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Ferrate (Fe"'0%, 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 (SO%), hydroxyl radicals (eéOH), 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 (FeVIOﬁ', Fe(VD)) 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 H3FeOj,
HyFeO,, HFeOj, and FeOF, the protonated HFeO4 form dominates at
neutral pH. HFeOj has a larger spin density on the oxo ligands, and its
oxidation capacity is stronger than FeO3 [11-13]. The intermediate
forms with oxidation states of + 4 such as Fe“’o% and Fewoﬁ’ (Fe(1V)),
and + 5 such as Fevoﬁ’ (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
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of refractory organic compounds and form non-toxic or low-toxic
products [19-21]. In addition, the low-valent iron oxidation state, Fe
(Il), 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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activating Fe(VI), which involves generating highly reactive species
sulfate radicals (SO%), hydroxyl radicals (eOH), iron(IV) (FeIVOﬁ' or
FeIVO%'), and iron(V) (FeVO‘Z{) [32-35]. The generation of SO%
(E04..=2.5-3.1 V versus NHE) and ¢OH (E2oy = 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
(VD) 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
(VD) 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 H,O. Similarly, other
radicals, e.g., *0O3, HO3, 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.

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, HoO5, 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
(I1)/Fe(1I) 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 (Egs. (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 Oy (Egs.
(7)-(12)) [51,61]. The hydrolysis of Fe(IIl) 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
(VD) could be promoted under low pH conditions, and the protonated
ferrate form had good oxidizing properties [61].
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Fig. 1. Methods for generating reactive species by Fe(VI) activation.



HFeVIO; + pollutant — Fe(II)/Fe(IIl) 4 pollutant (oxidized)

(@]
HFeV0; + ¢ - HFeVO7 @
HFeV0} + ¢ — HFY O3 @)
2HFe"'0; + 4H,0 — 2H3Fe'V0; + 2H,0, @
HFe"03 + Pollutant — Fe(II)/Fe(Ill) + Pollutant (oxidized) ®)
H3Fe'YOj + Pollutant — Fe(I)/Fe(Ill) 4 Pollutant (oxidized) ©®)
4HFe"'03 4 6H,0 — 4Fe(OH); + 40H 430, o
4FeV'0% + 10H,0 — 4Fe(OH); + 8OH + 30, @
4Fe03 + 20H" — 4Fe(Ill) 4+ 10H,0 + 30, ©
2HFe'0F + 4H,0 — 2Fe(OH); + 40H™ + O, 10)
2HFeY O} + 5H,0 — 2Fe(OH); + 60H + 1/20, an
HFe'VO3” + 3H,0 + ¢ — Fe(OH); + 40H a12)

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., SOF, 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.,
SO% and SO%, 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 Egs. (13)-(26) [37,69-72].

HFe"'0; + HSO3/S03” — HFeYO% + SOY 13)
SOY + 0, — SOY 14
SO% + HSO03/SO3 — SOF + SOF 15)
SO} + Hy0 — SO + eOH + HT 16)
SO3 / «OH + pollutant — SO?{ + pollutant (oxidized) a7
Fe(Ill) + HSO35 — Fe(Il) + SO3 + H' 18)
Fe(Il) + HSO5 — Fe(Ill) + SO$ + OH™ 19)
y-Fe,03 + HSO3; — Fe-OH + SO§ + OH~ (20)
Fe(Ill) 4+ S,03 — Fe(Il) + S,08 (21)
Fe(l) + S,0% — Fe(Ill) + SO + SOY (22)
FeV'0% + SO% - Fe¥03 + SO; (23)
HFeV0F + SO% — HFe'Y 03 + 503 24
4HFe"'0} 4 35,03 + 20H™ +3H,0 — 4Fe(OH); 4 6503 (25)
HFe"'0; + 5,03 - HFeV 03 + S,0F (26)

