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a b s t r a c t

Fe-bearing clay minerals have garnered significant attention in environmental catalysis due to their

unique Fe(Ⅱ)/Fe(Ⅲ) redox cycling and high surface area, which enable the effective activation of oxidants

such as molecular oxygen (O2), peroxymonosulfate, and other species, and the subsequent generation of

reactive oxygen species (ROS). This review offers a comprehensive overview of the structural character-

istics and iron coordination environments within these minerals that govern electron transfer processes

from Fe(Ⅱ) to oxidant species. It further explores the mechanistic pathways that lead to the formation of

superoxide, hydroxyl radicals (•OH), and singlet oxygen, detailing the chemical reactions involved. Addi-

tionally, the influence of various co-substrates and chelating agents, such as humic acids and ethylene-

diaminetetraacetic acid (EDTA), on the enhancement of redox processes and ROS generation is discussed,

focusing on their roles in modulating reaction kinetics and improving catalytic efficiency. Furthermore,

the review highlights the recent advancements in applying Fe-bearing clay minerals for the degradation

of persistent organic pollutants, including dyes, pharmaceuticals, and pesticides, in both aqueous and soil

environments. The potential for optimizing these mineral-based catalytic systems by tailoring their com-

position or creating hybrid materials is also explored to develop more efficient and scalable solutions for

environmental remediation. This review outlines future research directions, emphasizing the integration

of fundamental mechanistic insights with practical applications for pollutant degradation.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Fe-bearing clay minerals were ubiquitous in sediment, soil, and

water environments, where they played a vital role in iron cy-

cling within biogeochemical processes [1,2]. The emergence of •OH

in underground environments, generated through the activation

of O2 by Fe-bearing clay minerals, had recently attracted increas-

ing attention [3]. Due to natural processes such as surface water-

groundwater interactions, groundwater level fluctuations, rainfall,

alternating dry and wet conditions, and human activities, O2 could

infiltrate previously reductive environments [4]. In the presence of

O2, reducible Fe(Ⅱ) could activate O2 to produce hydrogen perox-

ide (H2O2), which subsequently generated •OH [5]. Hydroxyl radi-

cals might efficiently oxidize a range of challenging contaminants,

including Cr(Ⅵ), phenol, and antibiotics [6–8]. Consequently, elu-

cidating the mechanisms of hydroxyl radical generation in subsur-
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face anoxic environments improved our comprehension of soil en-

vironmental chemistry and provided practical techniques for in situ

remediation of contaminated soils [9]. Moreover, this review of-

fered novel avenues for advancing catalyst materials in advanced

oxidation processes (AOPs).

Fe-bearing clay minerals exhibited primary traits similar to

those of layered clay minerals, characterized by distinct silicate

tetrahedra and aluminum octahedra, arranged in precise ratios,

such as 2:1 in montmorillonite and 1:1 in kaolinite (Fig. 1) [10].

Compared with the 1:1 layered structure, the 2:1 configuration not

only offered a larger interlayer spacing and more abundant surface

hydroxyl groups but also facilitated the incorporation of redox-

active Fe species into the octahedral sheets, which was critical for

catalytic activity. Clay minerals had long been recognized as nat-

ural adsorbents owing to the extensive interlayer surface area and

capacity for water absorption and swelling [11]. In Fe-bearing clays,

Fe(Ⅱ) and Fe(Ⅲ) typically substituted for Al in the octahedral lay-

ers via heterovalent exchange, generating redox-active centers that

were essential for Fenton-like reactions [12]. In contrast, minerals
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Fig. 1. Crystal structure of Fe-bearing clay minerals: (a) Montmorillonite, (b) kaolinite.

such as kaolinite and talc either lacked iron entirely or contained it

in isolated, catalytically inert forms, rendering them ineffective un-

der advanced oxidation conditions. The excellent swelling behav-

ior and high cation exchange capacity of Fe-montmorillonite sig-

nificantly enhanced its accessibility to oxidants and organic pollu-

tants. In contrast, minerals such as illite and kaolinite exhibit poor

swelling due to strong interlayer bonding (e.g., K+ fixation or hy-

drogen bonding), which limited reactant diffusion and active site

exposure.

Montmorillonite was a characteristic Fe-bearing clay mineral

that strongly exhibited the features of layered clay minerals. The

amalgamation in montmorillonite of substantial layer expandabil-

ity, interlayer cation exchange, and redox-active iron rendered it

exceptionally useful in environmental applications. These structural

characteristics not only determined the adsorption properties of

Fe-bearing clay minerals but also imparted unique catalytic abili-

ties, particularly in O2 activation leading to the generation of ROS.

Fe-bearing clay minerals represented a distinct category within

layered clay minerals, distinguished by the replacement of alu-

minum by iron in the octahedral layers, which profoundly affected

the composition, structure, and properties of clay minerals. Iron

existed in several forms, including structural Fe, edge-bound Fe,

and exchangeable Fe [2,13,14]. The iron replacement of aluminum

modified the layer charge and cation exchange capacity, introduc-

ing redox activity and enabling Fe-bearing clay minerals to partici-

pate in biogeochemical processes. Specifically, structural Fe(Ⅲ) in

the dioctahedral coordination could be reduced to Fe(Ⅱ) by mi-

crobial or chemical reducers [15,16]. The Fe(Ⅱ)/Fe(Ⅲ) redox cycle

played a central role in subsurface environments by acting as a

redox buffer, influencing biogeochemical cycles, and affecting the

transformation and transport of pollutants [17]. The redox activity

allowed Fe-bearing clay minerals to act as adequate natural cata-

lysts, influencing the transformation and transport of contaminants

in subsurface environments.

Persistent organic pollutants (POPs) were a class of toxic or-

ganic compounds characterized by resistance to degradation, high

bioaccumulation potential, and long-range environmental transport

[18]. Exposure to POPs had been linked to a range of adverse

health effects, including endocrine disruption, reproductive issues,

and carcinogenesis [19,20]. Given the robust oxidation capability

and elevated mineralization efficiency of ROS, advanced oxidation

processes were extensively used in both research and practical ap-

plications for the degradation of organic pollutants [21,22]. The

large-scale application of AOPs was restricted by high energy re-

quirements and the limited cost effectiveness of catalytic materi-

als [23]. Electrode materials used in electrochemical AOP systems

were sensitive to operational conditions and were easily damaged,

requiring frequent replacement [24]. Ozone-based oxidation, al-

though effective, involved complex infrastructure and high energy

input. Additionally, the compositional complexity of real wastew-

ater imposed further constraints on process scalability and opera-

tional stability [25].

Fe-bearing clay minerals had emerged as promising candidates

for catalytic applications due to low extraction and processing

costs, as well as strong environmental compatibility. These miner-

als were naturally abundant and could be obtained with minimal

chemical treatment, which significantly reduced the overall cost.

Their layered silicate structures provided strong confinement for

iron species, which stabilized redox-active centers and minimized

iron leaching during reactions. In the context of AOPs, Fe-bearing

clay minerals had demonstrated the ability to activate O2 to pro-

duce ROS, offering a pathway to avoid secondary pollution caused

by excessive use of chemical oxidants [26,27]. Moreover, their suc-

cessful implementation in situ pollutant remediation highlighted

strong potential for large-scale environmental applications [28].

