
HAL Id: hal-04390371
https://hal.science/hal-04390371v1

Submitted on 12 Jan 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Public Domain

Simultaneous generation of free radicals, Fe(IV) and
Fe(V) by ferrate activation: A review

Feilong Dong, Chuyun Fu, Mingbao Feng, Da Wang, Shuang Song, Cong Li,
Eric Lichtfouse, Jinzhe Li, Qiufeng Lin, Virender K Sharma

To cite this version:
Feilong Dong, Chuyun Fu, Mingbao Feng, Da Wang, Shuang Song, et al.. Simultaneous generation of
free radicals, Fe(IV) and Fe(V) by ferrate activation: A review. Chemical Engineering Journal, 2024,
481, pp.148669. �10.1016/j.cej.2024.148669�. �hal-04390371�

https://hal.science/hal-04390371v1
https://hal.archives-ouvertes.fr


Chemical Engineering Journal 481 (2024) 148669

Review 

Simultaneous generation of free radicals, Fe(IV) and Fe(V) by ferrate 
activation: A review 

Feilong Dong a, Chuyun Fu a, Mingbao Feng b, Da Wang a, Shuang Song a, Cong Li c, 
Eric Lichtfouse d, Jinzhe Li a, Qiufeng Lin e,*, Virender K. Sharma f,* 

a College of Environment, Zhejiang University of Technology, Hangzhou 310014, China 
b College of the Environment & Ecology, Xiamen University, Xiamen 361100, China 
c School of Environment and Architecture, University of Shanghai for Science and Technology, Shanghai 200433, China 
d State Key Laboratory of Multiphase Flow in Power Engineering, Xi’an Jiaotong University, Xi’an, Shaanxi 710049, China 
e Department of Earth and Environmental Studies, Montclair State University, Montclair, NJ 07043, the United States of America 
f Program for the Environment and Sustainability, Department of Environmental and Occupational Health, School of Public Health, Texas A&M University, 212 Adriance 
Lab Rd., 1266 TAMU, College Station 77843, the United States of America   

A R T I C L E  I N F O

Keywords: 
Ferrate 
High-valent iron intermediates 
Free radicals 
Activation 
Mechanism 
Degradation 

A B S T R A C T

Ferrate (FeVIO4
2-, Fe(VI)) is a green and effective oxidant that has been extensively studied for removing organic 

pollutants in water and wastewater. However, practical applications of ferrate are limited due to self- 
decomposition at nearly neutral pH and low removal efficiency for electron-deficient pollutants. Therefore, 
recent research has focused on activating Fe(VI). Although various methods for enhancing Fe(VI) oxidation ef-
ficacy have been explored and reviewed extensively, there remains a gap in the systematic comparison of the 
different highly reactive species involved in the Fe(VI) activation process. To bridge this gap, this review aims to 
comprehensively present the mechanisms, strategies, and efficiencies of generating key reactive species, 
including sulfate radicals (SO4

•-), hydroxyl radicals (•OH), and intermediate iron species (Fe(IV) and Fe(V)), in 
the Fe(VI) activation system. We observed that both iron intermediates and free radicals react at much higher 
rate constants than their Fe(VI) precursor, resulting in rapid abatement of organic pollutants. The oxidation 
characteristics of these active species in Fe(VI) activation are discussed. Finally, the practicability of each Fe(VI) 
activating strategy is evaluated for rapid and efficient removal of organic pollutants in water and wastewater.   

1. Introduction

As a green and efficient oxidant, ferrate (FeVIO4
2-, Fe(VI)) is widely

used to remove organic pollutants, algae, and toxic metals [1–6]. Fe(VI) 
can effectively degrade pollutants under neutral or alkaline conditions 
[7–9]. Additionally, Fe(VI) has the capability of sterilization and disin-
fection, which can inactivate bacteria and pathogens during water 
treatment [10]. Among the various forms of Fe(VI), such as H3FeO4

+, 
H2FeO4, HFeO4

- , and FeO4
2-, the protonated HFeO4

- form dominates at 
neutral pH. HFeO4

- has a larger spin density on the oxo ligands, and its 
oxidation capacity is stronger than FeO4

2- [11–13]. The intermediate 
forms with oxidation states of + 4 such as FeIVO3

2- and FeIVO4
4- (Fe(IV)), 

and + 5 such as FeVO4
3- (Fe(V)) are produced by Fe(VI) through electron 

acquisition [14–18]. The reactivity of Fe(IV) and Fe(V) are two to five 
orders of magnitude higher than that of Fe(VI), which can degrade most 

of refractory organic compounds and form non-toxic or low-toxic 
products [19–21]. In addition, the low-valent iron oxidation state, Fe 
(III), is subsequently generated during Fe(VI) self-decomposition or 
oxidation of pollutants. This is beneficial because Fe(III) has an excellent 
flocculation ability to remove suspended particles, phosphates, radio-
nuclides, and metals in wastewater [21–24]. 

Although Fe(VI) can efficiently degrade pollutants, it still has several 
following limitations. First, the mineralization degree of some refractory 
pollutants by Fe(VI) oxidation is low [25,26]. Fe(VI) and intermediate 
iron species (Fe(IV) and Fe(V)) may resist degrading organic pollutants 
without electron-rich groups [27,28]. Second, pH has a great influence 
on the stability and oxidation capacity of Fe(VI) in aqueous solution 
[29–31]. Therefore, innovative methods for improving the reactivity of 
Fe(VI) oxidation system have been recently developed. 

For instance, the oxidation capacity of Fe(VI) can be enhanced by 
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2. Mechanism of oxidation by ferrate(VI) in water

Ferrate is typically a dark purple or violet solid, which is para-
magnetic [46]. A dry solid Fe(VI) is stable, but it is susceptible to self- 
decomposition in humid environment [47]. At present, the methods 
for preparing ferrate mainly include electrochemical methods, wet 
chemical methods, and dry chemical methods, nevertheless the 

preparation costs of all three are relatively high [28]. Among them, 
electrochemistry is the most common method. Considering the stability 
and economy, sodium ferrate and potassium ferrate are often used in 
degradation research, which has a good application prospect [48]. Fe 
(VI) has a strong oxidizing ability, which is stronger than common ox-
idants (e.g., chlorine, H2O2, permanganate) [49]. Fe(VI) has reduction
potentials of + 2.20 V and + 0.70 V (versus NHE) under acidic and
alkaline conditions [49,50], respectively, which can effectively remove
organic compounds containing electron-donating groups, e.g., hydroxyl
moiety of phenolic groups, double bonds, and amine groups. According
to Eq. (1) [51], Fe(VI) directly oxidizes organic pollutants to form Fe
(III)/Fe(II) and low molecular weight products. Fe(VI) gains electrons by
reacting with water or by attacking the electron-rich groups of pollut-
ants to form intermediate iron species of Fe(IV) and Fe(V), which can
also rapidly attack contaminants (Eqs. (2)–(6)) [51,52]. Sharma et al.
[53] found that when Fe(VI) was used to degrade cyanide, the reactivity
of iron was as follows: Fe(V) > Fe(IV) > Fe(VI). Hence, researchers have
attempted to generate more Fe(IV) and Fe(V) by combining with
reducing agents, e.g., carbon nanotubes, biochar [40,44,54], oxidants, e.
g., periodate, peracetic acid [55,56], composite materials [32,57], and
assistive technologies [58], e.g., irradiation of ultraviolet A light- 
emitting diode to improve the reactivity of Fe(VI) system, which is
discussed in more detail in section 3.4. However, these high-valent iron
species only selectively attack the electron-rich groups of pollutants,
which causes a low mineralization rate in the Fe(VI) alone system
[59,60].

On the other hand, the consumption of Fe(VI) in solutions includes 
self-decomposition and direct oxidation of pollutants. The excessive self- 
decomposition of Fe(VI) cannot increase the content of Fe(IV) and Fe(V), 
but causes a dramatic reduction in the oxidation capacity of Fe(VI). The 
self-decomposition of ferrates ultimately generates Fe(III) and O2 (Eqs. 
(7)–(12)) [51,61]. The hydrolysis of Fe(III) gives Fe(OH)3, which cata-
lyzes the self-decomposition of Fe(VI) [61,62]. Of note, the self-decay of 
Fe(VI) is significantly dependent on pH [63]. Lower pH increases the 
oxidation ability of Fe(VI), but the decomposition becomes much faster. 
Conversely, Fe(VI) has good stability at a higher pH, while its oxidation 
capacity is weakened [64,65]. A research described the self- 
decomposition of Fe(VI) was weakest at pH 9.4–9.7 in the dilute solu-
tion [64]. And others explained the reason of reducing pH could improve 
the oxidation performance of Fe(VI) was because the protonation of Fe 
(VI) could be promoted under low pH conditions, and the protonated
ferrate form had good oxidizing properties [61].

Fig. 1. Methods for generating reactive species by Fe(VI) activation.  

activating Fe(VI), which involves generating highly reactive species 
sulfate radicals (SO•

4
-), hydroxyl radicals (•OH), iron(IV) (FeIVO4

4- or 
FeIVO3

2-), and iron(V) (FeVO4
2-) [32–35]. The generation of SO•

4
- 

(E0
SO4•-=2.5–3.1 V versus NHE) and •OH (E•

0
OH = 1.8–2.7 V versus NHE) 

performed non-selective oxidation toward organic pollutants, leading to 
the occurrence of ring-opening process and elevated the mineralization 
[36–39]. Additionally, Fe(IV) and Fe(V) are mainly derived from the Fe 
(VI) self-decay process and the reduction reaction between Fe(VI) and 
reductants, which may effectively resist the pH implication on the 
oxidation by Fe(VI) [40,41]. Nowadays, there are some reviews on Fe 
(VI) applications [18,28]. However, the generation mechanism and 
comparison of free radicals and highly reactive iron intermediates in 
various Fe(VI) activation systems have not been comprehensively 
reviewed.

This review elucidates insights into self-decomposition in water that 
forms reactive species and the mechanisms giving high-valent iron in-
termediates and radical species during Fe(VI) activation (Fig. 1). First, 
Fe(VI) can combine with sulfur-containing salts to generate sulfate 
radical. Second, the generation pathway of hydroxyl radical in Fe(VI) 
activation system mainly includes Fe(VI) self-decomposition, Fenton- 
like process and the reaction of sulfate radical with H2O. Similarly, other 
radicals, e.g., •O–

2, HO•
2, may be generated by Fe(VI) self-decomposition 

and more reactions with assistive technology. Fe(VI) reacts with various 
reagents, e.g., oxidants, reducing agents and photocatalysts to form 
high-valent iron intermediates [42–45]. The superiority of Fe(VI) acti-
vation system is proved by the improvement of pollutant mineralization 
by free radicals and the resistance to pH by Fe(IV) and Fe(V). Besides, 
the quenching experiments are summarized to distinguish the contri-
butions of various active species in Fe(VI) activation system. Signifi-
cantly, the advantages and disadvantages of Fe(VI) activation to form 
high reactive species are given, including the adaptability to pH varia-
tion, characteristics of oxidizing species, and effects on products. This 
review facilitates optimizing the Fe(VI) oxidation system and may guide 
the practical applications of Fe(VI) in water treatment. 



(1)  

(2)  

(3)  

(4)  

(5)  

(6)  

(7)  

(8)  

(9)  

(10)  

(11)  

(12) 

Overall, Fe(VI) can gain electrons by reacting with water or by 
attacking the pollutants to form Fe(IV) and Fe(V), and these irons 
rapidly oxidize pollutants containing electron-donating groups. How-
ever, the excessive self-decomposition and selectivity of Fe(VI) limit the 
oxidative capacity of Fe(VI) system. Hence, it is necessary to consider 
the reactive performance of Fe(VI) applications and minimize the un-
desired reactions. The coupling strategies of Fe(VI) and other substances 
to enhance the oxidizing capacity of Fe(VI) system should be considered. 

3. Iron(V), iron(IV) and radicals in Fe(VI) activation

3.1. Sulfur-containing radical generation by Fe(VI) activation

The sulfur-containing radicals, e.g., SO4
•-, are strong single-electron 

oxidants, which can attack most refractory organic matter [66,67]. To 
enhance the reactivity of Fe(VI) oxidation system, combining sulfur- 
containing salts with Fe(VI) to form sulfur-containing radicals, e.g., 
SO4

•- and SO5
•-, was one of the satisfactory approaches. The sulfur- 

containing salts mainly include persulfate (PS), e.g., perox-
ymonosulfate (PMS), peroxydisulfate (PDS), sulfite, and thiosulfate (TS) 
[58,68,69]. The mechanism of sulfur-containing radicals generation by 
Fe(VI) activation by sulfite is shown in Eqs. (13)–(26) [37,69–72].  

