thereby boosting the efficiency of methanol
oxidation.122 These ndings underscored the multifaceted role
of manganese oxides in both pollutant degradation and the
enhancement of soil organic matter stability.

These studies illustrate the signicant role of manganese
oxides in the removal of organic substances and in the trans-
formation and xation of carbon, underlining their importance
in soil management and environmental remediation strategies.
4.2 Inuence of cations and anions on the structure and
functionality of manganese oxides

4.2.1 Cationic. In soil environments, the presence of
cations had a profound impact on the structure of manganese
oxides, and these structural changes, in turn, affected their
adsorption and oxidation capabilities. For example, Na(I) and
Ca(II) promoted the formation of Mn(III) and its orderly distri-
bution within the Mn octahedral layers. Conversely, H(I) and
Ni(II) led to the creation of vacancies, which enhanced the
competitive adsorption of Ni(II) and Mn(II) at these sites.123

Additionally, increasing concentrations of K(I) increased the
amount of mobile oxygen on the surface of MnO2, thereby
boosting the oxidative activity of d-MnO2 toward formaldehyde
(HCHO).124

The presence of NH4
+ in mineral resource utilization pre-

sented challenges due to its removal difficulty and the potential
for secondary pollution. Numerous studies had investigated the
transformation and removal processes of NH4

+ within manga-
nese oxide minerals, revealing that the average oxidation state
of manganese (MnAOS) and pH were critical factors in its
transformation and removal.125 NH4

+ was more readily released
under alkaline conditions than under acidic ones, with elec-
trostatic interactions and ion exchange between OH- and NH4

+

being the primary mechanisms for its removal. NH4
+ could be

oxidized by Mn(IV) to NO3
− and N2, with Mn present in forms

such as MnO2, Mn2O3, MnOOH, and Mn3O4.126–128 The removal
rate of NH4

+ was also inuenced by coexisting cations in the
solution, with the effectiveness ranking as Ca2+ > K+ > Mg2+ >
Na+.129

4.2.2 Oxygenated anion. Oxygenated anion in soil played
a crucial role in regulating the crystalline growth of manganese
oxides and their ability to degrade various substances. Research
had shown that oxyanions such as phosphate, sulfate, and
silicate could adsorb at the edge sites of MnO6 octahedra,
thereby inhibiting the lateral growth of the MnO6(100) crystal
face, with phosphate exerting the most signicant inu-
ence.14,130 The interactions between these oxyanions and
manganese could mutually affect the binding capabilities of
manganese oxides. Negatively charged polycarboxylic
compounds tended to bind preferentially at edge sites, which
enhanced the stabilization ability of d-MnO2 for Mn(III).109,131–134

Additionally, the involvement of Mn(II) in proton exchange
could reduce the negative surface charge of MnO2, thereby
increasing its capacity to remove oxyanions such as phosphate
and silicate.85
© 2024 The Author(s). Published by the Royal Society of Chemistry
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The adsorption of sulfate (SO4
−) and hydroxyl radicals ($OH)

on manganese oxides could also facilitate the degradation of
organic substances.135 Density Functional Theory (DFT) calcu-
lations had indicated that the a-MnO2 (211 crystal face) could
more effectively activate peroxymonosulfate (PMS), leading to
the generation of SO4

− and $OH radicals. Consequently,
manganese oxides with higher crystallinity, such as a-, b-, and g-
MnO2, exhibited stronger capabilities for degrading organic
materials compared to d-MnO2.136,137

These ndings underscore the complex chemistry between
manganese oxides and both cations and anions in soil, which
profoundly impacts their environmental roles and their appli-
cations in soil remediation and management.
4.3 Microbial promotion of the manganese cycle

Microorganisms, including bacteria, fungi, algae, and diatoms,
played a crucial role in biogeochemical cycles through a variety
of enzymatic and non-enzymatic pathways.138 As key compo-
nents of the soil ecosystem, these microorganisms signicantly
inuenced the mineralization processes of natural manganese
oxides.139 Microbes utilized enzymes to promote the production
of extracellular superoxide radicals (in bacteria) and reactive
oxygen species (in fungi and algae), which indirectly oxidized
Mn(II) to Mn(III), through comproportionation–disproportion-
ation reactions, these processes generated Mn(II) and Mn(IV),
with superoxide-producing microbes potentially serving as key
drivers of mineral formation and transformation in soil
environments.140–142 The microbial mediation of mineralization
could occur at the micrometer scale and proceeded at a high
rate, highlighting the signicant role of bacteria and fungi in
the reduction of Mn(IV).143

Microorganisms indirectly participated in the mineraliza-
tion of Mn(II) and the reduction of Mn(IV), acting as catalytic
agents that drove the cycling of manganese across various
oxidation states within the environment.144 This microbial
activity not only facilitated the transformation and cycling of
manganese but also enhanced the biogeochemical cycling of
other essential nutrients and metals within the soil, thereby
contributing to soil fertility and overall ecosystem functioning.
5 Conclusions and future perspective

Manganese oxides play a crucial role in maintaining the normal
operation of the soil layer. They act as catalysts for redox reac-
tions, which are vital for nutrient cycling and the degradation of
contaminants. Manganese oxides can oxidize organic contam-
inants and reduce potentially toxic metal ions, thereby miti-
gating their mobility and bioavailability in the soil
environment. Their high reactivity also allows manganese
oxides to interact with soil organic matter, leading to the
formation of stable organo–mineral complexes that can
sequester carbon and metals, further inuencing soil fertility
and structure.