Despite the substantial documentation of the redox characteris-

tics of Fe-bearing clay minerals in prior research, there had been

a deficiency of thorough investigations connecting their redox ac-

tivity to pollutant remediation in environmental engineering con-

texts [29,30]. Current research predominantly examined the inter-

action between Fe-bearing clay minerals and pollutants [3]. How-

ever, there had been inadequate emphasis on systematically sum-

marizing and theorizing the role of ferrous iron in activating O2

to produce •OH for pollutant degradation. This review comprehen-

sively investigated the function of structural Fe(Ⅱ)/Fe(Ⅲ) cycling in

activating O2 by elucidating the electron transfer mechanisms be-

tween O2 and clay minerals, laying a robust theoretical foundation

to guide future research on Fe-bearing clay minerals.

2. Reduction of Fe-bearing clay minerals

Structural Fe(Ⅱ) was crucial for activating oxidants in Fe-bearing

clay minerals. In contrast, ion-exchanged and surface-adsorbed

Fe(Ⅱ) constituted only a minor fraction of the total reduced iron

[31]. Under natural reducing conditions, structural Fe(Ⅱ) in Fe-

bearing clay minerals such as Montmorillonite transferred elec-

trons for O2 activation and demonstrated the ability to produce

ROS [32]. However, this process typically occurred only when

a previously anoxic environment was disturbed and O2 became

available. Montmorillonite possessed up to 18.0 wt% Fe, whereas

SWy-2 montmorillonite contained approximately 2.3 wt% Fe [7].

Even in Fe-rich clay minerals under natural subsurface conditions,

the maximum documented reduction extent was approximately

1.0mmol Fe(Ⅱ) g-1 [29]. Controlled laboratory investigations were

essential to systematically replicate and optimize the reduction of

Fe-bearing clay minerals, with the goal of maximizing structural

Fe(Ⅱ) content for effective application in AOPs. Accordingly, it was

critical to minimize direct competition between reductants and ox-

idants by temporally separating the pre-reduction and oxidation

stages, thereby preventing premature consumption of Fe(Ⅱ). Prior
research had suggested that the reduction of Fe(Ⅲ) occurred pri-

marily through biological or chemical mechanisms [33,34]. Given

the crucial role of structural Fe(Ⅱ) in oxidant activation, it was es-

sential to investigate how various reduction conditions impacted

the efficiency of Fe(Ⅱ) reduction in these minerals.

2.1. Biological reduction methods

In recent years, the role of microorganisms in reducing ferric

iron (Fe3+) had gained significant attention. Research had demon-

strated that various microbes could metabolically reduce structural

Fe(Ⅲ) to ferrous iron (Fe(Ⅱ)) (Table S1 in Supporting information).

They derived energy by oxidizing organic compounds or hydrogen,
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Fig. 2. (a) Microbial reduction process of structural Fe(Ⅲ): (A) Microorganisms transferred electrons through direct contact and nanowires. (B) Metabolites produced by

microorganisms dissolved structural Fe(Ⅲ) and reduced it to ferrous iron (Fe2+). (C) The precipitation of biogenic secondary minerals. (b) Electron transfer and structural

oxygen vacancy formation during chemical reduction of structural Fe(Ⅲ) by sodium dithionite.

with Fe(Ⅲ) as the electron acceptor, which was reduced to Fe(Ⅱ)
in the process.

Microbial reduction of Fe-bearing clay minerals was classi-

fied into solid-state reduction and the dissolution-precipitation

pathway [35]. Microorganisms transferred electrons to modify the

bonding or symmetry within the octahedral and tetrahedral layers

of Fe-bearing clay minerals without causing substantial disruption

to the clay structure (Fig. 2a). Structural Fe(Ⅲ) served as an elec-

tron acceptor, interacting with organic electron donors to complete

the structural Fe(Ⅲ) reduction process. A prominent characteris-

tic of the solid-state reduction mechanism was the reversibility

of the cation exchange capacity of clay, which was observed un-

der both laboratory conditions and natural environments [36,37].

In Fe(Ⅲ)-bearing smectites, reduction altered -OH and Si-O vibra-

tional frequencies, which predominantly was reinstated upon reox-

idation [38].

The dissolution-precipitation mechanism functioned indepen-

dently of the solid-state reduction mechanism [35,39,40]. Disso-

lution and precipitation were the two separate phases of the

dissolution-precipitation process. During the dissolution stage, mi-

crobial metabolic byproducts, such as organic acids, siderophores,

and extracellular polymeric substances, disrupted the crystalline

structure of the clay mineral and released Fe(Ⅲ) into the solu-

tion (Fig. 2a). In the subsequent precipitation stage, Fe(Ⅲ) was

reduced to Fe(Ⅱ) by microorganisms and interacted with solution

constituents like phosphate and carbonate to form secondary bio-

genic minerals, such as siderite, vivianite, and amorphous silica

(Fig. 2a). Unlike solid-state reduction, the dissolution-precipitation

mechanism was characterized by significant structural damage to

the clay mineral, which rendered the reduction of structural Fe(Ⅲ)

irreversible.

Restrictions had constrained the two mechanisms mentioned

above. The efficacy of microbial reduction was influenced by pa-

rameters such as microbial activity, the presence of metabolic

byproducts, and microbial population density. The structural avail-

ability of Fe(Ⅲ) had significantly influenced microbial reduction

under the dissolution-precipitation mechanism, with reduction pri-

marily occurring at the exposed edges of clay particles or in highly

soluble minerals [30]. Moreover, reduction byproducts, including

Fe(Ⅱ) or secondary minerals, might have adsorbed onto clay sur-

faces or microbial cells, obstructing electron transport and imped-

ing further reduction. Furthermore, microbial reduction necessi-

tated stringent experimental settings, including the kind of growth

medium and the structural Fe(Ⅲ) reduction process duration of

up to two weeks, which might have influenced the reduction out-

comes [41,42].

2.2. Chemical reduction methods

Chemical reduction presented considerable advantages over bi-

ological reduction, such as shorter reaction times, simpler oper-

ational procedures, and lower experimental costs [43]. Biologi-

cal reduction typically required several days to weeks and often

achieved <50% reduction, whereas chemical reducing agents com-

pleted the process within several hours, with reduction efficiencies

exceeding 80% [44–46]. Because chemical reductants were much
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smaller than microorganisms, they penetrated more deeply into

clay layers, thereby enabling more extensive Fe(Ⅲ) reduction [16].

Consequently, chemical reduction methods were widely adopted to

reduce Fe-bearing clay minerals. Prior research showed that reduc-

tants, including dithionite in citrate-bicarbonate buffer, hydrazine,

sulfide, hydrosulfide, benzidine, hydrogen gas (300 °C), phenylene-
diamine, thiourea, tetraphenyl boron, and ascorbic acid, could re-

duce structural Fe(Ⅲ) [47–51]. Sodium dithionite was a common

chemical reductant known for low toxicity, minimal dose require-

ments, high reduction efficiency, and the ability to penetrate the

internal structure of clay minerals to effectively convert Fe(Ⅲ) to

Fe(Ⅱ) [52]. In an aqueous solution, sodium dithionite decomposed

into sulfoxylate free radicals (S2O4
•–, E0(S2O4

2–/HSO3
–)= −0.66V),

which possessed vigorous electron activity and reduction potential

[53]. Studies indicated that the rate and extent of reduction sig-

nificantly increased with elevated temperatures and higher reduc-

tant concentrations [16]. Moreover, the extent of reduction could

be precisely controlled by adjusting reductant dosage and reaction

conditions, which was beneficial for investigating the structure-

activity relationships of Fe-bearing clay catalysts in AOPs.