HFeVIO4
- + HSO3

- /SO3
2- → HFeVO4

2- + SO3
•- (13)  

SO3
•- + O2 → SO5

•- (14)  

SO5
•- + HSO3

- /SO3
2- → SO4

•- + SO4
2- (15)  

SO4
•- + H2O → SO4

2- + •OH + H+ (16)  

SO4
•- / •OH + pollutant → SO4

2- + pollutant (oxidized) (17)  

Fe(III) + HSO5
- → Fe(II) + SO5

•- + H+ (18)  

Fe(II) + HSO5
- → Fe(III) + SO4

•- + OH– (19)  

γ-Fe2O3 + HSO5
- → FeIII-OH + SO4

•- + OH– (20)  

Fe(III) + S2O8
2- → Fe(II) + S2O8

•- (21)  

Fe(II) + S2O8
2- → Fe(III) + SO4

2- + SO4
•- (22)  

FeVIO4
2- + SO3

•- → FeVO4
3- + SO3 (23)  

HFeVO4
2- + SO3

•- → HFeIVO4
3- + SO3 (24)  

4HFeVIO4
- + 3S2O3

2- + 2OH– +3H2O → 4Fe(OH)3 + 6SO3
2- (25)  

HFeVIO4
- + S2O3

2- → HFeIVO3
- + S2O4

2- (26) 

Fe(VI) and its products, e.g., Fe(II) and Fe(III), undergo electron 
transfer with sulfur-containing salts to promote the formation of highly 
reactive sulfur-containing radicals. In the sulfite-Fe(VI) system, Fe(VI) 
first reacts with HSO3

- /SO3
2- to generate SO3

•-, which was then is oxidized 
by oxygen to form SO5

•-, which may subsequently react with HSO3
- /SO3

2- 

to produce SO4
•- (Eqs. (13)–(15)) [37]. Due to the presence of water, a 

SO4
•- may also react with H2O to form •OH (Eq. (16) [37]. Both SO4

•- and 
•OH can oxidize the target pollutants (Eq. (17) [37]. In this activation
process, there is a possibility of Fe(VI) self-decomposition that produces
Fe(II)/Fe(III) (Eqs. (1), (5)–(12)) [51,61]. Then Fe(II)/Fe(III) can also
promote the generation of sulfur-containing radicals. In the Fe(VI)-PS
system (Eqs. (18)–(22)) [71], Fe(III) can react with HSO5

- or S2O8
2- to

form SO5
•- and S2O8

•-, which can be further formed SO4
•-. The reduced iron

(III) species (γ-Fe2O3) may thus contribute to the SO4
•- generation (Eq.

(20) [71]. Table 1 presents possible reactions and their corresponding
rate constants that are involved in the generation of sulfur-containing 
radicals in the activation of Fe(VI). The process of Fe(VI) activating 
also generates Fe(V) and Fe(IV) to effectively enhance the removal ef-
ficiency of pollutants (Eqs. (13), (23) and (24)) [72–74], which is dis-
cussed in more detail in section 3.4. 

Table 2 exhibits the degradation efficiency of organic compounds by 
SO4

•- in Fe(VI) system. Wu et al. [75] combined Fe(VI) with PMS that 
enhanced degradation of atrazine to 81.5 %. Comparatively, Fe(VI)-PS 
and Fe(VI)–H2O2 systems had removal efficiency of 65.7 % and 15.9 
%, respectively. Feng et al. [69] showed that the combination of Fe(VI) 
and PMS had synergistic effects, and SO4

•-, Fe(V) and Fe(IV) could 
enhance the degradation rates of four fluoroquinolones. Gong et al. [76] 
found that the oxidation process of sulfamethoxazole by Fe(VI)-PMS can 
be further enhanced by ultraviolet A irradiation. 

Hydroxylamine also could accelerate the circulation of Fe(III) and Fe 
(II) to form more SO4

•- during the pollutant degradation in the Fe(VI) and
sulfur-containing salts system [71]. Zhang et al. [37] found that the
reaction rate of chloramphenicol could be improved in Fe(VI)-TS system
with molar ratio of [TS]/[Fe(VI)] of 1:8 (69 %, within 120 min), which
was much higher than that of Fe(VI) alone (32 %). Importantly, SO4

•-, Fe
(V), and Fe(IV) had synergistic effects on the degradation of pollutants in
water.

Overall, the coupling of Fe(VI) and sulfur-containing salts involves 
the reaction of Fe(VI) with sulfur-containing salts to generate primary 
sulfur-containing species, e.g., SO3

•-, SO4
•-, and SO5

•-, and Fe(VI) gaining 
electrons to form Fe(V) and Fe(IV) (Fig. 2). This system not only can 
rapidly degrade pollutants, but also generate non-toxic final products 
such as Fe(OH)3 and SO4

2-, which has a broad advantageous prospect. 

Table 1 
The rate constants for generating free radicals by Fe(VI) activation.  

Reactions k (M− 1s− 1) Notes Ref. 

FeVIO4
2- + SO3

2- → FeVO4
3- + SO3

•- 103-104 pH = 9.0 [15] 
SO3

•- + O2 → SO5
•- 1.1 × 109 / [77] 

SO5
•- + SO3

2- → SO4
•- + SO4

2- 5.6 × 108 alkaline [78] 
SO4

•- + H2O → SO4
2- + •OH + H+ 6.6 × 102 / [79] 

O2 + e- → •O2
– 1.9 × 1010 radiolytic 

system 
[79] 

FeVIO4
2- + SO3

•- → FeVO4
3- + SO3 1.9 × 108 pH = 11.0 [80] 

FeVIO4
2- + H2O → FeIVO3

2- + H2O2 4.8 × 10-5 

(s− 1) 
pH = 9.0 [81] 

FeVIO4
2- + H2O2 → FeIVO3

2- + H2O + O2 ~0 pH = 9.0 [82] 
HFeVIO4

- + H2O2 + OH– → FeIVO3
2- +

2H2O + O2 

1.7 × 102 pH = 9.0 [82] 

HFeVO4
2- + H2O2 + H2O → Fe(OH)3 (aq) 

+ O2 + 2OH– 
4.0 × 105 pH = 9.0 [82] 

2HFeVO4
2- → 2Fe(III) + 2H2O2 1.0 × 107 pH = 8.2 [82] 

FeIVO3
2- + H2O2 + 2H+ → Fe(OH)2 (aq) +

2H2O + O2 

1.0 × 104 pH = 9.0 [83]  

HFeVIO4
- + pollutant → Fe(II)/Fe(III) + pollutant (oxidized)

HFeVIO4
- + e- → HFeVO4

2-

HFeVO4
2- + e- → HFeIVO4

3-

2HFeVIO4
- + 4H2O → 2H3FeIVO4

- + 2H2O2

HFeVO4
2- + Pollutant → Fe(II)/Fe(III) + Pollutant (oxidized) 

H3FeIVO4
- + Pollutant → Fe(II)/Fe(III) + Pollutant (oxidized) 

4HFeVIO4
- + 6H2O → 4Fe(OH)3 + 4OH- +3O2

4FeVIO4
2- + 10H2O → 4Fe(OH)3 + 8OH- + 3O2

4FeO4
2- + 20H+ → 4Fe(III) + 10H2O + 3O2

2HFeVO4
2- + 4H2O → 2Fe(OH)3 + 4OH- + O2

2HFeIVO4
3- + 5H2O → 2Fe(OH)3 + 6OH- + 1/2O2

HFeIVO4
3- + 3H2O + e- → Fe(OH)3 + 4OH-



3.2. Hydroxyl radical generation in the activation of Fe(VI) 

Fe(VI) has a powerful oxidation capacity to eliminate various pol-
lutants containing electron-rich moieties. However, it has less capability 
of opening the benzene rings of organics to achieve complete mineral-
ization [6,14,84,85]. In contrast, •OH is non-selective to attack benzene 
rings to form hydroxylation products. The methods of •OH generation 
by Fe(VI) activation can improve the reactivity of Fe(VI) system and 
enhance the mineralization degree of pollutants [86,87]. The generation 
of •OH by Fe(VI) activation can be divided into two pathways. On the 
one hand, sulfur-containing salts are directly stimulated to produce 
•OH, or indirectly through the reaction of SO4

•- with H2O to form •OH
(Eqs. (16) and (27) [37]. Fe(VI) self-decomposition and Fenton-like
processes can generate •OH (Eqs. (4), (28)–(36)) [76,83,88–90].

Technologies Free 
radicals 

Pollutants Reaction conditions Kinetics constants Degradation efficiency Ref. 

Thiosulfate + Fe(VI) SO4
•- Chloramphenicol pH0 = 7.0, [thiosulfate]0 = 155 µM, [Fe 

(VI)]0 = 1.24 mM 
k (thiosulfate/Fe(VI)) =
25.972 M− 1s− 1 

The removal rate was 
69 % 

[37] 

Persulfate + Fe(VI) SO4
•- Atrazine pH0 = 6.0, [persulfate]0 = 5.0 mM, [Fe(VI)]0 

= 2.5 mM 
/ The removal rate was 

65.7 % 
[75] 

Peroxymonosulfate + Fe 
(VI) 

SO4
•- Atrazine pH0 = 6.0, [peroxymonosulfate]0 = 5.0 mM, 

[Fe(VI)]0 = 2.5 mM 
/ The removal rate was 

81.5 % 
[75] 

Sulfite + Fe(VI) SO4
•-•OH Benzotriazole pH0 = 9.0, [Fe(VI)]0 = 50 µM, [Sulfite]0 =

250 µM 
/ The removal rate was 

> 80 % 
[74] 

Sulfite + Fe(VI) SO4
•-•OH Phenol pH0 = 9.0, [Fe(VI)]0 = 50 µM, [Sulfite]0 =

250 µM 
/ The removal rate was 

≈ 100 % 
[74] 

Sulfite + Fe(VI) SO4
•-•OH Ciprofloxacin pH0 = 9.0, [Fe(VI)]0 = 50 µM, [Sulfite]0 =

250 µM 
/ The removal rate was 

≈ 100 % 
[74] 

Sulfite + Fe(VI) SO4
•- •OH Methyl blue pH0 = 9.0, [Fe(VI)]0 = 50 µM, [Sulfite]0 =

250 µM 
/ The removal rate was 

≈ 100 % 
[74] 

Sulfite + Fe(VI) SO4
•- •OH Rhodamine B pH0 = 9.0, [Fe(VI)]0 = 50 µM, [Sulfite]0 =

250 µM 
/ The removal rate was 

≈ 100 % 
[74] 

Sulfite + Fe(VI) SO4
•-•OH Methyl orange pH0 = 9.0, [Fe(VI)]0 = 50 µM, [Sulfite]0 =

250 µM 
/ The removal rate was 

≈ 100 % 
[74] 

Sulfite + Fe(VI) SO4
•-•OH Sulfamethoxazole pH0 = 9.0, [Fe(VI)]0 = 50 µM, [Sulfite]0 =

250 µM 
/ The removal rate was 

> 60 % 
[74] 

Sulfite + Fe(VI) SO4
•- N,N-diethyl-3- 

toluamide 
pH0 = 8.0, [Fe(VI)]0 = 100 µM, [Na2SO3]0 =

400 µM 
k (SO4

•-/DEET) = 5.1 × 109 

M− 1s− 1 
The removal rate was 
78 % 

[72] 

Sulfite + Fe(VI) SO4
•- Atrazine pH0 = 8.0, [Fe(VI)]0 = 100 µM, [Na2SO3]0 =

400 µM 
/ The removal rate was 

≈ 70 % 
[72] 

Sulfite + Fe(VI) SO4
•- Benzoic acid pH0 = 8.0, [Fe(VI)]0 = 100 µM, [Na2SO3]0 =

400 µM 
/ The removal rate was 

> 50 % 
[72] 

Sulfite + Fe(VI) SO4
•- p-Chlorobenzoic pH0 = 8.0, [Fe(VI)]0 = 100 µM, [Na2SO3]0 =

400 µM 
/ The removal rate was 

≈ 60 % 
[72] 

UV + Fe(VI) •O2
– 2,4-Dichlorophenol pH = 7.0, [Fe(VI)]0 = 0.1 g/L, UV = 0.198 

mW/cm2 
k (UV/Fe(VI)) = 0.0222 
min− 1 

The removal rate was 
73.0 % 

[104] 