Additionally, manganese oxides can interact with other soil
minerals to affect soil pH, electrochemical properties, and
cation exchange capacity, all of which are fundamental to soil
© 2024 The Author(s). Published by the Royal Society of Chemistry
health and plant growth. The presence of manganese oxides can
also enhance the microbial degradation of organic compounds
by serving as electron acceptors, thereby promoting biogeo-
chemical cycles within the soil.

Thus, understanding the interactions between manganese
oxides and soil components is essential for developing strate-
gies for soil management and remediation, as well as for pre-
dicting the environmental fate of pollutants in the soil matrix.
These interactions highlight the importance of manganese
oxides in environmental geochemistry and their potential
applications in sustainable agriculture and environmental
protection.
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Eng., 2018, 6, 6489–6503.

75 Y. L. Wang, C. Guo, L. Zhang, X. H. Lu, Y. H. Liu, X. H. Li,
Y. Y. Wang and S. F. Wang, Int. J. Environ. Res. Public Health,
2022, 19, DOI: 10.3390/ijerph191710649.

76 Y. Zhang, B. C. Zhao, C. J. Wang, Y. Y. Huang, X. Liu,
R. K. Wang and C. B. Wang, J. Hazard. Mater., 2023, 459,
132079.

77 Z. P. Wen, Y. L. Zhang, Y. Wang, L. N. Li and R. Chen, Chem.
Eng. J., 2017, 312, 39–49.

78 S. B. Horsley, R. P. Long, S. W. Bailey, R. A. Hallett and
T. J. Hall, Can. J. For. Res., 2000, 30, 1365–1378.

79 J. R. Bargar, B. M. Tebo, U. Bergmann, S. M. Webb,
P. Glatzel, V. Q. Chiu and M. Villalobos, Am. Mineral.,
2015, 90, 143–154.

80 E. J. Elzinga and A. B. Kustka, Environ. Sci. Technol., 2015,
49, 4310–4316.

81 E. J. Elzinga, Environ. Sci. Technol., 2016, 50, 8670–8677.
82 J. P. Leowitz and E. J. Elzinga, Environ. Sci. Technol., 2015,

49, 4886–4893.
83 Q. Wang, P. Yang andM. Q. Zhu, Geochim. Cosmochim. Acta,

2019, 250, 292–310.
84 P. Yang, S. Lee, J. E. Post, H. F. Xu, Q. Wang, W. Q. Xu and

M. Q. Zhu, Geochim. Cosmochim. Acta, 2018, 240, 173–190.
85 Q. Z. Li, R. Pokharel, L. Zhou, M. Pasturel and K. Hanna,

Environ. Sci.: Nano, 2020, 7, 4022–4031.
© 2024 The Author(s). Published by the Royal Society of Chemistry
86 M. A. G. Hinkle, E. D. Flynn and J. G. Catalano, Geochim.
Cosmochim. Acta, 2016, 192, 220–234.

87 J. E. Johnson, P. Savalia, R. Davis, B. D. Kocar, S. M. Webb,
K. H. Nealson and W. W. Fischer, Environ. Sci. Technol.,
2016, 50, 4248–4258.

88 E. Silvester, A. Manceau and V. A. Drits, Am. Mineral., 2015,
82, 962–978.

89 D. R. Learman, S. D. Wankel, S. M. Webb, N. Martinez,
A. S. Madden and C. M. Hansel, Geochim. Cosmochim.
Acta, 2011, 75, 6048–6063.

90 A. Manceau, C. Tommaseo, S. Rihs, N. Geoffroy,
D. Chateigner, M. Schlegel, D. Tisserand, M. A. Marcus,
N. Tamura and Z.-S. Chen, Geochim. Cosmochim. Acta,
2005, 69, 4007–4034.

91 M. A. Marcus, A. Manceau and M. Kersten, Geochim.
Cosmochim. Acta, 2004, 68, 3125–3136.

92 J. P. Leowitz and E. J. Elzinga, Chem. Geol., 2017, 466, 524–
532.

93 M. A. G. Hinkle, K. G. Dye and J. G. Catalano, Environ. Sci.
Technol., 2017, 51, 3187–3196.

94 J. N. Chang, Y. Tani, H. Naitou, N. Miyata, F. Tojo and
H. Seyama, Chem. Geol., 2014, 383, 155–163.
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H. Gallard, Sci. Total Environ., 2017, 583, 487–495.

113 K. Johnson, G. Purvis, E. Lopez-Capel, C. Peacock, N. Gray,
T. Wagner, C. März, L. Bowen, J. Ojeda, N. Finlay,
S. Robertson, F. Worrall and C. Greenwell, Nat. Commun.,
2015, 6, 7628.