Iron in Fe-bearing clay minerals was present in tetrahedral and

octahedral coordination, with the reduction of Fe(Ⅲ) predomi-

nantly occurring in the octahedral layer [16]. The process of Fe(Ⅲ)

reduction to Fe(Ⅱ) occurred on the mineral surface, penetrating to

depths of several nanometers, as well as within the internal struc-

ture (Fig. 2b). Electrons provided by sulfoxylate free radicals prefer-

entially reduced dispersed Fe(Ⅲ) sites within the octahedral layer

[52,54]. This Fe(Ⅲ) reduction process followed a nearest-neighbor

exclusion mechanism, which minimized the formation of Fe(Ⅱ)-O-
Fe(Ⅱ) pairs during the reduction process. Instead, Fe(Ⅱ)-O-Fe(Ⅲ)

pairs predominated in the partially reduced state, gradually transi-

tioning to Fe(Ⅱ)-O-Fe(Ⅱ) pairs as Fe(Ⅲ) content decreased [52]. The

Fe(Ⅱ) distribution was uniform across the bulk clay mineral but ex-

hibited a pseudo-random arrangement within localized structures.

The pseudo-random arrangement improved charge compensation

within the mineral layers, thereby enhancing structural stability

[55].

Sodium dithionite effectively reduced Fe-bearing clay miner-

als, regardless of the iron content in the samples [54,56,57]. Af-

ter reduction, Fe(Ⅱ) tended to be uniformly distributed through-

out the bulk mineral, while exhibiting a pseudo-random arrange-

ment within local structural domains [55]. This arrangement facil-

itated interlayer charge compensation, thereby stabilizing the min-

eral lattice. Structural Fe(Ⅲ) reduction in lower Fe content miner-

als like SWy-2 proceeded primarily at dispersed active sites [56].

The observed minor structural distortions were reversible through

re-oxidation, indicating structural reversibility [52]. Conversely, for

higher Fe-content minerals like SWa-1 [56], the reduction reaction

could occur concurrently at relatively dispersed sites and within

dioctahedral and trioctahedral clusters.

The distribution of dioctahedral vacancies was influenced by in-

terlayer charge balance and local electronic density, resulting in a

pseudo-random spatial pattern governed by symmetry constraints

[54]. During the structural Fe(Ⅲ) reduction process, certain areas

of the dioctahedral structure were partially degraded as iron ions

migrated and aggregated, forming trioctahedral clusters [53]. The

formation of trioctahedral clusters involved localized dehydroxy-

lation and irreversible structural reorganization [48,56]. As a re-

sult, dioctahedral and trioctahedral domains dynamically coexisted

in the reduced state. While partial reoxidation might have con-

verted some trioctahedral structures back to the dioctahedral form,

complete structural recovery to the original state was generally

unattainable.

The use of sodium dithionite as a reductant in structural

Fe(Ⅲ) reduction presented several inherent risks. Experimental re-

sults indicated that optimal reductive performance is typically ob-

served under mildly alkaline conditions (pH ≈ 9), whereas lower

pH accelerated dithionite decomposition, thereby diminishing its

electron-donating capacity (EDC), and higher pH values reduced

the accessibility and reactivity of structural Fe(Ⅲ), thereby limiting

reduction efficiency. Additionally, the decomposition of dithion-

ite yielded various sulfurous byproducts (e.g., sulfite, thiosulfate),

which might have accumulated in the system and posed risks of

secondary pollution or interfered with downstream oxidative pro-

cesses. Moreover, excessive dosage or repeated treatments might

have destabilized the crystalline framework of clay minerals, ul-

timately compromised structural integrity and impaired the long-

term redox reusability of Fe-bearing minerals.

3. Fe-bearing clay minerals as catalysts for radical oxidation in

organic pollutant degradation

3.1. Oxidative degradation of organic pollutants

Fe-bearing clay minerals demonstrated remarkable catalytic

properties in the degradation of organic pollutants, making them

highly effective for environmental remediation (Table S2 in Sup-

porting information). Fe-bearing clay minerals enhanced the degra-

dation efficiency of persistent contaminants and showed versatility

across a wide range of pollutant types. For instance, 2.5 g/L mont-

morillonite activated peroxymonosulfate (PMS), achieving 94.1%

degradation of 5mmol/L atrazine within 60min [58]. Soil com-

ponents containing 12% montmorillonite (total iron content of

91.29 g/kg) activated PS to achieve 85.5% Sulfamethoxazole (SMX)

degradation within 8h, with an initial mineralization efficiency of

29.4 % [59,60]. Using 1 g/L of a type of reduced nontronite (rNAu-

2) to activate PMS for the degradation of diethyl phthalate (DEP),

the pseudo-first-order rate constant (kobs) of DEP degradation was

0.0017±0.001 s-1 [61]. Under anoxic and dark conditions, Fe(Ⅲ) in

Fe-rich montmorillonite facilitated electron transfer reactions that

promoted the degradation of tetracycline antibiotics. Notably, clays

with higher Fe content demonstrated greater efficiency in pollu-

tant degradation [53]. These promising results underlined the ver-

satility and effectiveness of Fe-bearing clay minerals across vari-

ous contaminants, demonstrating their potential for large-scale en-

vironmental applications.

Compared with natural conditions, Fe-bearing clay minerals

significantly enhanced the degradation efficiency of nitroaromatic

compounds, achieving improvements of several orders of magni-

tude. Fe-bearing clay minerals activated at 70 °C could increase the

degradation efficiency of phenol from 25.8% at room temperature

to 74.4 % [62]. For trichloroethylene (TCE), the dechlorination rate

constant under anoxic conditions was 3.1×10–5d-1 [63], whereas

under aerobic conditions, Fe-bearing clay minerals accelerated O2

activation to achieve 89% degradation of 1mg/L TCE within 3h,

corresponding to a kobs of 7.4×10–3d-1 [64]. The degradation ef-

ficiency of DEP achieved 66.7 % efficiency within 30 s and 69.6%

after 300 s, driven by the Fe-bearing clay minerals active O2 mech-

anism [61]. For benzoic acid, phenol, and nitrobenzene, the action

of Fe-bearing clay minerals achieved degradation efficiencies ex-

ceeding 80% by activating O2 or other oxidizing agents [6,28,65].

3.2. Mechanisms of organic pollutant degradation by the action of

Fe-bearing clay minerals

3.2.1. Generation of reactive oxygen species

Fe-bearing clay minerals, such as rNAu-2, exhibited significant

catalytic properties in AOPs due to their structural Fe(Ⅱ), which

was the electron donor [64]. In Fe-bearing clay mineral-based ad-

vanced oxidation processes, oxidants such as H2O2, PMS, and O2

reacted with Fe(Ⅱ) to produce highly reactive •OH [8,60,66,67]. The

4
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subsequent generation and reactions of ROS proceeded through a

sequential process [68–70].