Fe(VI) •OH 2-Benzylphenol pH0 = 8.0, [Fe(VI)]0 = 200 µM k = 102.76 M− 1s− 1 The removal rate was 
60 % 

[94] 

Fe(VI) •OH Phenol pH0 = 8.0, [Fe(VI)]0 = 200 µM k = 39.73 M− 1s− 1 The removal rate was 
45.4 % 

[94] 

Fe(VI) •OH Chlorophene pH0 = 8.0, [Fe(VI)]0 = 200 µM k = 353.24 M− 1s− 1 The removal rate was 
95.1 % 

[94] 

Fe(VI) •OH 4-Chlorophenol pH0 = 8.0, [Fe(VI)]0 = 200 µM k = 130.96 M− 1s− 1 The removal rate was 
72.9 % 

[94] 

Fe(VI) •OH Phenol pH0 = 9.2, [Fe(VI)]0 = 1000 µM k = 12 M− 1s− 1 The removal rate was 
54.55 % 

[86] 

Fe(VI) •OH 4-Chlorophenol pH0 = 9.2, [Fe(VI)]0 = 1000 µM k = 129 M− 1s− 1 The removal rate was 
100 % 

[86] 

Fe(VI) •OH 2,4-Dichlorophenol pH0 = 9.2, [Fe(VI)]0 = 1000 µM  1. k = 96 M− 1s− 1 The removal rate was 
100 % 

[86] 

Fe(VI) •OH 2,4,6- 
Trichlorophenol 

pH0 = 9.2, [Fe(VI)]0 = 1000 µM k = 44 M− 1s− 1 The removal rate was 
85.65 % 

[86] 

Ultrasound + Fe(VI) •OH Sulfadiazine pH0 = 7.0, [Fe(VI)]0 = 0.05 mM, US 
frequency = 800 kHz 

/ The removal rate was 
≈ 80 % 

[90] 

Ultrasound + Fe(VI) •OH Sulfamerazine pH0 = 7.0, [Fe(VI)]0 = 0.05 mM, US 
frequency = 800 kHz 

/ The removal rate was 
≈ 80 % 

[90] 

Ultrasound + Fe(VI) •OH Sulfamethoxazole pH0 = 7.0, [Fe(VI)]0 = 0.05 mM, US 
frequency = 800 kHz 

/ The removal rate was 
> 70 % 

[90] 

Sulfite + Fe(VI) •OH SO4
•- Dimethoate [Fe(VI)]0 = 218 µM, [Na2SO3]0 = 872 µM / The removal rate was 

51.03 % 
[91] 

Bisulfite + Fe(VI) •OH SO4
•- Dimethoate [Fe(VI)]0 = 218 µM, [NaHSO3]0 = 400 µM / The removal rate was 

90.06 % 
[91]  

Fig. 2. Generation of SO4
•- by Fe(VI) activation. Fe(VI) and its products can 

react with sulfur-containing salts to form SO4
•- and •OH, which have powerful 

oxidation capacity. 

Table 2 
The degradation efficiency of organic compounds by free radicals in the Fe(VI) system.  



HSO5
- + hv → SO4

•- + •OH (27)  

H2FeVO4
2- + H2O + H+ → Fe(OH)3 + H2O2 (28)  

2FeIVO3
2- + 2H2O + 4H+→ 2Fe(OH)3 + H2O2 (29)  

Fe(OH)3 + 2H+ → [Fe(OH)]2+ + 2H2O (30)  

[Fe(OH)]2+ + hv → Fe(II) + •OH (31)  

H2O + Ultrasound → •OH + •H (32)  

2•OH → H2O2 (33)  

Fe(III) + H2O2 → Fe(II) + HO2
• + H+ (34)  

HO2
• + H2O2 → O2 + H2O + •OH (35)  

Fe(II) + H2O2 + H+→ Fe(III) + •OH + H2O (36) 

Table 2 shows the removal efficiency of pollutants by •OH in Fe(VI)- 
containing system. Phenolic substances could be effectively degraded 
into small molecules, e.g., CO2 and H2O, by •OH during the Fe(VI) self- 
decomposition [10,57,94,95]. Except for the self-decomposition of Fe 
(VI), the reaction of SO4

•- and H2O can also produce •OH to degrade 
pollutants. Zhang et al. [74] found that both SO4

•- and •OH could be 
generated in the Fe(VI)-sulfite system. •OH was also the main active 
species in the process of pollutant degradation. Furthermore, •OH and 
SO4

•- could assist high-valent iron species to further improve the degra-
dation of ciprofloxacin [71]. Chen et al. [91] tried to combine Na2SO3- 
Fe(VI) and NaHSO3-Fe(VI) system together. The result showed that the 
presence of H+ could improve the continuous degradation ability of Fe 
(VI) system, and several active species, e.g., •OH, SO4

•-, Fe(V) and Fe(IV),
synergistically oxidized pollutants. Recently, Shu et al. [96] demon-
strated that mineral zincite could activate Fe(VI) system for carbamaz-
epine degradation. The existence of zincite promoted the Fe(V)
generation and boosted the Fenton reaction by inhibiting the conversion
from Fe(II) to Fe(III). The adducts of Lewis acid-Fe(VI) could initiate the
formation of organic radical, e.g., R-COO•, which together with high- 
valent irons and •OH were reactive species to oxidize pollutants.

In general, the generation of •OH not only occurs in Fe(VI)-sulfur- 
containing system (SO4

•- react with H2O), but also appears in the self- 
decomposition of Fe(VI) or Fenton-like reaction (Fig. 3). The latter 
system usually happened under acidic conditions. Although •OH plays a 
secondary role in the Fe(VI)-containing oxidation system, its oxidative 
capacity cannot be ignored in most cases. The current studies have 
confirmed the existence of •OH in the Fe(VI)-containing system, the 

strong oxidizing ability of •OH and its wide application in the field of 
pollutant degradation enhanced the mineralization ability of Fe(VI) 
system. 

Investigations into the Fe(VI) activation system have highlighted the 
critical roles of Fe(IV), Fe(V) and free radicals, particularly •OH. The 
detection of •OH radicals has conventionally employed molecules like 
methanol and ethanol, chosen for their high diffusion-controlled rate 
constants [71]. However, these alcohols may also interact with Fe(V) 
and Fe(IV), thus complicating the attribution of observed effects solely 
to •OH radicals in Fe(VI)-activated systems [6]. An alternative approach 
involves the use of methyl phenyl sulfoxide (PMSO), whose conversion 
to methyl phenyl sulfone (PMSO2) is indicative of the presence of high- 
valent iron intermediates and reactive oxygen species, especially •OH 
[97]. This pathway has been substantiated through methodologies such 
as kinetic modeling and density functional theory, providing a clearer 
distinction between the contributions of various reactive species [6]. 
Moreover, sodium azide (NaN3) is particularly effective, exhibiting 
rapid reaction kinetics with both •OH (k = 2.5 × 109 M− 1s− 1) and SO4

•- 

(k = 1.2 × 1010 M− 1s− 1) [98,99]. Additionally, tert-butanol (TBA) is 
employed to preferentially quench •OH, given its lower reactivity with 
SO4

•- (values of k for reactions of TBA with •OH and SO4
•- are 3.8–7.6 ×

108 M− 1s− 1 and 4.0–9.1 × 105 M− 1s− 1, respectively) [100]. Further-
more, trichloromethane (TCM) is used to quench superoxide radicals 
(•O2

–) (k = 1 × 1010 M− 1s− 1) [101]. These quenching agents thus enable 
a more specific determination of the roles of •OH and other reactive 
species in the Fe(VI) activation system. 

3.3. Generation of superoxide and peroxyacetyl radicals in the activation 
of Fe(VI) 

Other types of radicals like superoxide (•O2
–, HO2

•) and peroxyacetyl 
(CH3C(O)OO•) may also be in the Fe(VI) activated system degrading 
pollutants (Eqs. (7)–(11), (37)–(44), (46)) [17,51,56,81–83]. In the Fe 
(VI) activated system, Fe(III), O2, H2O2, Fe(IV), and Fe(V) are formed.
Then O2 can accept electrons to generate •O2

– (Eq. (42) [82]. The
degradation efficiency of organic compounds by •O2

– in the Fe(VI) system
is summarized in Table 2. The •O2

– may oxidize organic pollutants
simultaneously [102,103]. Wu et al. [104] combined UV and Fe(VI) to
degrade 2,4-dichlorophenol. The active Fe(IV) and Fe(V) produced
many free radicals, e.g., •O2

–, H2O2, O2, and •OH, under UV irradiation.
Among these, •O2

– had a strong oxidative capacity, which could replace
the ortho-position Cl- of 2,4-dichlorophenol to form bisphenols and
organic acids. Li et al. [100] also proposed a novel solar/PMS/Fe(VI)
system to removal antibiotic-resistant bacteria. Both the quenching ex-
periments and EPR technique demonstrated the generation of •O2

–, 1O2,
and high-valent irons that contributed to disinfection (Fig. 4).

2H2FeVO4
2- +2H2O + 2H+ → 2Fe(OH)3 (aq) + 2H2O2 (37)  

FeVIO4
2- + 2H2O2 → FeIVO4

4- + H2O + O2 + 2H+ (38)  

FeIVO4
4- + H2O2 + 4H+ → Fe(OH)2 (aq) + 2H2O + O2 (39)  

Fig. 3. Generation of hydroxyl radical by Fe(VI) activation. The self- 
decomposition of Fe(VI) or Fenton-like reaction can generate •OH to enhance 
the oxidizing ability of Fe(VI) activation system. 

Significantly, pH may be the major factor influencing the generation of 
different reactive species (e.g., •OH, SO•

4
-, Fe(IV) and Fe(V)) [91]. 

Generally, •OH may be formed in the oxidation and self-decay processes 
of Fe(VI) at both acid and basic conditions. It is well known that •OH 
exhibited a higher redox potential (2.7 V) in acid solution than in 
alkaline solution (1.8 V), accounting for more important roles [92]. The 
removal efficiency of •OH decreased with increasing pH. As for Fe(IV) 
and Fe(V), Wang et al. [93] elaborated that Fe(IV) and Fe(V) were pri-
marily produced in the Fe(VI)-activation system under alkaline condi-
tions in comparison to •OH. Considering Fe(IV) and Fe(V) owned 2–5 
orders of magnitude higher reactivity than Fe(VI), the oxidation per-
formance of •OH greatly decreased with the increase of pH. Thus, Fe(IV) 
and Fe(V) were the main reactive species under higher pH conditions. 
High-valent iron species were easily hydrolyzed to produce H2O2 under 
acid conditions, which can further react with low-valent iron, e.g., Fe(II) 
and Fe(III), to generate •OH [90]. In addition, other assistive technol-
ogies, e.g., ultrasound and illumination, can also promote the generation 
of •OH in the Fe(VI) system (Eqs. (32)–(35)) [90]. For example, in the Fe 
(VI)-ultrasound system, H2O was thermally cavitated by ultrasound to 
form •OH, and •OH was recombined to form H2O2. The Fenton-like 
reaction occurred from the reactions involved in the Fe(VI)–H2O2 sys-
tem to further generate •OH.  



HFeVIO4
- + H2O2 + OH– → FeIVO3

2- + 2H2O + O2 (40)  

HFeVO4
2- + H2O2 + H2O → Fe(OH)3 (aq) + O2 + 2OH– (41)  

O2 + e- → •O2 (42)  

H2O2 → 2•OH (43)  

H2O2 + •OH → HO2
• + H2O (44)  

•O2
– + e- + 2H2O → H2O2 + 2OH– (45)  

FeVIO4
2- + CH3C(O)OO– → FeVO4

3- + CH3C(O)OO• (46)  

FeVIO4
2- + CH3C(O)OO– → FeIVO3

2- + CH3C(O)O- + O2 (47) 

The redox potential of Fe(VI) is higher in acidic conditions than in 
alkaline conditions. Hence, the weak alkaline system, e.g., HCOOH, 
CH3COOH, is considered to improve Fe(VI) degradation [105,106]. 
Manoli et al. [56] found that Fe(VI)-peracetic acid could form CH3C(O) 
OO•/CH3C(O)O• and enhance the removal of CBZ. However, the present 
of CH3C(O)OO•/CH3C(O)O• was not as major oxidant. The main effect 
of peracetic acid was due to co-existing hydrogen peroxide that promote 
the transformation of Fe(VI) to Fe(IV) and Fe(V) (Eqs. (46) and (47) 
[56], which was further discussed in the next section. 