Fe(VI) and its products, e.g., Fe(II) and Fe(Ill), 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/! SO%’ to generate SO3, which was then is oxidized
by oxygen to form SOZ, which may subsequently react with HSO3/S0%
to produce SO% (Egs. (13)-(15)) [37]. Due to the presence of water, a
SOZ% may also react with HyO to form eOH (Eq. (16) [37]. Both SO% and
eOH can oxidize the target pollutants (Eq. (17) [37]. In this activation
process, there is a possibility of Fe(VI) self-decomposition that produces
Fe(1I)/Fe(Il) (Egs. (1), (5)-(12)) [51,61]. Then Fe(II)/Fe(Ill) can also
promote the generation of sulfur-containing radicals. In the Fe(VI)-PS
system (Egs. (18)-(22)) [71], Fe(IIl) can react with HSO5 or szoé' to
form SO% and S,0g, which can be further formed SOZ. The reduced iron
(I11) species (y-FepO3) may thus contribute to the SO5 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 (Egs. (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
SO% 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)-H20; 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 SOZ, 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
(ID) to form more SOZ” 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, SO%, 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, SO%, and SO, 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 SO?{, which has a broad advantageous prospect.

Table 1
The rate constants for generating free radicals by Fe(VI) activation.
Reactions kM s Notes Ref.
FeV'0F + S0% — FeV0} + SO% 10%-10* pH =9.0 [15]
SO% + 0, — SOY 1.1 x 10° / (771
SO% + SO% — SOF + SO 5.6 x 10° alkaline [78]
SO§ + H,0 — SOF + eOH + H* 6.6 x 102 / [79]
0y + € - *03 1.9 x 10%° radiolytic [79]
system
FeV'0F + SO§ — FeV03 + SO, 1.9 x 108 pH =11.0 [80]
FeV'0% + H,0 — Fe'V03 + H,0, 4.8 x 10° pH =9.0 [81]
™
FeV'0F + Hy0p —» Fe'VO3 + H0 + 0, ~0 pH = 9.0 [82]
HFe"'0; + H,0, + OH™ — Fe'V0% + 1.7 x 102 pH =9.0 [82]
2H,0 + O,
HFe'03 + H02 + H0 - Fe(OH)3 gy 4.0 x 10° pH = 9.0 [82]
+ Oy + 20H"
2HFe'03 — 2Fe(Ill) + 2H,0, 1.0 x 107 pH =282 [82]
Fe'VO3 + Hy0, + 2H" — Fe(OH)2 aqy + 1.0 x 10* pH =9.0 [83]