The oxidation of Fe(Ⅱ) in rNAu-2 proceeded via two intercon-

nected pathways: direct reaction with O2 and the redox cycle of

Fe(Ⅱ)/Fe(Ⅲ) [69]. Prior research highlighted the role of O2 in gen-

erating •OH through a single-electron transfer mechanism [69]. The

direct reaction with O2 predominantly occurred on the exposed

Fe(Ⅱ) sites at the basal planes and fractured edges of clay min-

erals [62,71]. During the reoxidation reaction, structural Fe(Ⅱ) re-

acted with O2 to generate structural Fe(Ⅲ) and superoxide anions

(O2
•–) (Eq. 1). After the oxidation of these exposed Fe(Ⅱ) to Fe(Ⅲ),

exposed Fe(Ⅲ) acted as Lewis acid centers, promoted the disso-

ciation of water molecules and the reduction of O2, which led to

the formation of H2O2 (Eq. 5) [72,73]. Superoxide radicals not only

neutralized certain ROS but also produced H2O2, thereby sustain-

ing the oxidative capacity of the system (Eq. 2). Furthermore, struc-

tural Fe(Ⅱ) could react with H2O2 to generate structural Fe(Ⅲ) and
•OH, which further drove the oxidative reactions (Eq. 3) [74]. Hy-

droxyl radicals as a non-selective ROS could be consumed by react-

ing with Fe(Ⅱ), producing Fe(Ⅲ) and hydroxide ions (OH-) (Eq. 4)

[69], which lowered the effective concentration of •OH in the reac-

tion system. However, the quenching effect of structural Fe(Ⅱ) on
•OH was relatively slow and did not significantly inhibit the degra-

dation of organic pollutants, as •OH reacted more readily with the

pollutants than with the structural Fe(Ⅱ) [69].

≡Fe(Ⅱ)+O2 → ≡Fe(Ⅲ)+O2
•– (1)

≡Fe(Ⅱ)+O2
•– +2H+ → ≡Fe(Ⅲ)+H2O2 (2)

≡Fe(Ⅱ)+H2O2 → ≡Fe(Ⅲ)+ •OH+OH– (3)

≡Fe(Ⅱ)+ •OH→ ≡Fe(Ⅲ)+OH– (4)

O2
•– +H2O2 +H+ →O2 + •OH+H2O (5)

In Fe-bearing clay minerals catalyzed oxidation systems, •OH di-

rectly attacked pollutants, initiating the conversion or mineraliza-

tion of organic pollutants. The radical reacted with aromatic rings

or unsaturated bonds and formed hydroxylated products [75,76].

In addition to direct oxidative mechanisms, radical-assisted sur-

face electron transfer pathways contributed to pollutant degra-

dation. Fe(Ⅲ) generated during oxidation could be reduced back

to Fe(Ⅱ) via interactions with other reducing agents, maintaining

the redox cycle [77,78]. For instance, tetracycline (CTC) molecules

adsorbed on clay surfaces could transfer electrons to structural

Fe(Ⅲ), reducing Fe(Ⅲ) to Fe(Ⅱ) [79]. The electrons donated by CTCs

might also participate in O2 reduction, forming H2O2. Similarly,

PMS molecules could adsorb onto hydroxyl groups on the clay sur-

face, forming surface complexes. These complexes activated PMS

through electron transfer, generating intermediates such as SO5
•–,

which subsequently produced SO4
•– and •OH [66]. This dual con-

tribution of surface interactions and radical production enhanced

the degradation efficiency of pollutants [61].

3.2.2. Alterations in the coordination structure of structural Fe

Mössbauer spectroscopy, a powerful tool for analyzing the oxi-

dation states and coordination environments of iron, provided cru-

cial insights into the role of structural iron in Fe-bearing clay min-

erals [71,80,81]. Mössbauer spectroscopy revealed that rNAu-2 con-

tained four octahedral iron (OctFe) sites: OctFe(Ⅲ)-1, OctFe(Ⅲ)-2,
OctFe(Ⅱ)-1, and OctFe(Ⅱ)-2 [82]. OctFe(Ⅱ)-1 and OctFe(Ⅱ)-2 were iron

species in the reduced state, and OctFe(Ⅱ)-2 was the primary re-

active species during the structural Fe(Ⅱ) oxidation process due to

significant structural distortion [54,83]. Structural Fe in Fe-bearing

clay minerals played a crucial role in generating reactive species

[51]. Among the oxidized iron species, OctFe(Ⅲ)-2 exhibited uneven

electron distribution, which greatly enhanced the reactivity during

the Fe(Ⅱ)/Fe(Ⅲ) cycle [84]. In contrast, the reactivity of OctFe(Ⅲ)-1

depended on the degree of distortion in the coordination environ-

ment.

Surface-adsorbed Fe(Ⅱ) primarily formed through ion exchange

between mineral surface functional groups (e.g., ≡SiO–, ≡AlO–, and

≡Fe(Ⅲ)O–) and [Fe(H2O)6]
2+ or similar complexes [85]. The reac-

tivity of Fe(Ⅱ) at these adsorption sites depended on the electron-

donating ability of the coordinating ligands. Ligands with higher

electron density could enhance the reactivity of Fe(Ⅱ). In the pres-

ence of highly reactive ligands, surface-adsorbed Fe often favored

the production of oxidants other than •OH [6]. Those oxidants were

less effective in driving pollutant oxidation, limiting the role of

surface-adsorbed Fe(Ⅱ) in such processes. This phenomenon indi-

cated that structural Fe(Ⅱ) and structural Fe(Ⅲ) were the predom-

inant oxidation states driving the catalytic processes [86].

During the structural Fe(Ⅱ) oxidation process, the dynamic

changes in octahedral Fe(Ⅱ) coordination highlighted the critical

role of OctFe(Ⅱ)-2 in driving catalytic activity. Following a complete

redox cycle that coupled chemical reduction with O2 activation for

organic pollutant degradation, most Fe(Ⅱ) in reduced clay minerals

was oxidized. The oxidized Fe(Ⅲ), with a smaller ionic radius

and higher charge density, interacted strongly with surrounding

oxygen or hydroxyl ligands. Additionally, the higher oxidative

potential of Fe(Ⅲ) compared with Fe(Ⅱ) led to the release of

structural hydroxyl groups, producing water or other byproducts.

Structural distortion and hydroxyl release mechanisms weakened

the original structure, augmented local disorder, and facilitated

the migration of iron atoms from dioctahedral to trioctahedral

locations. The migration formed localized trioctahedral struc-

tures, resulting in irreversible changes to the framework of the

mineral.

Studies revealed that within the first 15 s of oxidation, the

proportion of OctFe(Ⅱ)-2 dropped sharply from 16.1% to 2.0%,

accompanied by an increase in OctFe(Ⅲ)-1 and OctFe(Ⅲ)-2 [61].

This indicated that OctFe(Ⅱ)-2 was rapidly consumed and partially

converted into other iron species. As the reaction progressed,
OctFe(Ⅱ)-2 was almost completely depleted by 300 s, while
OctFe(Ⅱ)-1 became the primary driving source for further oxida-

tion. The proportion of OctFe(Ⅱ)-1 steadily decreased from 9.6% to

2.4 %. At the same time, OctFe(Ⅲ)-2 increased significantly, from

9.6% to 46.0 % [61]. The notable formation of OctFe(Ⅲ)-2, identified

as a distorted cis-octahedral Fe(Ⅲ) species, underscored the struc-

tural rearrangements occurring during oxidation and highlighted

the stability of dioctahedral coordination structures [79,87].

The FTIR method is especially effective for identifying iron coor-

dination structures and detecting minor but diagnostically signifi-

cant vibrational shifts that indicated transformations in hydroxyl

groups [80,81]. In the FTIR spectra, OctFe(Ⅱ)-2 and OctFe(Ⅱ)-1 corre-

sponded to Fe(Ⅱ)Fe(Ⅱ)Fe(Ⅱ)-OH and Fe(Ⅱ)Fe(Ⅱ)-OH entities, respec-

tively [86]. The pre-reduced samples typically exhibited charac-

teristic vibrational peaks for Fe(Ⅱ)Fe(Ⅱ)Fe(Ⅱ)-OH and Fe(Ⅲ)Fe(Ⅲ)-

OH. During oxidation, the vibrational peaks underwent significant

changes. In particular, the peaks corresponding to Fe(Ⅱ) in the oc-

tahedral structure gradually disappeared, replaced by new peaks

corresponding to Fe(Ⅱ)Fe(Ⅱ)-OH or Fe(Ⅱ)-Fe(Ⅲ)-OH. For example,

a previous study reported that the bending vibration peaks at

627 cm-1 and 637 cm-1 and the stretching vibration at 3638 cm-1

diminished markedly during the structural Fe(Ⅱ) oxidation process.