Fe(III) and Fe(II) can directly or indirectly active H2O2 to produce 
HO2

• (Eq. (34) [90]. Furthermore, the self-decomposition of H2O2 can 
indirectly form HO2

• (Eqs. (43) and (44) [107]. However, there are 
limited studies focusing on such radicals for the degradation of pollut-
ants. Two primary reasons of limiting factors of their applications as 
follow. First, these radicals are generated slowly and infrequently. Sec-
ond, these radicals are short-lived [108–110], which can be transformed 
into other substances rapidly by Eqs. (35), (45) and (47) [56,90]. 
Therefore, the oxidizing properties may not be significant. 

Compared with Fe(VI), free radicals, e.g., SO4
•-, •OH, •O2

–, performed 
a better non-selectivity for pollutants degradation, which was beneficial 
to promote the ring-opening or hydroxylation reactions of contaminants 
[111]. Thus, the coupling of Fe(VI) and free radicals generation could 
effectively improve the mineralization rate of pollutants. Wu et al. [104] 
found that the mineralization rate of 2,4-DCP in the UV/Fe(VI) system 
(40.6 %) was significantly higher than that of Fe(VI) alone oxidation 
(less 10 %), which could be attributed to the attack of •O2

–. Gong et al. 
[76] combined Fe(VI) with PMS to removal sulfamethoxazole under
ultraviolet A irradiation. It was proven that the mineralization efficiency
of sulfamethoxazole in stepwise addition of Fe(VI) (47 %) was enhanced
compared to one-off dosing (35 %) or stepwise dosing of PMS (22 %).
Because the intermediates produced by sulfamethoxazole could compete
for SO4

•- with the parent compound in stepwise addition of Fe(VI). In
general, free radicals have a higher tendency to mineralize organic

pollutants than Fe(VI) [85]. The coupling of free radicals and Fe(VI) 
could overcome the limitations of Fe(VI) oxidation alone [91], which 
could be a future research directions of Fe(VI) oxidation technology. 

3.4. Fe(IV) and Fe(V) formation in activated Fe(VI) system 

It is known that the presence of water constituents in natural waters 
could interfere with the pollutant oxidation by the above radicals in the 
Fe(VI)-based system [110,112,113]. The formation modulation of Fe 
(IV) and Fe(V) with higher oxidizing capability than Fe(VI) has attracted
increasing attention due to their selective oxidation properties
[59,60,114–116].

Most previous research focused on the combination of reducing 
substances, e.g., carbon nanotubes, biochar, sulfites, and TS, with Fe(VI) 
to promote the formation of Fe(IV) and Fe(V) [40,44,54]. Sun et al. [54] 
found that heterogeneous carbon nanotubes could accelerate the 
oxidation of bromophenols by promoting the formation of Fe(IV) and Fe 
(V) at pH 7.0–9.0. Hydroxyl moiety of phenolic on carbonaceous sub-
stances can interact with Fe(VI) as an electron shuttle to promote the
generation of Fe(IV) and Fe(V) [54,74]. Tian et al. [40] used the redox- 
active moieties (Hydroxyl moiety of phenolic) on biochar to accelerate 
the reduction of Fe(VI) to form Fe(IV) and Fe(V) by electron shuttle. 

Except for traditional reducing agents, the reaction of Fe(VI) and 
sulfur-containing reducing agents can form Fe(IV) and Fe(V) to enhance 
the reactivity of the Fe(VI) system. During these reactions, intermediate 
radicals, e.g., SO3

•-, rapidly donate electrons for Fe(VI) to form Fe(IV) 
and Fe(V) (Eqs. (13), (23) and (24)) [72–74]. The formation of Fe(IV) 
and Fe(V) can rapidly degrade most refractory organic compounds (Eqs. 
(5) and (6) [117–119]. For example, Shao et al. [60] used calcium sulfite
(CaSO3) to improve the oxidation of Fe(VI), because CaSO3 accelerated 
the reduction of Fe(VI) to Fe(V) and Fe(IV) through the one-electron 
transfer step (Fig. 5a). Besides, S2O3

2- and SO3
2- can promote the rapid 

conversion of Fe(VI) into Fe(V) and Fe(IV) (Eqs. (13), (23)–(26)) [120]. 
Notably, different Fe(VI)-sulfite systems had different major reactive 
species. This phenomenon may be ascribed to the different reaction 
conditions, such as Fe(VI)/sulfite molar ratio, and medium conditions 
[60]. 

Recent investigations have shown that the combination of Fe(VI) 
with other known oxidants such as PMS, H2O2, peracetic acid, and 
periodate could trigger the generation of highly reactive Fe(IV) and Fe 
(V) intermediates [5,30,42,69]. It was found that the in-situ and ex-situ
H2O2 functioned as the reducing agent with Fe(VI) to accelerate the
removal of SMX at pH 8.0 [30]. The degradation efficiency was unaf-
fected by the coexisting inorganic ions and dissolved organic matter.
Quenching experiments and chemical probe analysis suggested the
critical role of Fe(IV) and Fe(V) intermediates, generated by one/two- 
electron transfers from Fe(II) or H2O2 to Fe(VI). Furthermore, Manoli
et al. [56] proposed that Fe(VI) and peracetic acid could jointly
accomplish the fast degradation of multiple pharmaceuticals in water in
60 s at pH 9.0. Mechanistic explorations suggested the Fe(IV), Fe(V) and
acetylperoxyl radicals as the dominant species. Subsequent in-depth
work used the probe compounds (i.e., benzoic acid and PMSO) to
verify the predominant role of Fe(IV) and Fe(V) (Fig. 5b). It is interesting
to observe that peracetic acid did not serve as the Fe(VI) activator but
elevated the oxidation capacity of these highly reactive intermediates as
the ligand. This would stabilize these species and make their oxidation
surpass the self-decay rates. More recently, the similar role of periodate
as the Fe(IV) and Fe(V) ligand was also proposed for the Fe(VI)/peri-
odate system, in which the synergistic oxidation of various micro-
pollutants can be achieved in 2 min (Fig. 5c) [42,55]. The less influence
induced by the water matrices indicated the selective oxidation of the
combined system. Further demonstration of the Fe(IV) and Fe(V) in-
termediates was performed using the Mossbauer spectroscopy and
PMSO experiments.

It is also a good strategy to encapsulate Fe(VI) in the frame material 
to obtain the composite materials containing Fe(VI). Wu et al. [32] 

Fig. 4. The mechanism of •O2
–, 1O2 and high-valent irons formation in a novel 

solar/PMS/Fe(VI) system. High-valent irons, •O2
– and 1O2, which are generated 

by a series reactions of Fe(VI) and PMS, can inactivate antibiotic-resistant 
bacteria. Modified with permission of Elsevier from Ref. [100]. 



inserted Fe(VI) into Ca/Al-layered double hydroxide (Ferrate-LDH) to 
treat phenol solution. Ferrate-LDH generated Fe(III)/Fe(II) on the sur-
face of LDH, which inhibited the self-decomposition of Fe(VI) and pro-
longed the existence time of Fe(VI). Recently, Shu et al. [57] also 
prepared a Fe(VI)-Ti/Zn LDH composite to enhance the removal of 
imidacloprid under visible light. In this system, Fe(VI) extracted pho-
toelectrons from LDH to generate Fe(IV) and Fe(V), and its products, e. 
g., Fe(III) particles, could combine with LDH as a heterojunction pho-
tocatalyst to efficiently removal pollutants. In addition, Luo et al. [121] 
observed that Fe(VI) could combine with the vacancies in colloid man-
ganese dioxide (cMnO2) to form a precursor complex (cMnO2 − Fe(VI) 
*), which had higher oxidation potential than Fe(VI) to rapidly generate 
Fe(IV) and Fe(V) (Fig. 5d). 

Comparatively, Fe(IV) and Fe(V) have higher resistance to pH vari-
ations than Fe(VI) alone [41,43]. The oxidation capacity of Fe(VI) is 
limited under alkaline conditions, which interferes with the removal of 
pollutants in the Fe(VI) system [64,65]. The methods described above 
for promoting the generation of Fe(IV) and Fe(V) can provide the ad-
vantages of effectively degrading contaminants over a wider pH range. 
Tian et al. [40] found that Fe(IV) and Fe(V) still remained high reactivity 
at pH 8. Fe(IV) and Fe(V) oxidation significantly improved the removal 
rates of all studied pollutants. And the reaction rate constants in Fe(VI)/ 
biochar system were 3–14 times higher than that in sole Fe(VI) at 
alkaline conditions. Pan et al. [43] also demonstrated that Fe(IV) and Fe 
(V) had excellent oxidation capacity for various pollutants degradation
at the pH value of 9. The removal of carbamazepine in g-C3N4-Fe(VI)-
visible light system, which had main active species Fe(IV) and Fe(V),
was 2 times higher than that in control systems. Furthermore, Gao et al.
[41] studied the yield of PMSO2 in Fe(VI)/sulfur reducing agents system
at a pH range of 8–10, which represented the formation of Fe(IV) and Fe
(V). Although under alkaline conditions, a large amount of Fe(VI) still
transformed into Fe(IV) and Fe(V). Especially in the Fe(VI)/TS system,
the conversion rate of PMSO to PMSO2 reached more than 90 %, which
had a high oxidation potential. In general, the new technologies to
improve the reactivity and pH adaptability of Fe(VI) oxidation by pro-
moting the formation of Fe(IV) and Fe(V) have gained increasing
attention.

4. Perspective

Fe(VI) is a multifunctional water treatment agent due to its strong
oxidation, sterilization, coagulation, precipitation, and absorption 

capabilities. However, several shortcomings such as poor stability and 
pH dependence, limit its practical applications. The strategies effectively 
mitigated these drawbacks by activating Fe(VI), which induced the 
generation of free radicals and intermediate iron species, thus increasing 
the reactivity of the Fe(VI) system. The free radicals, e.g., •OH, SO4

•-, and 
•O2

–, have a higher oxidizing ability and non-selectivity, which can break 
the chemical bonds of refractory organics, e.g., ring-opening, trans-
ferring larger molecular weight organics to smaller molecular weight. In 
contrast, high-valent irons had certain resistance to aqueous substrates 
and pH variation [122]. Therefore, the methods for promoting the active 
species generation by Fe(VI) activation can alleviate the problem in the 
Fe(VI) alone oxidation process. 

Except Fe(VI)-based oxidation systems, some common advanced 
oxidation processes (AOPs) could also generate Fe(IV), Fe(V), and free 
radicals. For example, Kang et al. [123] activated PMS by hematite to 
generate Fe(IV), which accelerated the degradation of compounds. 
Similarly, Fe(IV) was identified as the main reactive species in the 
combined system of Fe2+, peracetic acid and ultraviolet-A irradiation 
[124]. However, these AOPs typically require acidic conditions for 
optimal performance. Table 3 provides the advantages and disadvan-
tages of Fe(VI) activation methods. Compared to AOPs, Fe(VI) activation 
methods exhibited excellent oxidation performance over a wider pH 
range and served as in-situ iron sources to trigger the free radical re-
action [91]. The activation of Fe(VI) for the generation of active species, 
notably SO4

•-, is a widely studied approach in environmental applica-
tions. These SO4

•- are favored due to their higher redox potential and 
longer half-life (30–40 μs) compared to other free radicals like •OH with 
a half-life of less than 1 μs [125–127]. This extended half-life of SO4

•- is 
advantageous for the degradation of pollutants, as cited in studies [127]. 
The generation of sulfur-containing radicals through Fe(VI) activation 
thus shows promising applicability in pollutant degradation. However, 
current methods employing Fe(VI) coupled with free radicals, predom-
inantly SO4

•-, have potential environmental drawbacks, such as water 
acidification and increased biotoxicity [128,129]. This underscores the 
need for further research into the oxidation effects of different radicals 
and their practical applicability in real-world scenarios. Additionally, 
while the generation of free radicals enhances the mineralization ca-
pacity of the Fe(VI) system, this process is highly susceptible to inter-
ference from the water matrix due to its non-selective oxidation nature 
[111]. In contrast, Fe(IV) and Fe(V) display more resilience to variations 
in water composition and pH, but may not achieve complete minerali-
zation of pollutants [41]. Consequently, relying solely on either free 

Fig. 5. Mechanism of Fe(IV) and Fe(V) formation in activated Fe(VI) system. (a) CaSO3 reduced Fe(VI) to Fe(IV) and Fe(V) through the one-electron transfer step. 
Reproduced with permission from Ref. [60]. (b) peracetic acid and (c) periodate served as the ligand to elevate the oxidation capacity of Fe(IV) and Fe(V). 
Reproduced with permission from Ref. [5] and [42]. (d) cMnO2 accelerated the formation of Fe(IV) and Fe(V) by surface-promoted mechanism. Reproduced with 
permission from Ref. [121]. 



radicals or iron intermediates for pollutant removal in the Fe(VI) acti-
vation may not be effective in practical applications. To address these 
limitations, a synergistic approach that combines the oxidation capa-
bilities of free radicals, Fe(IV), and Fe(V) within the Fe(VI) activation 
system presents a promising avenue. Developing such synergistic 
oxidation technologies could potentially offer more effective and envi-
ronmentally sustainable solutions for abatement of pollutants. 