2H50 + Oy




Table 2

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

Technologies Free Pollutants Reaction conditions Kinetics constants Degradation efficiency ~ Ref.
radicals
Thiosulfate + Fe(VI) SO% Chloramphenicol pHo = 7.0, [thiosulfate]o = 155 uM, [Fe k (thiosulfate/Fe(VI)) = The removal rate was [37]
(VD] = 1.24 mM 25.972 M 's7! 69 %
Persulfate + Fe(VI) SO Atrazine pHy = 6.0, [persulfate]o = 5.0 mM, [Fe(VD], / The removal rate was [75]
=2.5mM 65.7 %
Peroxymonosulfate + Fe SOy Atrazine pHo = 6.0, [peroxymonosulfate], = 5.0 mM, / The removal rate was [75]
(VD) [Fe(VD]o = 2.5 mM 81.5 %
Sulfite + Fe(VI) SO5eOH Benzotriazole pHp = 9.0, [Fe(VD]1o = 50 uM, [Sulfite]ly = / The removal rate was [74]
250 uM >80 %
Sulfite + Fe(VI) SO%eOH Phenol pHp = 9.0, [Fe(VD)]o = 50 pM, [Sulfite]o = / The removal rate was [74]
250 yM ~ 100 %
Sulfite + Fe(VI) SO5eOH Ciprofloxacin pHp = 9.0, [Fe(VD]o = 50 uM, [Sulfite]o = / The removal rate was [74]
250 uM ~100 %
Sulfite + Fe(VI) SO «OH Methyl blue pHp = 9.0, [Fe(VD)1o = 50 uM, [Sulfite]ly = / The removal rate was [74]
250 yM ~ 100 %
Sulfite + Fe(VI) SO e«OH Rhodamine B pHo = 9.0, [Fe(VD] = 50 uM, [Sulfite], = / The removal rate was [74]
250 uM ~ 100 %
Sulfite + Fe(VI) SO3 eOH Methyl orange pHp = 9.0, [Fe(VD]1o = 50 uM, [Sulfite]y = / The removal rate was [74]
250 uM ~100 %
Sulfite + Fe(VI) SO%eOH Sulfamethoxazole pHp = 9.0, [Fe(VD)]o = 50 pM, [Sulfite]o = / The removal rate was [74]
250 uM > 60 %
Sulfite + Fe(VI) SO% N,N-diethyl-3- pHo = 8.0, [Fe(VD)]p = 100 pM, [NaySO3zlg = k (SO5/DEET) = 5.1 x 10° The removal rate was [72]
toluamide 400 uM M 1st 78 %
Sulfite + Fe(VI) SO Atrazine pHp = 8.0, [Fe(VD)]o = 100 pM, [NaySOs]p = / The removal rate was [72]
400 pM ~ 70 %
Sulfite + Fe(VI) SO% Benzoic acid pHy = 8.0, [Fe(VD)]o = 100 uM, [Na,SOs3]p = / The removal rate was [72]
400 M > 50 %
Sulfite + Fe(VI) SO% p-Chlorobenzoic pHo = 8.0, [Fe(VD)]p = 100 pM, [NaySOzlo = / The removal rate was [72]
400 yM ~ 60 %
UV + Fe(VI) *03 2,4-Dichlorophenol pH = 7.0, [Fe(VD)]o = 0.1 g/L, UV = 0.198 k (UV/Fe(VD)) = 0.0222 The removal rate was [104]
mW/cm? min " 73.0 %
Fe(VI) «OH 2-Benzylphenol pHo = 8.0, [Fe(VD] = 200 pM k=102.76 M~ 's! The removal rate was [94]
60 %
Fe(VI) «OH Phenol pHp = 8.0, [Fe(VD)]o = 200 uM k=39.73M 's! The removal rate was  [94]
45.4 %
Fe(VI) «OH Chlorophene pHo = 8.0, [Fe(VD)]o = 200 uM k=35324M 15! The removal rate was [94]
95.1 %
Fe(VD) oOH 4-Chlorophenol pHp = 8.0, [Fe(VD)]o = 200 uM k=130.96 M 's! The removal rate was [94]
72.9 %
Fe(VI) «OH Phenol pHop = 9.2, [Fe(VD)]o = 1000 uM k=12M1s! The removal rate was [86]
54.55 %
Fe(VI) o«OH 4-Chlorophenol pHo = 9.2, [Fe(VD)]p = 1000 uM k=129 M st The removal rate was [86]
100 %
Fe(VI) «OH 2,4-Dichlorophenol pHp = 9.2, [Fe(VD)]o = 1000 pM 1. k=96 M 's7! The removal rate was [86]
100 %
Fe(VD) «OH 2,4,6- pHo = 9.2, [Fe(VD)]o = 1000 yM k=44M st The removal rate was ~ [86]
Trichlorophenol 85.65 %
Ultrasound + Fe(VI) «OH Sulfadiazine pHp = 7.0, [Fe(VD]o = 0.05 mM, US / The removal rate was [90]
frequency = 800 kHz ~ 80 %
Ultrasound + Fe(VI) «OH Sulfamerazine pHp = 7.0, [Fe(VD)]o = 0.05 mM, US / The removal rate was [90]
frequency = 800 kHz ~ 80 %
Ultrasound + Fe(VI) o«OH Sulfamethoxazole pHo = 7.0, [Fe(VD], = 0.05 mM, US / The removal rate was [90]
frequency = 800 kHz > 70 %
Sulfite + Fe(VI) eOH SO% Dimethoate [Fe(VD]o = 218 uM, [NaySO3]p = 872 pM / The removal rate was [91]
51.03 %
Bisulfite + Fe(VI) oOH SO Dimethoate [Fe(VD]p = 218 uM, [NaHSO3]y = 400 uM / The removal rate was [91]

90.06 %

Fe(VI) ——> Fe(V)/Fe@V) —22 Fe(nyFe()

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

Fig. 2. Generation of SO by Fe(VI) activation. Fe(VI) and its products can
react with sulfur-containing salts to form SO% and eOH, which have powerful

oxidation capacity.

of eOH by Fe(VI) activation can be divided into two pathways. On the
one hand, sulfur-containing salts are directly stimulated to produce
eOH, or indirectly through the reaction of SO3 with H0 to form eOH
(Egs. (16) and (27) [37]. Fe(VI) self-decomposition and Fenton-like
processes can generate eOH (Egs. (4), (28)-(36)) [76,83,88-90].