Simultaneously, a new peak appeared at 843 cm-1, attributed to the

formation of Fe(Ⅱ)Fe(Ⅱ)-OH structures [8].
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The oxidation of structural Fe(Ⅱ) in minerals occurred in differ-

ent coordination environments. Structural Fe(Ⅱ) was more readily

oxidized to produce •OH in dioctahedral coordination. In triocta-

hedral coordination, structural Fe(Ⅱ) oxidation was constrained by

structural disruption, which made structural Fe(Ⅱ) more resistant

to oxidation. The oxidation resistance was evidenced by the fact

that, after a complete redox cycle, even under the same poten-

tial (E=−0.20V), the Fe2+/Fe3+ ratio in Fe-bearing clay minerals

(Fe2+/Fe3+ ≈ 0.40) was higher than that of the original mineral

(Fe2+/Fe3+ ≈ 0.02) [18]. Notably, structural Fe(Ⅱ) was rapidly oxi-

dized during the initial oxidation stage, while in the later stages,

the oxidation rate of structural Fe(Ⅱ) slowed significantly. The

change in reaction rate over time might have indicated a regen-

eration process for surface-structured Fe(Ⅱ). The regeneration was

closely related to the dynamic interactions between structural and

surface iron species, which would be discussed in detail in subse-

quent analyses.

3.2.3. Process of electron transfer

Research results demonstrated a strong correlation between

the electron transfer rate and the redox potential (E0 ) of Fe-

bearing minerals (Fig. S1 in Supporting information). For different

Fe-bearing clay minerals, E0 ranged from −0.17V to 0.02V, indi-

cating that different distributions of active sites contributed differ-

ently to the efficiency of electron migration (Text S1 in Supporting

information) [88]. During the initial oxidation phase (rapid phase),

the oxidation efficiency of edge structural Fe(Ⅱ) typically reached

the maximum value within the first 15min [69]. The rapid reac-

tion was attributed to the high reactivity of edge structural Fe(Ⅱ)
and the direct exposure to oxidants, rendering structural Fe(Ⅱ) the
dominant electron donor.

Electrons were quickly transferred to oxidants, leading to a

stepwise single electron transfer (SET) process that generated ROS

such as O2
•–, H2O2, and ultimately highly reactive species like •OH

and SO4
•–. Following the rapid oxidation phase, surface structural

Fe(Ⅲ) participated in a new pathway for electron transfer by chan-

neling electrons from the mineral interior to the edge. The edge

structural Fe(Ⅱ) was continuously regenerated via electron shut-

tling from the mineral interior to the edge, thereby sustaining con-

tinued oxidation reactions. The ongoing edge structural Fe(Ⅱ) oxi-

dation process, supported by electron transfer from the interior to

the edge, was referred to as the slow phase.

During the slow phase of oxidation, electrons migrated from the

mineral interior toward edge sites through Fe(Ⅱ)-O-Fe(Ⅲ) connec-

tions. In the slow stage, electrons were transferred by a “hopping”

mechanism, where edge structural Fe(Ⅲ) accepted electrons from

the mineral interior, leading to the regeneration of edge struc-

tural Fe(Ⅱ) (Fig. 3) [69]. The rate of electron “hopping” was signif-

icantly influenced by the diffusion coefficient [62]. Fe-bearing clay

minerals with high diffusion coefficients (e.g., SWy-2) quickly re-

plenished Fe(Ⅱ) at edge sites, ensuring the continuity of the elec-

tron transfer process. The redox profiles of Fe-bearing clay miner-

als were asymmetrical, indicating that the oxidation and reduction

processes did not follow the same path. This asymmetry displayed

a lag effect caused by insufficient electron migration time, referred

to as the “hysteresis effect” of Fe-bearing clay minerals [88]. Re-

search on SWa-1 showed that extending the reaction time to 4.75

days allowed redox reactions to reach equilibrium, while shorter

experiments (e.g., 30min) often failed to capture the diffusion pro-

cess fully [43].

Structural Fe(Ⅱ) in Fe-bearing clay minerals served as the

primary electron donor in the oxidation and degradation of or-

ganic pollutants, highlighting the significance of studying electron

transfer dynamics. rNAu-2 served as a model for Fe(Ⅱ)-bearing
clay minerals [12,16,89]. Experimental data showed that during

the oxidation of rNAu-2, the total oxidation of structural Fe(Ⅱ) ac-

Fig. 3. Electron transfer pathways from structural Fe(Ⅱ) in reduced NAu-2 to O2,

leading to •OH radical generation. Reproduced with permission [69]. Copyright 2018,

Elsevier.

counted for 15%, while surface structural Fe(Ⅱ) oxidation reached

approximately 50% [90]. This research result indicated that surface

structural Fe underwent continuous redox cycling, supported

by electron supply from interior structural Fe(Ⅱ). The limited

contribution of initial structural Fe(Ⅱ) to radical generation was

attributed to the small surface area of edge sites, constituting

only 2%−5% of the total surface area [78]. Conversely, the interior

structural Fe(Ⅱ), which comprised the predominant portion of

structural Fe(Ⅱ) in rNAu-2, was crucial for the regeneration of

edge structural Fe. Interior structural Fe(Ⅱ) served as reactive

sites for degrading organic pollutants when pollutants such as

nitrobenzene could interact with mineral basal planes [91].

As the slow phase progressed, the regeneration of edge struc-

tural Fe(Ⅱ) approached saturation, thereby limiting the opportunity

for oxidants to react effectively with Fe(Ⅱ). Additionally, secondary
products, such as iron oxides or green rust, coated the active sites,

further reducing reaction efficiency [92]. As the reaction contin-

ued, the redox potential gradient within the mineral gradually di-

minished, leading to a reduced driving force for electron migration

from the interior structural Fe(Ⅱ) to the edge structural Fe(Ⅲ). The

reaction rate stabilized or became extremely slow when the sys-

tem approached equilibrium.

Oxidation experiments on NAu-2 revealed changes in Fe(Ⅱ) con-
tent over time, reflecting the regeneration process. The reaction

within the first 15min was referred to as the rapid phase. Dur-

ing the rapid phase, Fe(Ⅱ) content decreased from 54.5% to 32.7%

[69]. Between 15 and 90min, the reaction entered the slow phase.

Fe(Ⅱ) content further decreased to 25.7%, while the oxidation rate

significantly slowed. The reaction from 90min to 180min was re-

ferred to as the later phase, during which the Fe(Ⅱ) content slightly
decreased to 21.6 % [69].