5. Conclusions

Fe(VI) has a strong oxidizing property to attack electron-rich groups
of pollutants. However, the Fe(VI) oxidation system was limited by a 
strong degree of pH dependency and confined mineralization rate, 
which became the bottleneck in the future application of Fe(VI). To 
overcome aforementioned shortcomings, the coupling of Fe(VI) and free 
radicals generation was shown to be the efficient method. The generated 
free radicals without selectivity may benefit the ring-opening reaction of 
pollutants, which may mineralize pollutants thoroughly. Fe(VI) pro-
motes the formation of free radicals by activating sulfate or peroxide, 
while Fe(IV) and Fe(V) are also formed by Fe(VI) accepting electrons 
from •OH and SO4

•-. Hence, the activation mechanism of free radicals, e. 
g., SO4

•-, •OH, •O2
–, and HO2

•, by Fe(VI) presented herein may guide 
future investigations. The combination of Fe(VI) and sulfur-containing 
salts can form SO4

•-, the self-decomposition of Fe(VI) or the reaction 
between SO4

•- and H2O can generate •OH. In addition, several methods 
to promote the formation of Fe(IV) and Fe(V) were also presented. 
Compared with Fe(VI) alone, the coupling of Fe(VI) and free radicals 
generation can remove pollutants more effectively and rapidly. Ac-
cording to the characteristics of different reactive species generation 
systems, the stimulation of SO4

•- by Fe(VI) may be more advantageous. 
Furthermore, free radicals, Fe(IV), and Fe(V) oxidation have their own 
advantages and disadvantages in water treatment. Therefore, the 

coupling of free radicals and intermediate high-valent irons can not only 
degrade pollutants effectively, but also improve the environmental 
applicability. The simultaneous activation of free radicals and inter-
mediate iron species in Fe(VI) system is expected to overcome chal-
lenges facing the practical application of Fe(VI) oxidation technology, 
which may be a key research direction in the future. 
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Ferrate (VI)-induced arsenite and arsenate removal by in situ structural 
incorporation into magnetic iron (III) oxide nanoparticles, Environ. Sci. Tech. 47 
(2013) 3283–3292, https://doi.org/10.1021/es3042719. 

[23] V.K. Sharma, P.K. Dutta, A.K. Ray, Review of kinetics of chemical and 
photocatalytical oxidation of arsenic (III) as influenced by pH, J. Environ. Sci. 
Heal. A 42 (7) (2007) 997-1004, https://doi. org/10.1080/ 
10934520701373034. 

[24] R. Prucek, J. Tucek, J. Kolarik, I. Huskova, J. Filip, R.S. Varma, V.K. Sharma, 
R. Zboril, Ferrate (VI)-prompted removal of metals in aqueous media: 
mechanistic delineation of enhanced efficiency via metal entrenchment in 
magnetic oxides, Environ. Sci. Tech. 49 (2015) 2319–2327, https://doi.org/ 
10.1021/es5048683. 

[25] Q. Han, W.Y. Dong, H.J. Wang, T.Z. Liu, F.Y. Sun, Y.L. Ying, X.L. Yan, Effects of 
coexisting anions on decolorization of azo dye X-3B by ferrate(VI) and a 
comparative study between ferrate(VI) and potassium permanganate, Sep. Purif. 
Technol. 108 (19) (2013) 74-82, https://doi. org/10.1016/j.seppur.2013. 
01.053. 

[26] V.K. Sharma, S.K. Mishra, Ferrate(VI) oxidation of ibuprofen: a kinetic study, 
Environ. Chem. Lett. 3 (4) (2006) 182–185, https://doi.org/10.1007/s10311- 
005-0002-5. 

[27] B.H. Bielski, V.K. Sharma, G. Czapski, Reactivity of ferrate (V) with carboxylic 
acids: a pre-mix pulse radiolysis study, Radiat. Phys. Chem. 44 (5) (1994) 
479–484, https://doi.org/10.1016/0969- 806X(94)90044-2. 

[28] T.C. He, B.H. Zhou, H.L. Chen, R.F. Yuan, Degradation of organic chemicals in 
aqueous system through ferrate-based processes: A review, J. Environ. Chem. 
Eng. 10 (6) (2022) 108706, https:// doi.org/10. 1016/j.jece.2022.108706. 

[29] N. Graham, C.C. Jiang, X.Z. Li, J.Q. Jiang, J. Ma, The influence of pH on the 
degradation of phenol and chlorophenols by potassium ferrate, Chemosphere 56 
(10) (2004) 949–956, https://doi.org/10.1016/j.chemosphere.2004.04.060. 

[30] M.F. Luo, H.Y. Zhou, P. Zhou, L.D. Lai, W. Liu, Z.M. Ao, G. Yao, H. Zhang, B. Lai, 
Insights into the role of in-situ and ex-situ hydrogen peroxide for enhanced ferrate 
(VI) towards oxidation of organic contaminants, Water Res. 203 (15) (2021) 
117548, https://doi.org/10.1016/j.watres.2021.117548. 

[31] M. Zhang, Z.Y. Luo, Y.W. Luo, J. Zhai, Z.H. Wang, pH influence on 2,4,6-tri-
chlorophenol degradation by ferrate(VI), Environ. Technol. Inno. 23 (2021) 
101683, https://doi.org/10.1016/j. eti.2021. 101683. 

[32] J.Z. Wu, Y.M. Cai, M.Q. Zhang, J.Z. Zhou, X.J. Zhou, W.K. Shu, J. Zhang, 
X. Huang, G.R. Qian, Y. Deng, Enhancing oxidative capability of Ferrate(VI) for 
oxidative destruction of phenol in water through intercalation of Ferrate(VI) into 
layered double hydroxide, Appl. Clay Sci. 171 (2019) 48–56, https://doi.org/ 
10.1016/j.clay.2019.02.006. 

[33] W. Nam, Y.M. Lee, S. Fukuzumi, Hydrogen atom transfer reactions of 
mononuclear nonheme metal-oxygen intermediates, Acc. Chem. Res. 51 (9) 
(2018) 2014–2022, https://doi.org/10.1021/acs.accounts.8b00299. 

[34] C. Luo, M.B. Feng, V.K. Sharma, C.H. Huang, Oxidation of pharmaceuticals by 
Ferrate(VI) in hydrolyzed urine: effects of major inorganic constituents, Environ. 
Sci. Tech. 53 (9) (2019) 5272–5281, https://doi.org/10.1021/acs.est.9b00006. 

[35] T.J. Collins, A.D. Ryabov, Targeting of high-valent iron-TAML activators at 
hydrocarbons and beyond, Chem. Rev. 117 (13) (2017) 9140–9162, https://doi. 
org/10.1021/acs.chemrev.7b00034. 

[36] H.Z. Chi, Z.Y. Wang, X. He, J.Q. Zhang, D. Wang, J. Ma, Activation of 
peroxymonosulfate system by copper-based catalyst for degradation of naproxen: 
mechanisms and pathways, Chemosphere 228 (2019) 54–64, https://doi.org/ 
10.1016/j.chemosphere.2019.03.119. 

[37] Z. Zhang, X. Li, C. Zhang, S.H. Lu, Y.N. Xi, Y.C. Huang, Z.Z. Xue, T. Yang, 
Combining ferrate(VI) with thiosulfate to oxidize chloramphenicol: influencing 
factors and degradation mechanism, J. Environ. Chem. Eng. 9 (1) (2021), https:// 
doi.org/10.1016/j.jece.2020.104625. 

[38] H. Zheng, J.G. Bao, Y. Huang, L.J. Xiang, Faheem, B.X. Ren, J.K. Du, M.N. 
Nadagouda, D.D. Dionysiou, Efficient degradation of atrazine with porous 
sulfurized Fe2O3 as catalyst for peroxymonosulfate activation, Appl. Catal. B- 
Environ. 259 (2019), https://doi.org/10.1016/j. apcatb.2019.118056. 

[39] S. Xiao, M. Cheng, H. Zhong, Z.F. Liu, Y. Liu, X. Yang, Q.H. Liang, Iron-mediated 
activation of persulfate and peroxymonosulfate in both homogeneous and 
heterogeneous ways: A review, Chem. Eng. J. 384 (15) (2020) 123265, https:// 
doi.org/10.1016/j.cej.2019.123265. 

[40] S.Q. Tian, L. Wang, Y.L. Liu, J. Ma, Degradation of organic pollutants by ferrate/ 
biochar: Enhanced formation of strong intermediate oxidative iron species, Water 
Res. 183 (2020), https://doi.org/10.1016/j.watres.2020.116054. 

[41] Y. Gao, Y. Zhou, S.Y. Pang, Z. Wang, Y.M. Shen, J. Jiang, Quantitative evaluation 
of relative contribution of high-valent iron species and sulfate radical in Fe (VI) 
enhanced oxidation processes via sulfur reducing agents activation, Chem. Eng. J. 
387 (2020) 124077, https://doi.org/10.1016/j. cej.2020.124077. 

[42] L.J. Niu, J. Lin, W.Z. Chen, Q. Zhang, X. Yu, M.B. Feng, Ferrate (VI)/periodate 
system: synergistic and rapid oxidation of micropollutants via periodate/iodate- 
modulated fe (VI)/fe (V) intermediates, Environ. Sci. Tech. 57 (17) (2023) 
7051–7062, https://doi.org/10.1021/acs. est.2c08965. 

[43] B. Pan, M.B. Feng, J.N. Qin, A.A. Dar, C.Y. Wang, X.M. Ma, V.K. Sharma, Iron(V)/ 
Iron(IV) species in graphitic carbon nitride-ferrate(VI)-visible light system: 
Enhanced oxidation of micropollutants, Chem. Eng. J. 428 (2022), https://doi. 
org/10.1016/j.cej.2021.132610. 

[44] X.N. Wu, C.J. Yuan, Z.Y. Huo, T.T. Wang, Y. Chen, M. Liu, W.L. Wang, Y. Du, Q.Y. 
Wu, Reduction of byproduct formation and cytotoxicity to mammalian cells 
during post-chlorination by the combined pretreatment of ferrate (VI) and 
biochar, J. Hazard. Mater. 458 (2023) 131935, https://doi.org/10. 1016/j. 
jhazmat.2023.131935. 

[45] V.K. Sharma, N.J. Graham, X.Z. Li, B.L. Yuan, Ferrate (VI) enhanced 
photocatalytic oxidation of pollutants in aqueous TiO2 suspensions, Environ. Sci. 
Pollut. Res. 17 (2010) 453–461, https://doi.org/10.1007/s11356-009-0170-0. 

[46] A.A. Dar, B. Pan, J. Qin, Q. Zhu, E. Lichtfouse, M. Usman, C. Wang, Sustainable 
ferrate oxidation: Reaction chemistry, mechanisms and removal of pollutants in 
wastewater, Environ. Pollut. 290 (2021) 117957, https://doi.org/10.1016/j. 
envpol.2021.117957. 

[47] B.Y. Chen, H.W. Kuo, V.K. Sharma, W. Den, Chitosan encapsulation of ferrateVI 

for controlled release to water: mechanistic insights and degradation of organic 
contaminant, Sci. Rep. 9 (2019) 18268, https://doi.org/10.1038/s41598-019- 
54798-4. 

[48] V.K. Sharma, L. Chen, R. Zboril, Review on high valent FeVI (ferrate): a 
sustainable green oxidant in organic chemistry and transformation of 
pharmaceuticals, ACS Sustain. Chem. Eng. 4 (1) (2016) 18–34, https://doi.org/ 
10.1021/acssuschemeng.5b01202. 

[49] J.Q. Jiang, C. Stanford, M. Petri, Practical application of ferrate (VI) for water and 
wastewater treatment–Site study’s approach, Water-Energy Nexus 1 (1) (2018) 
42–46, https://doi.org/10.1016/j. wen.2018.05.001. 