Significantly, pH may be the major factor influencing the generation of
different reactive species (e.g., #OH, SO3, 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 eOH
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 eOH 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 eOH. Considering Fe(IV) and Fe(V) owned 2-5
orders of magnitude higher reactivity than Fe(VI), the oxidation per-
formance of eOH 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 HyO, under
acid conditions, which can further react with low-valent iron, e.g., Fe(I)
and Fe(IlI), to generate «OH [90]. In addition, other assistive technol-
ogies, e.g., ultrasound and illumination, can also promote the generation

of eOH in the Fe(VI) system (Egs. (32)-(35)) [90]. For example, in the Fe
(VD-ultrasound system, HoO was thermally cavitated by ultrasound to
form eOH, and ¢OH was recombined to form H;O,. The Fenton-like
reaction occurred from the reactions involved in the Fe(VI)-H503 sys-
tem to further generate eOH.

HSO3 + hv — SO$" + eOH 27)
HyFeV03 + H,0 + H* — Fe(OH); + H,0, (28)
2Fe'V03 + 2H,0 + 4H'— 2Fe(OH); + H,0, (29)
Fe(OH)3 + 2H" - [Fe(OH)]** + 2H,0 (30)
[Fe(OH)]** + hv — Fe(Il) + «OH (31)
H,0 + Ultrasound — ¢OH + °*H (32)
2¢0H — H,0, (33)
Fe(Ill) + H,0, — Fe(Il) + HOS + H* 34
HO3 + H,0; — O; + Hy,0 + «OH (35)
Fe(Il) + H,0, + H"— Fe(Ill) + ¢OH + H,O (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 H,0, by ¢OH during the Fe(VI) self-
decomposition [10,57,94,95]. Except for the self-decomposition of Fe
(VI), the reaction of SO and H3O can also produce ¢OH to degrade
pollutants. Zhang et al. [74] found that both SO and eOH 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
SO% could assist high-valent iron species to further improve the degra-
dation of ciprofloxacin [71]. Chen et al. [91] tried to combine NaSOs-
Fe(VI) and NaHSO3-Fe(VI) system together. The result showed that the
presence of H" could improve the continuous degradation ability of Fe
(VD) system, and several active species, e.g., #OH, SO%’, 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 (SO% react with H0), 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 eOH in the Fe(VI)-containing system, the

Fe(VI) ——> Fe(V)Fetv) —22 5  H,0,
H,0
H,0,
Fe(IT)/Fe(II) -OH

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.

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 eOH. The
detection of eOH 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 (PMSO>) 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 (NaNs) is particularly effective, exhibiting
rapid reaction kinetics with both ¢OH (k = 2.5 x 10° M’ls’l) and SOY
(k = 1.2 x 101° M~1s71) [98,99]. Additionally, tert-butanol (TBA) is
employed to preferentially quench eOH, given its lower reactivity with
SO% (values of k for reactions of TBA with ¢OH and SO% are 3.8-7.6 x
108 M1s7! and 4.0-9.1 x 10° M~ !s7}, respectively) [100]. Further-
more, trichloromethane (TCM) is used to quench superoxide radicals
(C0x) (k=1 x 1010 M’ls’l) [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(VD)

Other types of radicals like superoxide (*Oz, HO3) and peroxyacetyl
(CH3C(0)0O0®) may also be in the Fe(VI) activated system degrading
pollutants (Egs. (7)-(11), (37)-(44), (46)) [17,51,56,81-83]. In the Fe
(VI) activated system, Fe(IlI), O, HoO5, Fe(IV), and Fe(V) are formed.
Then O, can accept electrons to generate *O3 (Eq. (42) [82]. The
degradation efficiency of organic compounds by *O3 in the Fe(VI) system
is summarized in Table 2. The *Oz 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., *Oz, HO2, O, and ¢OH, under UV irradiation.
Among these, *O3 had a strong oxidative capacity, which could replace
the ortho-position CI° 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 *O3, 10,,
and high-valent irons that contributed to disinfection (Fig. 4).

2H,Fe¥0F +2H,0 + 2HT — 2Fe(OH); () + 2H202 37)
FeV07 + 2H,0, - Fe'VO} + H,0 + 0, + 2H* (38)
Fe'VO + Hy0; + 4H" — Fe(OH); (o) + 2H20 + O, (39)



Fe(VI) «<—— Fe(VI) ——> Fe(VI)

JH,0
H,0 Fe(III) SO,
hv hy
*OH Fe(1I) HSOy5

Fig. 4. The mechanism of *O3, 10, and high-valent irons formation in a novel
solar/PMS/Fe(VI) system. High-valent irons, *O3 and 10,, 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].