3.3. Factors influencing pollutant degradation

3.3.1. Iron content in Fe-bearing clay minerals

Different types of Fe-bearing clay minerals (NAu-1, NAu-2, SAz-

2) exhibited significant differences in iron content. Fe-rich clay

minerals typically contained more structural Fe(Ⅱ) after experi-

mental reduction, which allowed for the provision of more elec-

trons during the oxidative degradation process to form radicals.
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The number of electrons involved in clay minerals indicated that

the iron content directly influenced pollutant degradation effi-

ciency. Studies showed that NAu-2 contained 41.7 % total iron,

of which 96% was octahedral Fe (OctFe) and 4% was tetrahedral

Fe (TetFe) [28]. NAu-1 contained 21.1% total iron, entirely in the

form of OctFe, while SAz-2 contained only 0.12% total iron, all of

which was OctFe. Although the proportion of Fe(Ⅱ) to total iron

was higher in reduced low-iron clay mineral rSWy-3 (62.6%), the

high-iron clay mineral rNAu-2 exhibited greater reactivity [28]. In

the rNAu-2 system, the value of •OH formation efficiency (E•OH)

reached over 6 μmol/L, which was markedly greater compared

to the values recorded for rNAu-1 (<6 μmol/L) and rSAz-2 (<4

μmol/L) systems [79].

For the same type of Fe-bearing clay mineral, under similar re-

duction levels, the dosage of the clay mineral became a critical fac-

tor influencing the efficiency of pollutant degradation. When the

dosage of rNAu-2 increased from 0.5 g/L to 2 g/L, the Trichloroethy-

lene (TCE) oxidation efficiency increased significantly from 35% to

over 65%. However, increasing the dosage to 4 g/L did not signifi-

cantly improve oxidation efficiency [64]. As the dosage increased,

more Fe(Ⅱ) became available to participate in oxidation reactions

and generate •OH. However, Fe(Ⅱ) also acted as a scavenger of
•OH, leading to reduced availability of •OH for TCE degradation.

When the dosage increased from 1g/L to 2 g/L, the enhanced •OH

production dominated, leading to significantly improved degrada-

tion efficiency [66]. However, when the dosage reached 4g/L, the

scavenging effect of excess Fe(Ⅱ) offset the additional •OH genera-

tion, resulting in a plateau in degradation efficiency [64]. Thus, op-

timal dosages balanced generating sufficient •OH and minimizing

the consumption of Fe(Ⅱ).
The electron transfer properties of iron minerals were signifi-

cantly influenced by the coordination environments of Fe(Ⅱ) and

Fe(Ⅲ) within mineral structures [93]. For example, in biotite and

chlorite, Fe(Ⅱ) predominantly adopted an octahedral coordination,

which exhibited relatively low reactivity in oxidation reactions. In

contrast, Fe(Ⅱ) in montmorillonite formed a tetrahedral coordina-

tion structure ([Fe(Ⅱ)(OSi)4(OH)2]), which, due to its more loosely

bound electron cloud, facilitated oxidation reactions more readily

and generated higher amounts of •OH radicals. The data demon-

strated that minerals with higher Fe(Ⅱ) content exhibited supe-

rior degradation rates. The generation rates of •OH radicals in the

PS systems of IRS1 (IRS, Fe-rich mineral) and IRS2 minerals were

0.15h-1 and 0.24h-1, respectively, compared to only 0.09h-1 in the

IPS (Fe-poor mineral) system, highlighting the strong dependence

of degradation rates on the concentration of divalent iron [59].

In Na-SAz-2 (Fe-poor mineral), Fe(Ⅲ) was primarily located

deep within the mineral structure, limiting its involvement in re-

duction reactions. In contrast, Fe(Ⅱ)-rich minerals, such as Na-NAu-

2, had Fe(Ⅱ) present in more accessible surface structures, where

the structural Fe(Ⅱ) could more effectively transfer electrons to the

mineral surface. Experimental data showed that after 12h of reac-

tion, Na-NAu-2 achieved a CTC degradation rate of 56.8 %, whereas

the Fe-poor Na-SAz-2 reached only 13.1% [79]. These results un-

derscored the significant catalytic efficiency of Fe(Ⅱ)-rich miner-

als. The regeneration of Fe(Ⅱ) on the mineral surface was essen-

tial for persulfate activation, leading to the formation of ROS that

promoted pollutant degradation.

The non-radical degradation pathway primarily generated oxi-

dants, such as H2O2, through surface electron transfer reactions,

which oxidized the pollutants. Experimental results showed that

in Fe(Ⅱ)-rich minerals, PS activation led to the formation of Fe(Ⅱ)-
PS complexes on the mineral surface. The formation of these com-

plexes not only enhanced the electron transfer capability of the

mineral but also significantly increased the potential of the min-

eral surface. The open-circuit potential of ilmenite reached 0.082V.

Hematite showed a value of 0.063V, and goethite had 0.059V

[59]. Ilmenite demonstrated stronger surface electron transfer ca-

pacity than the other two minerals. The change of open-circuit

potential further confirmed that Fe(Ⅱ)-rich minerals could initiate

non-radical degradation pathways through surface electron trans-

fer. In the IPS/PS (Fe-poor mineral) system, the non-radical reaction

contributed minimally, whereas in the IRS1/PS and IRS2/PS sys-

tems, surface electron transfer reactions dominated the degrada-

tion pathway, contributing approximately 52.9% in the IRS2/PS sys-

tem [59]. Moreover, the non-radical reaction in the IRS2/PS system

significantly outperformed the radical reactions, demonstrating the

dominant role of Fe(Ⅱ) minerals in SMX degradation. Analysis of

SMX degradation products, such as sulfanilic acid and 3-amino-5-

methylisoxazole, revealed that surface electron transfer reactions

in Fe(Ⅱ) minerals were more efficient in decomposing SMX com-

pared to other oxidation pathways. Particularly in the IRS2/PS sys-

tem, the surface electron transfer pathway contributed predomi-

nantly to the reaction, while in the Fe-poor IPS/PS system, the free

radical pathways (•OH and SO4
•–) dominated.

3.3.2. Reduction extent

Reduction extent referred to the proportion of Fe(Ⅲ) reduced to

Fe(Ⅱ) in a mineral. In minerals with a high reduction extent, struc-

tural Fe(Ⅱ) did not exist in a naturally stable state, but rather in

an elevated reactive state that could activate oxidants and gener-

ate •OH. This state allowed for electron transfer from the interior

of the mineral to its surface, ensuring a continuous generation of

Fe(Ⅱ) and thereby a sustained production of •OH [2]. In contrast,

in minerals with a lower reduction extent, even clay minerals with

a high Fe(Ⅱ) content, Fe(Ⅱ) was predominantly located within the

inaccessible crystal lattice. This limited the efficiency of oxidation

reactions and restricted the production of •OH. NAu-2 with a 50%

reduction extent generated more •OH during the oxidation process,

achieving a TCE degradation rate approaching 90% after 3 h of ox-

idation. Under the same conditions, the TCE degradation rate in

the experimental group with 25% reduction in NAu-2 was only

54.5% [64]. In reduced NAu-2 particles, increasing the reduction

level from 16.5% to 54.3% led to an increase in accumulated •OH

concentration from 1.28±0.07 μmol/L to 9.17±0.04 μmol/L over

3 h [79].

While higher dosages provided more Fe(Ⅱ), the competitive

scavenging of •OH by Fe(Ⅱ) diminished the efficiency of organic

pollutant oxidation. A higher reduction level, however, optimized

the balance between •OH generation and consumption, enhancing

pollutant degradation efficiency even at moderate Fe(Ⅱ) concen-

trations. At low reduction levels (<30%), the limited amount of

structural iron and insufficient reactive sites resulted in a less pro-

nounced effect on pollutant degradation [86,94].

3.3.3. pH

Under mildly acidic to slightly basic conditions, the generation

rate of active radicals (SO4
•– and •OH) increased significantly, with

minimal scavenging effects. Under extreme pH conditions, radical

generation and retention were notably suppressed. The stability of

the mineral structure might be altered under certain conditions.