[50] B.J. Yates, R. Darlington, R. Zboril, V.K. Sharma, High-valent iron-based oxidants 
to treat perfluorooctanesulfonate and perfluorooctanoic acid in water, Environ. 
Chem. Lett. 12 (2014) 413–417, https://doi.org/10.1007/s10311-014-0463-5. 

[51] J.E. Cyr, B.H.J. Bielski, The reduction of ferrate(VI) to ferrate(V) by ascorbate, 
Free Radical Bio. Med. 11 (2) (1991) 157–160, https://doi.org/10.1016/0891- 
5849 (91)90166-Z. 

[52] G.A.K. Anquandah, V.K. Sharma, D.A. Knight, S.R. Batchu, P.R. Gardinali, 
oxidation of trimethoprim by ferrate(VI): kinetics, products, and antibacterial 
activity, Environ. Sci. Tech. 45 (24) (2011) 10575–10581, https://doi.org/ 
10.1021/es202237g. 

[53] V.K. Sharma, D.B. O’Connor, D.E. Cabelli, Sequential one-electron reduction of Fe 
(V) to Fe(III) by cyanide in alkaline medium, J. Phys. Chem. B 105 (46) (2001) 
11529–11532, https://doi.org/10.1021/jp012223x. 

[54] S.F. Sun, J. Jiang, L.P. Qiu, S.Y. Pang, J. Li, C.H. Liu, L.H. Wang, M. Xue, J. Ma, 
Activation of ferrate by carbon nanotube for enhanced degradation of 
bromophenols: Kinetics, products, and involvement of Fe(V)/Fe(IV), Water Res. 
156 (2019) 1–8, https://doi.org/10.1016/j. watres.2019.02.057. 

[55] L.J. Niu, K.T. Zhang, L.K. Jiang, M.L. Zhang, M.B. Feng, Emerging periodate- 
based oxidation technologies for water decontamination: a state-of-the-art 
mechanistic review and future perspectives, J. Environ. Manage. 323 (2022) 
116241, https://doi.org/10.1016/j. jenvman.2022.116241. 

[56] K. Manoli, R. Li, J. Kim, M.B. Feng, C.H. Huang, V.K. Sharma, Ferrate (VI)- 
peracetic acid oxidation process: Rapid degradation of pharmaceuticals in water, 
Chem. Eng. J. 429 (2022) 132384, https://doi.org/ 10.1016/j.cej.2021.132384. 

[57] J. Shu, K.M. Wang, V.K. Sharma, X.P. Xu, N. Nesnas, H.Y. Wang, Efficient 
micropollutants degradation by ferrate (VI)-Ti/Zn LDH composite under visible 

https://doi.org/10.1016/j.cej.2020. 125607
https://doi.org/10.1016/j.watres.2023.119773
https://doi.org/10.1016/j. chemosphere.2015.09.091
https://doi.org/10.1080/10934529809376752
https://doi.org/10.1080/10934529809376752
https://doi.org/10.1016/j. jenvman.2010. 11.026
https://doi.org/10.1016/j.ccr.2012.04.014
https://doi.org/10.1016/j.ccr.2012.04.014
https://doi.org/10.1021/ar5004219
https://doi.org/10.1016/S0969-806X(02)00335-3
https://doi.org/10.1016/S0969-806X(02)00335-3
https://doi.org/10.1007/s10311-008- 0143-4
https://doi.org/10.1080/10934529. 2014.950924
https://doi.org/10.1021/es3042719
https://doi.org/10.1021/es5048683
https://doi.org/10.1021/es5048683
https://doi.org/10.1007/s10311-005-0002-5
https://doi.org/10.1007/s10311-005-0002-5
https://doi.org/10.1016/0969- 806X(94)90044-2
https://doi.org/10.1016/j.chemosphere.2004.04.060
https://doi.org/10.1016/j.watres.2021.117548
https://doi.org/10.1016/j. eti.2021. 101683
https://doi.org/10.1016/j.clay.2019.02.006
https://doi.org/10.1016/j.clay.2019.02.006
https://doi.org/10.1021/acs.accounts.8b00299
https://doi.org/10.1021/acs.est.9b00006
https://doi.org/10.1021/acs.chemrev.7b00034
https://doi.org/10.1021/acs.chemrev.7b00034
https://doi.org/10.1016/j.chemosphere.2019.03.119
https://doi.org/10.1016/j.chemosphere.2019.03.119
https://doi.org/10.1016/j.jece.2020.104625
https://doi.org/10.1016/j.jece.2020.104625
https://doi.org/10.1016/j.cej.2019.123265
https://doi.org/10.1016/j.cej.2019.123265
https://doi.org/10.1016/j.watres.2020.116054
https://doi.org/10.1016/j. cej.2020.124077
https://doi.org/10.1021/acs. est.2c08965
https://doi.org/10.1016/j.cej.2021.132610
https://doi.org/10.1016/j.cej.2021.132610
https://doi.org/10.1007/s11356-009-0170-0
https://doi.org/10.1016/j.envpol.2021.117957
https://doi.org/10.1016/j.envpol.2021.117957
https://doi.org/10.1038/s41598-019-54798-4
https://doi.org/10.1038/s41598-019-54798-4
https://doi.org/10.1021/acssuschemeng.5b01202
https://doi.org/10.1021/acssuschemeng.5b01202
https://doi.org/10.1016/j. wen.2018.05.001
https://doi.org/10.1007/s10311-014-0463-5
https://doi.org/10.1016/0891-5849 (91)90166-Z
https://doi.org/10.1016/0891-5849 (91)90166-Z
https://doi.org/10.1021/es202237g
https://doi.org/10.1021/es202237g
https://doi.org/10.1021/jp012223x
https://doi.org/10.1016/j. watres.2019.02.057
https://doi.org/10.1016/j. jenvman.2022.116241


light: Activation of ferrate (VI) and self-formation of Fe (III)-LDH heterojunction, 
Chem. Eng. J. 456 (2023) 141127, https://doi. org/10. 1016/j.cej.2022.141127. 

[58] T. Yang, J.M. Mai, H.J. Cheng, M.Y. Zhu, S.S. Wu, L.Y. Tang, P. Liang, J.B. Jia, 
J. Ma, UVA-LED-assisted activation of the ferrate(VI) process for enhanced 
micropollutant degradation: important role of ferrate(IV) and ferrate(V), Environ. 
Sci. Tech. 56 (2) (2022) 1221–1232, https://doi.org/10.1021/acs.est.1c03725. 

[59] V.K. Sharma, J.Y. Wang, M.B. Feng, C.H. Huang, Oxidation of pharmaceuticals by 
ferrate (VI)–amino acid systems: enhancement by proline, J. Phys. Chem. A 127 
(10) (2023) 2314-2321, https:// doi.org/10.1021/acs.jpca.3c00134. 

[60] B.B. Shao, H.Y. Dong, B. Sun, X.H. Guan, Role of ferrate(IV) and ferrate(V) in 
activating ferrate(VI) by calcium sulfite for enhanced oxidation of organic 
contaminants, Environ. Sci. Tech. 53 (2) (2019) 894–902, https://doi.org/ 
10.1021/acs.est.8b04990. 

[61] V.K. Sharma, Potassium ferrate(VI): an environmentally friendly oxidant, Adv. 
Environ. Res. 6 (2) (2002) 143–156, https://doi.org/10.1016/S1093-0191(01) 
00119-8. 

[62] C.V. Marbaniang, K. Sathiyan, T.J. McDonald, E. Lichtfouse, P. Mukherjee, V. 
K. Sharma, Metal ion-induced enhanced oxidation of organic contaminants by 
ferrate: a review, Environ. Chem. Lett. 21 (3) (2023) 1729–1743, https://doi.org/ 
10.1007/s10311-023-01584-4. 

[63] M.F. Luo, H. Zhang, J. Zhao, Z.J. Xie, Y. Ren, P. Zhou, Z.K. Xiong, Y. Liu, G. Yao, 
B. Lai, Understanding two variation patterns of organic contaminant degradation 
with ph in the fevi system under acidic conditions, ACS EST Eng. 3 (1) (2022) 
64–72, https://doi.org/10.1021/acsestengg.2c00245. 

[64] D.G. Lee, H.F. Gai, Kinetics and mechanism of the oxidation of alcohols by ferrate 
ion, Can. J. Chem. 71 (9) (1993) 1394–1400, https://doi.org/10.1139/v93-180. 

[65] C. Luo, M.B. Feng, V.K. Sharma, C.H. Huang, Oxidation of pharmaceuticals by 
ferrate (VI) in hydrolyzed urine: effects of major inorganic constituents, Environ. 
Sci. Tech. 53 (9) (2019) 5272–5281, https://doi.org/10.1021/acs.est.9b00006. 

[66] P. Neta, V. Madhavan, H. Zemel, R.W. Fessenden, Rate constants and mechanism 
of reaction of sulfate radical anion with aromatic compounds, J. Am. Chem. Soc. 
99 (1) (1977) 163-164, http:// doi.org/10.1021/ja00443a030. 

[67] L.W. Matzek, K.E. Carter, Activated persulfate for organic chemical degradation: 
a review, Chemosphere 151 (2016) 178–188, https://doi.org/10.1016/j. 
chemosphere.2016.02.055. 

[68] J. Wang, H. Cui, G.J. Xie, B.F. Liu, G.L. Cao, D.F. Xing, Co-treatment of potassium 
ferrate and peroxymonosulfate enhances the decomposition of the cotton straw 
and cow manure mixture, Sci. Total Environ. 724 (1) (2020) 138321, https://doi. 
org/10.1016/j.scitotenv.2020.138321. 

[69] M.B. Feng, L. Cizmas, Z.Y. Wang, V.K. Sharma, Synergistic effect of aqueous 
removal of fluoroquinolones by a combined use of peroxymonosulfate and ferrate 
(VI), Chemosphere 177 (2017) 144–148, https://doi.org/10.1016/j. 
chemosphere.2017.03.008. 

[70] X.X. Cheng, H. Liang, A. Ding, X.B. Tang, B. Liu, X.W. Zhu, Z.D. Gan, D.J. Wu, G. 
B. Li, Ferrous iron/peroxymonosulfate oxidation as a pretreatment for ceramic 
ultrafiltration membrane: Control of natural organic matter fouling and 
degradation of atrazine, Water Res. 113 (2017) 32–41, https://doi.org/10.1016/ 
j.watres.2017.01.055. 

[71] C. Li, H. Lin, A. Armutlulu, R.Z. Xie, Y.L. Zhang, X.Y. Meng, Hydroxylamine- 
assisted catalytic degradation of ciprofloxacin in ferrate/persulfate system, Chem. 
Eng. J. 360 (2019) 612–620, https://doi.org/10.1016/j.cej.2018.11.218. 

[72] S.F. Sun, S.Y. Pang, J. Jiang, J. Ma, Z.S. Huang, J.M. Zhang, Y.L. Liu, C.B. Xu, Q.L. 
Liu, Y.X. Yuan, The combination of ferrate(VI) and sulfite as a novel advanced 
oxidation process for enhanced degradation of organic contaminants, Chem. Eng. 
J. 333 (2018) 11-19, https://doi.org/ 10.1016/j.cej.2017.09.082. 

[73] M.B. Feng, V.K. Sharma, Enhanced oxidation of antibiotics by ferrate(VI)-sulfur 
(IV) system: elucidating multi-oxidant mechanism, Chem. Eng. J. 341 (2018) 
137–145, https://doi.org/10.1016/j.cej.2018.01.112. 

[74] J. Zhang, L. Zhu, Z.Y. Shi, Y. Gao, Rapid removal of organic pollutants by 
activation sulfite with ferrate, Chemosphere 186 (2017) 576–579, https://doi. 
org/10.1016/j.chemosphere.2017.07.102. 

[75] S. Wu, H.R. Li, X. Li, H.J. He, C.P. Yang, Performances and mechanisms of 
efficient degradation of atrazine using peroxymonosulfate and ferrate as oxidants, 
Chem. Eng. J. 353 (2018) 533–541, https://doi.org/10.1016/j.cej.2018.06.133. 

[76] H. Gong, W. Chu, K.H. Xu, X.J. Xia, H. Gong, Y. Tan, S.Y. Pu, Efficient 
degradation, mineralization and toxicity reduction of sulfamethoxazole under 
photo-activation of peroxymonosulfate by ferrate (VI), Chem. Eng. J. 389 (2020), 
https://doi.org/10.1016/j. cej.2020.124084. 