114 E. L. Trainer, M. Ginder-Vogel and C. K. Remucal, Environ.
Sci. Technol., 2021, 55, 12084–12094.

115 E. Hu, S. Y. Pan, W. Z. Zhang, X. L. Zhao, B. Liao and F. He,
Environ. Sci.: Processes Impacts, 2019, 21, 2118–2127.

116 Q. Q. Li, X. C. Huang, G. J. Su, M. H. Zheng, C. H. Huang,
M. J. Wang, C. Y. Ma and D. Wei, Environ. Sci. Technol.,
2018, 52, 13351–13360.

117 Z. Q. Wang, H. Z. Jia, H. R. Zhao, R. Zhang, C. Zhang,
K. C. Zhu, X. T. Guo, T. C. Wang and L. Y. Zhu, Environ.
Sci. Technol., 2022, 56, 9806–9815.

118 Z. L. Chi, X. Y. Zhao, Y. L. Chen, J. L. Hao, G. H. Yu,
B. A. Goodman and G. M. Gadd, Environ. Microbiol., 2021,
23, 893–907.

119 W. G. Sunda and D. J. Kieber, Nature, 1994, 367, 62–64.
120 Y. C. Zhang, D. B. Yue, X. Wang and W. F. Song, J. Environ.

Sci., 2019, 77, 167–173.
121 H. S. Qi, A. Zhang, Z. Du, J. Q. Wu, X. M. Chen, X. Zhang,

Y. Zhao, Z. M. Wei, X. Y. Xie, Y. Li and M. Ye, Waste
Manage., 2021, 128, 16–24.

122 W. C. Li, X. Y. Wen, X. J. Wang, J. Li, E. B. Ren, Z. F. Shi,
C. M. Liu, D. Q. Mo and S. P. Mo, Mol. Catal., 2021, 514,
111847.

123 Z. Mengqiang, G.-V. Matthew, P. S. J, F. Xiong-Han and
S. D. L, Environ. Sci. Technol., 2010, 44, 4465–4471.

124 R. M. Fang, Q. Y. Feng, H. B. Huang, J. Ji, M. He, Y. J. Zhan,
B. Y. Liu and D. Y. C. Leung, Catal. Today, 2019, 327, 154–
160.

125 Y. Cheng, T. L. Huang, Y. K. Sun and X. X. Shi, Chem. Eng. J.,
2017, 322, 82–89.
37762 | RSC Adv., 2024, 14, 37752–37762
126 J. F. Zhong, J. M. Liu, R. Hu, D. D. Pan, S. C. Shao and
X. W. Wu, Bioresour. Technol., 2023, 377, 128957.

127 Y. Song, Q. Pan, H. Z. Lv, D. Yang, Z. M. Qin, M. Y. Zhang,
X. Q. Sun and X. X. Liu, Angew. Chem., Int. Ed., 2021, 60,
5718–5722.

128 J. C. Shu, Y. H. Wu, Y. L. Deng, T. Y. Lei, J. F. Huang,
Y. H. Han, X. R. Zhang, Z. S. Zhao, Y. F. Wei and
M. J. Chen, Sep. Purif. Technol., 2021, 270, 118798.

129 L. Zhang, J. L. Wang, H. X. Qiao, F. X. Liu and Z. S. Fu, J.
Cleaner Prod., 2020, 272, 123055.

130 L. S. Balistrieri and T. T. Chao, Geochim. Cosmochim. Acta,
1990, 54, 739–751.

131 T. Toshihiro, H. Kazuhito and N. Ryuhei, J. Am. Chem. Soc.,
2012, 134, 18153–18156.

132 M. Zhu, C. L. Farrow, J. E. Post, K. J. T. Livi, S. J. L. Billinge,
M. Ginder-Vogel and D. L. Sparks, Geochim. Cosmochim.
Acta, 2012, 81, 39–55.

133 A.-C. Gaillot, D. Flot, V. A. Drits, A. Manceau, B. Manfred
and B. Lanson, Chem. Mater., 2003, 15, 4666–4678.

134 D. Banerjee and H. W. Nesbitt, Geochim. Cosmochim. Acta,
2001, 65, 1703–1714.

135 H. Ouyang, C. Wu, X. H. Qiu, K. Tanaka, T. Ohnuki and
Q. Q. Yu, Environ. Res., 2023, 217, 114874.

136 Z. G. Zhou, H. M. Du, Z. H. Dai, Y. Mu, L. L. Tong, Q. J. Xing,
S. S. Liu, Z. M. Ao and J. P. Zou, Chem. Eng. J., 2019, 374,
170–180.

137 J. Z. Huang, Y. F. Dai, K. Singewald, C. C. Liu, S. Saxena and
H. C. Zhang, Chem. Eng. J., 2019, 370, 906–915.

138 L. Hui, S. Fernanda, B. Kristen and H. Elizabeth, Environ.
Sci. Technol., 2021, 55, 12136–12152.
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