The capture of SO4
•– by H+ to form H2SO5

– significantly inhibited

the generation of SO4
•–, while the acidic environment limited

the oxidation rate of Fe2+, further reducing the formation of •OH

[66,92,95]. Protonation on the Fe-bearing clay minerals surface

could block active reaction sites, weakening effective interactions

with oxidants [96]. Under high pH (>11), PMS decomposition

tended to produce SO5
2-, which significantly suppressed the

generation of SO4
•– and •OH, directly reducing the efficiency of

radical-driven oxidation and pollutant degradation [95]. Addition-

ally, high OH- concentrations might alter the form or configuration

of hydroxyl groups on the surface of minerals, further impairing

radical generation. In the slightly acidic to slightly basic range
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(pH 5–8), the surface of minerals maintained a moderate charge

balance, avoiding site blocking caused by excessive protonation or

high OH– concentrations [65,95,97]. The moderate charge balance

on the surface of minerals created an optimal environment for

PMS activation, enhancing the generation of radicals, particularly

SO4
•– and •OH.

The initial pH significantly affected the degradation of DEP

in the PMS/r-NAu-2 system [61,79]. Within a pH range from 4.3

to 6.5, DEP degradation efficiency remained between 63.7% and

70.4%, with slight variation in the normalized kobs (0.051±0.006

to 0.057±0.005 s-1) [61]. When the pH increased to 8.3 and 10.3,

kobs decreased to 0.022±0.001 s-1 and 0.019±0.001 s-1, respec-

tively, and degradation efficiency dropped significantly [79]. Stud-

ies on atrazine degradation indicated that the degradation effi-

ciency decreased significantly at pH values below 3 or above 11

while increasing within the pH range from 3 to 11 [61].

Under slightly acidic to mildly basic conditions (pH 5–8), Fe-

bearing clay minerals exhibited enhanced catalytic activity for PMS

activation. This favorable range ensured balanced surface charge,

minimized surface site deactivation caused by protonation or hy-

droxide adsorption, and favored efficient and sustained generation

of ROS, including SO4
•– and •OH. Beyond this range, especially un-

der strongly acidic (pH < 3) or highly basic (pH > 11) conditions,

radical formation was significantly suppressed due to scavenging

reactions and unfavorable surface interactions. This favorable pH

range also facilitated redox cycling of Fe(Ⅱ)/Fe(Ⅲ), which was es-

sential for maintaining catalytic activity and radical propagation.

4. Synergistic effects of additives

The combination of synergistic additives with Fe-bearing clay

minerals garnered significant attention. Synergistic additives, such

as humic acids (HA), nitrilotriacetic acid (NTA), and EDTA, were

shown to significantly enhance the oxidation performance of Fe-

bearing clay minerals [79,98–101]. These additions affected the

surface characteristics and electron transfer routes of the minerals

by methods including chemical complexation, facilitating electron

transfer, and interfacial electron transfer.

4.1. Chemical complexation

NTA and EDTA were organic ligands that formed stable com-

plexes with Fe(Ⅱ) by coordinating via carboxyl (–COOH) and amino

(–NH2) groups, leading to the production of soluble complexes

(NTA-Fe2+ and EDTA-Fe2+) [99,101]. These complexes significantly

enhanced the solubility of structural Fe(Ⅱ) on the mineral surface.

Likewise, the –COOH and –OH groups in Pahokee peat humic acid

(PPHA) coordinated with Fe(Ⅱ) to create soluble Fe(Ⅱ)-HA com-

plexes (Fig. 4a) [98].

In contrast to structural Fe(Ⅱ), soluble Fe(Ⅱ)-ligand complexes

demonstrated enhanced oxidative reactivity, producing a greater

quantity of ROS, including •OH. Experimental findings demon-

strated that the oxidation rate of soluble Fe(Ⅱ)-EDTA complexes

escalated by a factor of 3.5 under 2mmol/L EDTA conditions,

with a resultant •OH concentration of 204 μmol/L within 120min,

markedly exceeding the 17 μmol/L recorded in the absence of lig-

ands (Fig. 4b) [101]. NTA demonstrated comparable performance,

yielding an accumulated •OH concentration of 198 μmol/L at

2mmol/L [100]. The production of p-HBA was used as an indicator

for the generation of •OH. The k value represented the amount of

p-HBA produced per unit of Fe(Ⅱ) oxidation, with units of μmol/L,

indicating the amount of p-HBA generated for each Fe(Ⅱ) oxidation
unit. In another experiment, the k values were 6.64 μmol/L with-

out ligands and 55.08 μmol/L with NTA, indicating that the NTA

ligand markedly enhanced the oxidation of Fe(Ⅱ) and the genera-

tion of •OH [101].

In oxidative conditions, soluble NTA-Fe2+, EDTA-Fe2+, and HA-

Fe2+ complexes were swiftly oxidized to Fe(Ⅲ)-ligand complexes,

which then produced potent oxidants, including H2O2 and •OH, via

homogeneous reactions. Moreover, investigations indicated that the

functional groups in ligands, including carboxyl and phenolic hy-

droxyl groups, could promote internal electron transfer, converting

Fe(Ⅲ)-ligand complexes to Fe(Ⅱ)-ligand complexes. The redox cy-

cling of iron markedly increased the generation of oxidants while

prolonging the reaction time. In pollutant degradation studies, NTA

and EDTA exhibited significant synergistic effects on TCE break-

down. The introduction of 2mmol/L EDTA increased the TCE degra-

dation efficiency to 60%, which was 13% without ligands. Mean-

while, 2mmol/L NTA achieved a similar degradation efficiency of

57% [100].

4.2. Double electron transfer process

PPHA and Elliott Soil humic acid (ESHA) demonstrated consid-

erable electron-accepting capacity (EAC) and EDC owing to abun-

dant quinone, hydroxyl, and aromatic structures [102]. PPHA and

ESHA facilitated electron transfer between surface Fe(Ⅱ) and O2.

This transformation converted the SET process into a more efficient

double electron transfer process (Fig. 4b) [101], with H2O2 serving

as the key intermediate [103].

Quinones and hydroxyl groups in humic acids specifically took

electrons from surface Fe(Ⅱ), forming reduced humic acids (H2Q or

SQ). The reduced humic acids subsequently interacted with aque-

ous oxygen, promoting rapid electron transfer and producing •OH.

These reactions occurred primarily through electron transfer path-

ways involving both heterogeneous and homogeneous processes.

PPHA and ESHA facilitated the direct reduction of O2 to H2O2 by

circumventing the intermediate steps of SET, thereby augmenting

the production rate of both H2O2 and •OH. Experimental find-

ings showed that ESHA possessed a superior EAC compared to

PPHA, hence markedly improving the oxidation of Fe(Ⅱ) and the

efficacy of oxidant production. In a system comprising 20mg C/L

ESHA and rNAu-2, the EAC of ESHA diminished from 158.4 μmol

e-/L to 89.6 μmol e-/L within 5min and further reduced to 78.2

μmol e-/L after 60min, indicating a rapid reduction of Fe(Ⅱ) in-

side the mineral matrix [98]. This fast decrease in EAC suggested

that ESHA enhanced the electron transfer from Fe(Ⅱ) to O2 rapidly,

demonstrating its high reactivity in promoting the oxidation pro-

cess. The elevated EAC of ESHA relative to PPHA enabled it to

play a more prominent role in the early phases of the structural

Fe(Ⅱ) oxidation process. Furthermore, in systems with 20–40mg

C/L ESHA, the efficiency of Fe(Ⅱ) oxidation, quantified as the yield

of •OH, rose from 2.7% (2.7 μmol/L •OH per 100 μmol/L Fe(Ⅱ))
oxidized to 3.4 %−3.8%, demonstrating that ESHA markedly im-

proved •OH production efficiency [98]. This efficiency increase in-

dicated that higher concentrations of ESHA led to more efficient

electron transfer and thus more effective •OH production at higher

Fe(Ⅱ) oxidation rates. At a low concentration (5mg C/L), the ESHA-

mediated route contributed roughly 15.2% to H2O2 production. As

the ESHA concentration increased to 40mg C/L, this contribution

significantly increased to 72.5%, demonstrated the positive asso-

ciation between humic acid concentration and oxidant production

efficiency [98].