HFe"'0; + H,0, + OH™ — Fe'V 0% + 2H,0 + 0O, (40)
HFe"0F + Hy0; + Hy0 — Fe(OH)3 (o) + Oz + 20H™ (41)
Oy +¢ =0, (42)
H,0, — 2¢0H (43)
H,0, + «OH — HO5 + H,0 (44)
*0; 4 ¢ + 2H,0 — Hy0, + 20H" (45)
FeV'07 + CH3C(0)00™ - Fe¥03 + CH3C(0)00° (46)
FeV'07 + CH3C(0)00™ — Fe!Y03 + CH3C(0)O™ + O, (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)
00°*/CH3C(0)0* and enhance the removal of CBZ. However, the present
of CH3C(0)O0*/CH3C(0)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) (Egs. (46) and (47)
[56], which was further discussed in the next section.

Fe(IlI) and Fe(II) can directly or indirectly active HO2 to produce
HO3 (Eq. (34) [90]. Furthermore, the self-decomposition of HoO5 can
indirectly form HO$ (Egs. (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 Egs. (35), (45) and (47) [56,90].
Therefore, the oxidizing properties may not be significant.

Compared with Fe(VI), free radicals, e.g., SOY, eOH, *O3, 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 *O3. 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 SOF 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(1V) 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) (Egs. (13), (23) and (24)) [72-74]. The formation of Fe(IV)
and Fe(V) can rapidly degrade most refractory organic compounds (Egs.
(5) and (6) [117-119]. For example, Shao et al. [60] used calcium sulfite
(CaS03) to improve the oxidation of Fe(VI), because CaSOs3 accelerated
the reduction of Fe(VI) to Fe(V) and Fe(IV) through the one-electron
transfer step (Fig. 5a). Besides, SgO%' and SO%' can promote the rapid
conversion of Fe(VI) into Fe(V) and Fe(IV) (Egs. (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, Hy0,, 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
H30, 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(Il) or HyO5 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. 5¢) [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]
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inserted Fe(VI) into Ca/Al-layered double hydroxide (Ferrate-LDH) to
treat phenol solution. Ferrate-LDH generated Fe(III)/Fe(Il) 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(Ill) 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 (cMnO») to form a precursor complex (cMnO, — 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 PMSO; 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 PMSO, 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, SO, and
°03, 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 Fe?t, 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 SOY, is a widely studied approach in environmental applica-
tions. These SO% are favored due to their higher redox potential and
longer half-life (30-40 ps) compared to other free radicals like ¢OH with
a half-life of less than 1 ps [125-127]. This extended half-life of SO% 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 SOZ, 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



Table 3

Advantages and disadvantages of the reactive species generation by AOPs and Fe

(VD) activation.

AOPs and Fe(VI) Advantages Disadvantages Applicability
activation evaluation
methods
Active species High-efficient The reaction needs AA
generation by degradation of to be carried out
AOPs pollutants and under acidic
methods varied conditions, and
require external iron
sources
Sulfur- Efficient Mainly for the AAA
containing mineralization of excitation of sulfur-
radicals pollutants in a short containing salts
generation by time, and the
Fe(VD) technology is
activation relatively mature
Hydroxyl Strong degradation The degradation is AA
radicals capacity can rapidly fast in the early
generation by degrade pollutants stage, but becomes
Fe(VD) slower later, and
activation sometimes not the
primary active
substance
Other active There are a variety of ~ The mechanism has A
species active free radicals, not been elucidated,
generation by which have great and the practical
Fe(VI) development applicability is poor
activation potential
Intermediate High oxidizing Fe(IV) and Fe(V) AA

iron species
generation by
Fe(VI)

capability and
superior resistance
to pH variation

can hardly removal
pollutants without
electron-rich groups

activation

Note: A means not acceptable, AA means acceptable, AAA means a
recommendation

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 eOH and SOj . Hence, the activation mechanism of free radicals, e.
g., SO, eOH, O3, and HO3, by Fe(VI) presented herein may guide
future investigations. The combination of Fe(VI) and sulfur-containing
salts can form SOY, the self-decomposition of Fe(VI) or the reaction
between SO 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 SOF 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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