[77] T.N. Das, Reactivity and role of SO5
•- radical in aqueous medium chain oxidation 

of sulfite to sulfate and atmospheric sulfuric acid generation, Chem. A Eur. J. 105 
(40) (2001) 9142–9155, https://doi.org/10.1021/jp011255h. 

[78] L. Zhang, L. Chen, M. Xiao, L. Zhang, F. Wu, L.Y. Ge, Enhanced decolorization of 
orange II solutions by the Fe(II)-sulfite system under xenon lamp irradiation, Ind. 
Eng. Chem. Res. 52 (30) (2013) 10089–10094, https://doi.org/10.1021/ 
ie400469u. 

[79] L. Wojnarovits, E. Takacs, Rate constants of sulfate radical anion reactions with 
organic molecules: a review, Chemosphere 220 (2019) 1014–1032, https://doi. 
org/10.1016/j. chemosphere.2018.12.156. 

[80] V.K. Sharma, D. Cabelli, Reduction of oxyiron(V) by sulfite and thiosulfate in 
aqueous solution, Chem. A. Eur. J. 113 (31) (2009) 8901–8906, https://doi.org/ 
10.1021/jp901994x. 

[81] C. Luo, M.B. Feng, V.K. Sharma, C.H. Huang, Revelation of ferrate(VI) 
unimolecular decay under alkaline conditions: investigation of involvement of Fe 
(IV) and Fe(V) species, Chem. Eng. J. 388 (2020), https://doi.org/10.1016/j. 
cej.2020.124134. 

[82] J.D. Rush, Z.W. Zhao, B.H.J. Bielski, Reaction of ferrate(VI)/ferrate(V) with 
hydrogen peroxide and superoxide anion - a stopped-flow and premix pulse 
radiolysis study, Free Radic. Res. 24 (3) (1996) 187–198, https://doi.org/ 
10.3109/10715769609088016. 

[83] J.D. Melton, B.H.J. Bielski, Studies of the kinetic, spectral and chemical properties 
of Fe(IV) pyrophosphate by pulse radiolysis, Radiat. Phys. Chem. 36 (6) (1990) 
725-733, https://doi.org/ 10.1016/1359-0197(90)90169-I. 

[84] X.W. Dan, Z.Y. Luo, M. Dai, M. Zhang, X. Yue, S.L. Xie, Oxidative degradation of 
p-chlorophenol by ferrate(VI): Kinetics, intermediates and pathways, J. Environ. 
Chem. Eng. 9 (4) (2021) 105810, https://doi. org/10.1016/j.jece.2021.105810. 

[85] M.B. Feng, L. Cizmas, Z.Y. Wang, V.K. Sharma, Activation of ferrate (VI) by 
ammonia in oxidation of flumequine: kinetics, transformation products, and 
antibacterial activity assessment, Chem. Eng. J. 323 (2017) 584–591, https://doi. 
org/10.1016/j.cej.2017.04.123. 

[86] Y.H. Li, L. Jiang, R. Wang, P.X. Wu, J. Liu, S.S. Yang, J.H. Liang, G.N. Lu, N. 
W. Zhu, Kinetics and mechanisms of phenolic compounds by Ferrate(VI) assisted 
with density functional theory, J. Hazard. Mater. 415 (5) (2021) 125563, https:// 
doi.org/10.1016/j.jhazmat.2021.125563. 

[87] M.Z. Liu, N.N. Wu, X.Y. Li, S.N. Zhang, V.K. Sharma, J.S. Ajarem, A.A. Allam, R. 
J. Qu, Insights into manganese (VII) enhanced oxidation of benzophenone-8 by 
ferrate (VI): mechanism and transformation products, Water Res. 238 (2023) 
120034, https://doi.org/10.1016/j. watres.2023.120034. 

[88] E. Brillas, I. Sires, M.A. Oturan, Electro-fenton process and related 
electrochemical technologies based on fenton’s reaction chemistry, Chem. Rev. 
109 (12) (2009) 6570–6631, https://doi.org/10.1021/cr900136g. 

[89] J.D. Rush, B.H.J. Bielski, Decay of ferrate (V) in neutral and acidic solutions. a 
premix pulse radiolysis study, Inorg. Chem. 33 (24) (1994) 5499–5502, https:// 
doi.org/10.1021/ic00102a024. 

[90] K.J. Zhang, Z. Luo, T.Q. Zhang, N.Y. Gao, Y. Ma, Degradation effect of sulfa 
antibiotics by potassium ferrate combined with ultrasound (Fe(VI)-US), Biomed 
Res. Int. 2015 (2015), https://doi.org/10.1155/2015/169215. 

[91] K.Y. Chen, Z.G. Cui, Z.Q. Zhang, H.L. Pang, J. Yang, X.J. Huang, J.S. Lu, Life- 
sustaining of H+ in S(IV)/Fe(VI) system for efficient removal of dimethoate in 
water: active species identification and mechanism, Chem. Eng. J. 445 (2022), 
https://doi.org/10.1016/j.cej.2022.136865. 

[92] J. Miao, J. Sunarso, C. Su, W. Zhou, S. Wang, Z. Shao, SrCo1− xTixO3− δ 
perovskites as excellent catalysts for fast degradation of water contaminants in 
neutral and alkaline solutions, Sci. Rep. 7 (1) (2017) 44215, https://doi.org/ 
10.1038/srep44215. 

[93] D. Wang, Z. Zeng, H. Zhang, J. Zhang, R. Bai, How does pH influence ferrate (VI) 
oxidation of fluoroquinolone antibiotics? Chem. Eng. J. 431 (2022) 133381 
https://doi.org/10.1016/j. cej.2021.133381. 

[94] J. Chen, Y.M. Qi, X.X. Pan, N.N. Wu, J.L. Zuo, C.G. Li, R.J. Qu, Z.Y. Wang, Z. 
X. Chen, Mechanistic insights into the reactivity of Ferrate(VI) with phenolic 
compounds and the formation of coupling products, Water Res. 158 (2019) 
338–349, https://doi.org/10.1016/j. watres.2019.04.045. 

[95] Z.H. Liu, Y. Kanjo, S. Mizutani, Removal mechanisms for endocrine disrupting 
compounds (EDCs) in wastewater treatment - physical means, biodegradation, 
and chemical advanced oxidation: a review, Sci. Total Environ. 407 (2) (2009) 
731–748, https://doi.org/10.1016/j. scitotenv.2008.08.039. 

[96] J. Shu, X.P. Xu, Y.C. Zhang, K.M. Wang, Y.X. Zhu, X.R. Lian, H.Y. Wang, Insight 
into the mechanism of ferrate (VI) activation by mineral zincite for 
carbamazepine degradation: role of Fe (V) species and free radical induction, 
Chem. Eng. J. 473 (2023) 145360, https://doi.org/10.1016/j. cej.2023.145360. 

[97] Z.Q. Wang, F. Wang, L.L. Xiang, Y.R.Bian, Z.L. Zhao, Z.Y. Gao, J.X. Cheng, A. 
Schaeffer, X. Jiang, D.D. Dionysiou, Degradation of mineral-immobilized pyrene 
by ferrate oxidation: Role of mineral type and intermediate oxidative iron species, 
Water Res. 217 (2022) 118377, https://doi. org/10.1016/j.watres. 2022.118377. 

[98] J. Wang, C. Wang, H. Guo, T. Ye, Y. Liu, X. Cheng, W. Li, B. Yang, E. Du, Crucial 
roles of oxygen and superoxide radical in bisulfite-activated persulfate oxidation 
of bisphenol AF: mechanisms, kinetics and DFT studies, J. Hazard. Mater. 391 
(2020) 122228, https://doi.org/10.1016/j. jhazmat.2020.122228. 

[99] S. Merouani, A. Dehane, A. Belghit, O. Hamdaoui, Y.A. Tobba, C. Lahlou, M.P. 
Shah, Protonated hydroxylamine-assisted iron catalytic activation of persulfate 
for the rapid removal of persistent organics from wastewater, CLEAN–Soil, Air, 
Water, 51 (3) (2023) 2100304, https://doi.org/10. 1002/clen.202100304. 

[100] R.X. Li, X.D. Wu, Z.F. Han, L.J. Xu, L. Gan, Y.Q. Zhang, F.R. Lu, H. Lin, X. Yang, M. 
T. Yan, W. Chu, H. Gong, Removal of antibiotic-resistant bacteria and genes by 
solar-activated ferrate/ peroxymonosulfate: efficiency in aquaculture wastewater 
and mechanism, Chem. Eng. J. 474 (2023) 145547, https://doi.org/10.1016/j. 
cej.2023.145547. 

[101] J. Li, C. Fu, Q. Lin, T. Zeng, D. Wang, X. Huang, S. Song, C. Li, F. Dong, Fe (VI) 
activation system mediated by a solar-driven TiO2 nanotubes electrode for CLQ 
degradation: performances, mechanisms and pathways, J. Hazard. Mater. 452 
(2023) 131274, https://doi.org/10.1016/j. jhazmat.2023.131274. 

[102] J.L. Liang, C. Shan, X. Zhang, M.P. Tong, Bactericidal mechanism of BiOI-AgI 
under visible light irradiation, Chem. Eng. J. 279 (1) (2015) 277–285, https:// 
doi.org/10.1016/j.cej.2015.05.024. 

[103] W.J. Shen, Y. Mu, B.N. Wang, Z.H. Ai, L.Z. Zhang, Enhanced aerobic degradation 
of 4-chlorophenol with iron-nickel nanoparticles, Appl. Surf. Sci. 393 (30) (2017) 
316-324, https:// doi.org/10.1016/j.apsusc. 2016.10.020. 

[104] S. Wu, H.Y. Liu, Y. Lin, C.P. Yang, W. Lou, J.T. Sun, C. Du, D.M. Zhang, L.J. Nie, 
K. Yin, Y.Y. Zhong, Insights into mechanisms of UV/ferrate oxidation for 
degradation of phenolic pollutants: Role of superoxide radicals, Chemosphere 244 
(2020) 125490, https://doi.org/10.1016/j. chemosphere.2019.125490. 

https://doi.org/10.1021/acs.est.1c03725
https://doi.org/10.1021/acs.est.8b04990
https://doi.org/10.1021/acs.est.8b04990
https://doi.org/10.1016/S1093-0191(01)00119-8
https://doi.org/10.1016/S1093-0191(01)00119-8
https://doi.org/10.1007/s10311-023-01584-4
https://doi.org/10.1007/s10311-023-01584-4
https://doi.org/10.1021/acsestengg.2c00245
https://doi.org/10.1139/v93-180
https://doi.org/10.1021/acs.est.9b00006
https://doi.org/10.1016/j.chemosphere.2016.02.055
https://doi.org/10.1016/j.chemosphere.2016.02.055
https://doi.org/10.1016/j.scitotenv.2020.138321
https://doi.org/10.1016/j.scitotenv.2020.138321
https://doi.org/10.1016/j.chemosphere.2017.03.008
https://doi.org/10.1016/j.chemosphere.2017.03.008
https://doi.org/10.1016/j.watres.2017.01.055
https://doi.org/10.1016/j.watres.2017.01.055
https://doi.org/10.1016/j.cej.2018.11.218
https://doi.org/10.1016/j.cej.2018.01.112
https://doi.org/10.1016/j.chemosphere.2017.07.102
https://doi.org/10.1016/j.chemosphere.2017.07.102
https://doi.org/10.1016/j.cej.2018.06.133
https://doi.org/10.1016/j. cej.2020.124084
https://doi.org/10.1021/jp011255h
https://doi.org/10.1021/ie400469u
https://doi.org/10.1021/ie400469u
https://doi.org/10.1016/j. chemosphere.2018.12.156
https://doi.org/10.1016/j. chemosphere.2018.12.156
https://doi.org/10.1021/jp901994x
https://doi.org/10.1021/jp901994x
https://doi.org/10.1016/j.cej.2020.124134
https://doi.org/10.1016/j.cej.2020.124134
https://doi.org/10.3109/10715769609088016
https://doi.org/10.3109/10715769609088016
https://doi.org/10.1016/j.cej.2017.04.123
https://doi.org/10.1016/j.cej.2017.04.123
https://doi.org/10.1016/j.jhazmat.2021.125563
https://doi.org/10.1016/j.jhazmat.2021.125563
https://doi.org/10.1016/j. watres.2023.120034
https://doi.org/10.1021/cr900136g
https://doi.org/10.1021/ic00102a024
https://doi.org/10.1021/ic00102a024
https://doi.org/10.1155/2015/169215
https://doi.org/10.1016/j.cej.2022.136865
https://doi.org/10.1038/srep44215
https://doi.org/10.1038/srep44215
https://doi.org/10.1016/j. cej.2021.133381
https://doi.org/10.1016/j. watres.2019.04.045
https://doi.org/10.1016/j. scitotenv.2008.08.039
https://doi.org/10.1016/j. cej.2023.145360
https://doi.org/10.1016/j. jhazmat.2020.122228
https://doi.org/10.1016/j.cej.2023.145547
https://doi.org/10.1016/j.cej.2023.145547
https://doi.org/10.1016/j. jhazmat.2023.131274
https://doi.org/10.1016/j.cej.2015.05.024
https://doi.org/10.1016/j.cej.2015.05.024
https://doi.org/10.1016/j. chemosphere.2019.125490


[105] K. Manoli, G. Nakhla, A.K. Ray, V.K. Sharma, Enhanced oxidative transformation 
of organic contaminants by activation of ferrate (VI): Possible involvement of 
FeV/FeIV species, Chem. Eng. J. 307 (2017) 513–517, https://doi.org/10.1016/j. 
cej.2016.08.109. 