Despite the significant improvements in oxidative performance

achieved by synergistic additives, potential limitations warranted

careful consideration. For organic ligands, the optimal type and

dosage varied considerably depending on the mineral substrate

and reaction conditions, making generalized application challeng-

ing. Excessive ligand concentrations might compete with target

contaminants for •OH, thereby reducing degradation efficiency. Fur-

thermore, ligand-induced mobilization of structural iron from clay

mineral matrices could compromise the reusability and long-term
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Fig. 4. (a) Coexisting HA led to two-electron transfer process with H2O2 as the main intermediate. Reproduced with permission [98]. Copyright 2021, American Chemical

Society. (b) Electron transfer mechanisms of reduced NAu-2 during oxygenation depending on the type of ligands. Reproduced with permission [101]. Copyright 2019,

Elsevier. (c) Suggested mechanisms for persulfate (PS) activation using mZVAl-modified NaNAu-2 to generate reactive species. Reproduced with permission [91]. Copyright

2021, Elsevier. (d) Mechanism of ROS generation and the degradation of 4-CP using ZVAl-Clay composites. Reproduced with permission [97]. Copyright 2022, Elsevier.

stability of the catalytic materials. The ecological risks associated

with unreacted ligands and transformation byproducts also re-

mained poorly understood, raising concerns about potential sec-

ondary pollution.

4.3. Enhancement of interfacial electron transfer

The basic pathway of interfacial electron transfer involved the

movement of electrons from a solid surface electron-donating

species to an electron-accepting species in the solution. The syn-

ergistic effect between Fe-bearing clays and nanoscale zero-valent

aluminum (nZVAl) was not a simple additive combination. Instead,

it was driven by interfacial electron transfer and chemical inter-

actions within the reaction environment. The ball milling process

during material preparation enhanced the synergy by reducing the

electron transfer distance between nZVAl and Fe-bearing clays,

which helped nZVAl donate electrons to the structural Fe(Ⅲ) in the

clays [91]. As a result, the electron transfer distance was shortened,

and the Fe(Ⅱ)/Fe(Ⅲ) cycling efficiency at the edge sites was also

enhanced, thereby improving the catalytic activity of the clay min-

erals (Fig. 4c) [91]. Additionally, the high surface area and buffer-

ing properties of Fe-bearing clays played a crucial role in stabiliz-

ing the reaction environment. The clays adsorbed H+ and Al3+ ions

from the solution, maintaining a stable pH condition (Fig. 4d) [97].

The buffering effect minimized the oxidative passivation of nZVAl,

preserving the long-term reactivity. The combined effects under-

scored the importance of clay minerals in amplifying the degrada-

tion efficiency of nZVAl systems.

In the system where nZVAl was combined with Fe-bearing

clay minerals to activate O2 for degrading 4-chlorophenol (4-CP),

the reaction demonstrated remarkable synergy between Fe-bearing

clay minerals and nZVAl. At an initial pH of 6.08 [104], the ob-

served 4-CP degradation kobs was determined to be 0.0852min-1.

In comparison, nZVAl alone showed negligible activity in degrad-

ing 4-CP, highlighting the significant catalytic role of Fe-bearing

clay minerals [97]. In another research, the reaction achieved

even higher rate under more acidic conditions (pH 3.0), with

kobs, ZVAl−NaSWy−3 =1.095h-1 and kobs, ZVAl−NaNAu−2 =0.741h-1. Fur-

thermore, the total organic carbon removal efficiency confirmed

the efficiency of the nZVAl and Fe-bearing clay minerals system, as

ZVAl-NaSWy-3 achieved a mineralization efficiency of 48.9 % and

ZVAl-NaNAu-2 reached 40.0 % [105].

For nanoscale zero-valent metals, particularly aluminum-based

additives, the reactivity was highly pH-dependent. In mildly acidic

to neutral environments, surface passivation significantly inhibited

electron transfer. Under highly acidic conditions (pH < 1), rapid

corrosion and structural degradation of the metal could occur, im-

pairing the stability of the composite system. These challenges un-

derscored the need for a balanced design strategy that enhanced

catalytic efficiency while mitigating environmental risks, thereby

promoting the safe and sustainable application of additive-assisted

advanced oxidation processes in environmental remediation.

5. Conclusions

Fe-bearing clay minerals had substantial potential as catalysts

in AOPs for treating environmental pollutants. The effectiveness of

Fe-bearing clay minerals was attributed to their capacity to acti-

vate oxidants, resulting in the generation of ROS. Fe-bearing clay

minerals played a dominant role in radical-based reactions, en-

abling the efficient degradation of organic contaminants. The redox

cycle of Fe(Ⅱ)/Fe(Ⅲ) within Fe-bearing clay minerals was critical in

sustaining catalytic activity.

Structural and surface-associated iron was essential for elec-

tron transfer, which drove the production of ROS. This review

focused on the vital mechanisms of electron transfer processes

in Fe-bearing clay minerals, illustrated the role of Fe-bearing

clay minerals in initiating and maintaining the degradation of
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various contaminants. This review highlighted that incorporating

synergistic substances, including humic acids and nZVAl, improved

electron transfer efficiency, accelerated the production of ROS and

significantly enhanced pollutant degradation efficiency. This review

connected the structural properties of Fe-bearing clay minerals to

catalytic functions, improving the understanding of their role in

organic pollutant oxidation processes.

Considering the insights gained from the catalytic mechanisms

and the application of Fe-bearing clay minerals in pollutant degra-

dation, future research can address many crucial areas to improve

our understanding and use of Fe-bearing clay minerals. The follow-

ing directions could lead to significant field breakthroughs.

The activation of oxidants like PMS, PI, and O3 by Fe-bearing

clay minerals is still being studied. Activation mechanisms, elec-

tron transfer procedures, and optimization of reaction conditions

for various oxidants could support catalyst design in the future.

Structural characteristics and external environmental conditions

may limit the catalytic efficiency and stability of Fe-bearing clay

minerals. Synergistic pairings with other functional materials can

boost catalytic performance. Biochar, graphene, and MOFs have ex-

cellent research potential.

Future research could optimize oxidation reaction initiation,

reaction kinetics, and adaptability to complex pollution environ-

ments like the combined pollution of organic pollutants and heavy

metals for in situ remediation of polluted rivers, groundwater, and

soils.

Fe-bearing clay minerals are ecologically favorable catalysts, but

their complete life cycle, including preparation, use, and disposal,

must be evaluated to ensure technical sustainability. Quantifying

resource use (mineral extraction, energy use) and environmen-

tal emissions during material preparation is key. Researchers can

assess natural and synthetic clay mineral production techniques

based on carbon footprint and energy efficiency to design catalysts

with fewer environmental costs.
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