[106] C. Kim, V.R. Panditi, P.R. Gardinali, R.S. Varma, H. Kim, V.K. Sharma, Ferrate 
promoted oxidative cleavage of sulfonamides: kinetics and product formation 
under acidic conditions, Chem. Eng. J. 279 (2015) 307–316, https://doi.org/ 
10.1016/j.cej.2015.04.139. 

[107] Z.K. Hong, R.D. Cook, D.F. Davidson, R.K. Hanson, A Shock Tube Study of OH +
H2O2 > H2O + HO2 and H2O2 + M > 2OH+M using laser absorption of H2O 
and OH, Chem. A Eur. J. 114 (18) (2010) 5718–5727, https://doi.org/10.1021/ 
jp100204z. 

[108] A. Maroz, R.F. Anderson, R.A.J. Smith, M.P. Murphy, Reactivity of ubiquinone 
and ubiquinol with superoxide and the hydroperoxyl radical: implications for in 
vivo antioxidant activity, Free Radical Bio. Med. 46 (1) (2009) 105–109, https:// 
doi.org/10.1016/j.freeradbiomed.2008.09. 033. 

[109] K.T. Zhang, C.S. Ye, Y.Y. Lou, X. Yu, M.B. Feng, Promoting selective water 
decontamination via boosting activation of periodate by nanostructured Ru- 
supported Co3O4 catalysts, J. Hazard. Mater. 442 (2023) 130058, https://doi.org/ 
10.1016/j.jhazmat.2022.130058. 

[110] K.T. Zhang, S.Q. Zhang, C.S. Ye, R.W. Ou, H.B. Zeng, X. Yu, M.B. Feng, Sunlight- 
activated periodate oxidation: A novel and versatile strategy for highly efficient 
water decontamination, Chem. Eng. J. 451 (2023) 138642, https://doi.org/ 
10.1016/j.cej.2022.138642. 

[111] S.M. Badiger, P.V. Nidheesh, Applications of biochar in sulfate radical-based 
advanced oxidation processes for the removal of pharmaceuticals and personal 
care products, Water Sci. Technol. 87 (6) (2023) 1329–1348, https://doi.org/ 
10.2166/wst.2023.069. 

[112] B.L. Guo, J.Y. Wang, K. Sathiyan, X.M. Ma, E. Lichtfouse, C.H. Huang, V. 
K. Sharma, Enhanced Oxidation of Antibiotics by Ferrate Mediated with Natural 
Organic Matter: Role of Phenolic Moieties, Environ. Sci. Tech. (2023), https:// 
doi.org/10.1021/acs.est.3c03165. 

[113] J.Q. Jiang, Advances in the development and application of ferrate(VI) for water 
and wastewater treatment, J. Chem. Technol. Biot. 89 (2) (2014) 165–177, 
https://doi.org/10.1002/jctb.4214. 

[114] S.C. Wang, Y. Deng, B.B. Shao, J.H. Zhu, Z.X. Hu, X.H. Guan, Three kinetic 
patterns for the oxidation of emerging organic contaminants by Fe (VI): The 
critical roles of Fe (V) and Fe (IV), Environ. Sci. Tech. 55 (16) (2021) 
11338–11347, https://doi.org/10.1021/acs.est.1c03813. 

[115] S.C. Wang, Y.M. Lin, B.B. Shao, H.Y. Dong, J. Ma, X.H. Guan, Selective removal of 
emerging organic contaminants from water using electrogenerated Fe (IV) and Fe 
(V) under near-neutral conditions, Environ. Sci. Tech. 57 (2023) 9332–9341, 
https://doi.org/10.1021/acs.est. 3c01850. 

[116] J. Zhao, H. Zhang, Y. Shi, M.F. Luo, H.Y. Zhou, Z.J. Xie, Y. Du, P. Zhou, C. He, 
G. Yao, B. Lai, Efficient activation of ferrate by Ru (III): Insights into the major 
reactive species and the multiple roles of Ru (III), J. Hazard. Mater. 458 (2023) 
131927, https://doi.org/10.1016/j. jhazmat.2023.131927. 

[117] P.K. Rai, J. Lee, S.K. Kailasa, E.E. Kwon, Y.F. Tsang, Y.S. Ok, K.H. Kim, A critical 
review of ferrate(VI)-based remediation of soil and groundwater, Environ. Res. 
160 (2018) 420–448, https://doi.org/10.1016/j.envres.2017.10.016. 

[118] M.Y. Sun, W.Y. Huang, H. Cheng, J.F. Ma, Y. Kong, S. Komarneni, Degradation of 
dye in wastewater by Homogeneous Fe(VI)/NaHSO3 system, Chemosphere 228 
(2019) 595–601, https://doi.org/10.1016/j.chemosphere.2019.04.182. 

[119] S.Q. Zhang, C.S. Ye, W.J. Zhao, L.L. An, X. Yu, L. Zhang, H.J. Sun, M.B. Feng, 
Product identification and toxicity change during oxidation of methotrexate by 
ferrate and permanganate in water, Front. Env. Sci. Eng. 16 (7) (2022) 93, 
https://doi.org/10.1007/s11783-021-1501-8. 

[120] M.B. Feng, C. Jinadatha, T.J. McDonald, V.K. Sharma, accelerated oxidation of 
organic contaminants by ferrate(VI): the overlooked role of reducing additives, 
Environ. Sci. Tech. 52 (19) (2018) 11319–11327, https://doi.org/10.1021/acs. 
est.8b03770. 

[121] M.F. Luo, H. Zhang, P. Zhou, Z.K. Xiong, B.K. Huang, J.L. Peng, R. Liu, W. Liu, 
B. Lai, Efficient activation of ferrate (VI) by colloid manganese dioxide: 
Comprehensive elucidation of the surface-promoted mechanism, Water Res. 215 
(2022) 118243, https://doi.org/10.1016/j. watres.2022.118243. 

[122] X.G. Duan, H.Q. Sun, Z.P. Shao, S.B. Wang, Nonradical reactions in environmental 
remediation processes: Uncertainty and challenges, Appl. Catal. B-Environ. 224 
(2018) 973–982, https://doi.org/10.1016/j.apcatb.2017.11.051. 

[123] H. Kang, D. Lee, K.M. Lee, H.H. Kim, H. Lee, M.S. Kim, C. Lee, Nonradical 
activation of peroxymonosulfate by hematite for oxidation of organic compounds: 
A novel mechanism involving high-valent iron species, Chem. Eng. J. 426 (2021) 
130743, https://doi.org/10.1016/j.cej.2021.130743. 

[124] X. Li, W. Zhu, S.P. Sun, Peracetic acid-based UVA photo-Fenton reaction: 
Dominant role of high-valent iron species toward efficient selective degradation 
of emerging micropollutants, J. Hazard. Mater. 454 (2023) 131448, https://doi. 
org/10.1016/j.jhazmat.2023.131448. 

[125] Z. Sabeti, M. Alimohammadi, S. Yousefzadeh, H. Aslani, M. Ghani, R. Nabizadeh, 
Application of response surface methodology for modeling and optimization of 
Bacillus subtilis spores inactivation by the UV/persulfate process, Water Sci, 
Tech-w. Sup. 17 (2) (2017) 342–351, https://doi.org/10.2166/ws.2016.139. 

[126] W.D. Oh, Z.L. Dong, T.T. Lim, Generation of sulfate radical through 
heterogeneous catalysis for organic contaminants removal: Current development, 
challenges and prospects, Appl. Catal. B-Environ. 194 (5) (2016) 169–201, 
https://doi.org/10.1016/j.apcatb.2016.04.003. 

[127] Y. Lin, S.H. Wu, X. Li, X. Wu, C.P. Yang, G.M. Zeng, Y.R. Peng, Q. Zhou, L. Lu, 
Microstructure and performance of Z-scheme photocatalyst of silver phosphate 
modified by MWCNTs and Cr-doped SrTiO3 for malachite green degradation, 
Appl. Catal. B-Environ. 227 (5) (2018) 557–570, https://doi.org/10.1016/j. 
apcatb.2018.01.054. 

[128] J.R. Elphick, M. Davies, G. Gilron, E.C. Canaria, B. Lo, H.C. Bailey, An aquatic 
toxicological evaluation of sulfate: The case for considering hardness as a 
modifying factor in setting water quality guidelines, Environ. Toxicol. Chem. 30 
(1) (2011) 247-253, https://doi.org/10. 1002/etc.363. 

[129] L.M. Mosley, B. Zammit, A.M. Jolley, L. Barnett, R. Fitzpatrick, Monitoring and 
assessment of surface water acidification following rewetting of oxidised acid 
sulfate soils, Environ. Monit. Assess. 186 (2014) 1–18, https://doi.org/10.1007/ 
s10661-013-3350-9. 

https://doi.org/10.1016/j.cej.2016.08.109
https://doi.org/10.1016/j.cej.2016.08.109
https://doi.org/10.1016/j.cej.2015.04.139
https://doi.org/10.1016/j.cej.2015.04.139
https://doi.org/10.1021/jp100204z
https://doi.org/10.1021/jp100204z
https://doi.org/10.1016/j.freeradbiomed.2008.09. 033
https://doi.org/10.1016/j.freeradbiomed.2008.09. 033
https://doi.org/10.1016/j.jhazmat.2022.130058
https://doi.org/10.1016/j.jhazmat.2022.130058
https://doi.org/10.1016/j.cej.2022.138642
https://doi.org/10.1016/j.cej.2022.138642
https://doi.org/10.2166/wst.2023.069
https://doi.org/10.2166/wst.2023.069
https://doi.org/10.1021/acs.est.3c03165
https://doi.org/10.1021/acs.est.3c03165
https://doi.org/10.1002/jctb.4214
https://doi.org/10.1021/acs.est.1c03813
https://doi.org/10.1021/acs.est. 3c01850
https://doi.org/10.1016/j. jhazmat.2023.131927
https://doi.org/10.1016/j.envres.2017.10.016
https://doi.org/10.1016/j.chemosphere.2019.04.182
https://doi.org/10.1007/s11783-021-1501-8
https://doi.org/10.1021/acs.est.8b03770
https://doi.org/10.1021/acs.est.8b03770
https://doi.org/10.1016/j. watres.2022.118243
https://doi.org/10.1016/j.apcatb.2017.11.051
https://doi.org/10.1016/j.cej.2021.130743
https://doi.org/10.1016/j.jhazmat.2023.131448
https://doi.org/10.1016/j.jhazmat.2023.131448
https://doi.org/10.2166/ws.2016.139
https://doi.org/10.1016/j.apcatb.2016.04.003
https://doi.org/10.1016/j.apcatb.2018.01.054
https://doi.org/10.1016/j.apcatb.2018.01.054
https://doi.org/10.1007/s10661-013-3350-9
https://doi.org/10.1007/s10661-013-3350-9

	Simultaneous generation of free radicals, Fe(IV) and Fe(V) by ferrate activation: A review
	1 Introduction
	2 Mechanism of oxidation by ferrate(VI) in water
	3 Iron(V), iron(IV) and radicals in Fe(VI) activation
	3.1 Sulfur-containing radical generation by Fe(VI) activation
	3.2 Hydroxyl radical generation in the activation of Fe(VI)
	3.3 Generation of superoxide and peroxyacetyl radicals in the activation of Fe(VI)
	3.4 Fe(IV) and Fe(V) formation in activated Fe(VI) system

	4 Perspective
	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	References




