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1 Introduction

In the past few years, a large number of toxic and harmful
trace organic contaminants (TrOCs) and inorganic sub-
stances have been frequently detected in various water
bodies and the eutrophication of natural water bodies has
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H I G H L I G H T S

•The properties of Fe(VI) were summarized.

•Both the superiorities and the limitations of Fe
(VI) technologies were discussed.

•Methods to improve contaminants oxidation/
disinfection by Fe(VI) were introduced.

• Future research needs for the development of Fe
(VI) technologies were proposed.
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G R A P H I C A B S T R A C T

A B S T R A C T

The past two decades have witnessed the rapid development and wide application of Fe(VI) in the field
of water de-contamination because of its environmentally benign character. Fe(VI) has been mainly
applied as a highly efficient oxidant/disinfectant for the selective elimination of contaminants. The in
situ generated iron(III) (hydr)oxides with the function of adsorption/coagulation can further increase
the removal of contaminants by Fe(VI) in some cases. Because of the limitations of Fe(VI) per se,
various modified methods have been developed to improve the performance of Fe(VI) oxidation
technology. Based on the published literature, this paper summarized the current views on the intrinsic
properties of Fe(VI) with the emphasis on the self-decay mechanism of Fe(VI). The applications of Fe
(VI) as a sole oxidant for decomposing organic contaminants rich in electron-donating moieties, as a
bi-functional reagent (both oxidant and coagulant) for eliminating some special contaminants, and as a
disinfectant for inactivating microorganisms were systematically summarized. Moreover, the
difficulties in synthesizing and preserving Fe(VI), which limits the large-scale application of Fe
(VI), and the potential formation of toxic byproducts during Fe(VI) application were presented. This
paper also systematically reviewed the important nodes in developing methods to improve the
performance of Fe(VI) as oxidant or disinfectant in the past two decades, and proposed the future
research needs for the development of Fe(VI) technologies.
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become a serious environmental concern (Conley et al.,
2009; Tran et al., 2018; Ashoori et al., 2019; Rojas and
Horcajada, 2020). These environmental problems pose
great threats to human health, and they are harmful to the
sustainable development of the society. Hence, great
efforts should be made to control the water pollution.
Among various water treatment reagents, iron-based

reagents have gained much attention, for iron is an earth-
abundant material and an essential element for most living
organisms. Iron offers a unique range of valence states (0,
I, II, III, IV, Vand VI). The high-valent iron species, which
are commonly called ferrates (Fe(IV), Fe(V), and Fe(VI)),
possess stronger oxidation ability than most traditional
water treatment oxidants (e.g., O3, Cl2, H2O2, KMnO4),
and the concentrations of toxic byproducts resulting from
ferrates oxidation are generally low (Sharma, 2011; von
Gunten, 2018; Wang et al., 2018a). Hence, because of the
environmentally benign character of high-valent iron
species and the more convenient synthesis methods of Fe
(VI) compared to those of Fe(V) and Fe(IV), the
application of Fe(VI) for abating the water pollution
problems has become a research hotspot over the past two
decades.
The studies on Fe(VI) and its application can be roughly

divided into three categories: 1) clarifying the properties of
Fe(VI) so as to provide the theoretical basis for the
practical application of Fe(VI) (Lee et al., 2004; Sharma,
2010; Lee et al., 2014); 2) evaluating the feasibility of Fe
(VI) technologies to abate various contaminants in water
(Lee et al., 2009; Chen et al., 2019b; Manoli et al., 2020),
exploring the influence of coexisting components on the
removal of target contaminants (Jiang et al., 2015; Feng et
al., 2016; Luo et al., 2019), and the formation of toxic
byproducts (Lee et al., 2014; Jiang et al., 2016a, b); and 3)
developing various enhanced Fe(VI) oxidation technolo-
gies to overcome the limitations of Fe(VI) (Shao et al.,
2019; Tian et al., 2020; Wu et al., 2020). The redox
potentials of Fe(VI) are+ 2.2 V and+ 0.7 V (vs NHE) in
acidic and basic solutions, respectively (Sharma et al.,
2015). Fe(VI) can not only inactivate a wide variety of
microorganisms (Fan et al., 2018; Yan et al., 2020), but
also efficiently and selectively oxidize various inorganics
(Sharma, 2011) and organics containing the electron-
donating groups (Yang et al., 2012). In addition, the
reductive product of Fe(VI), the in situ generated ferric
(hydr)oxides, possesses excellent coagulation and adsorp-
tion ability and thus has immense potential in further
eliminating the contaminants and the reaction byproducts
after Fe(VI) oxidation (Lee et al., 2003; Kralchevska et al.,
2016a). Therefore, as an environmentally friendly reagent
with the functions of disinfection, oxidation, and coagula-
tion, Fe(VI) is expected to make a great contribution in the
field of water treatment. It’s essential to make a
comprehensive summary of the research progress on the
mechanism and application of Fe(VI) technologies in

water pollution control to guide the future development of
highly-efficient water pollution abatement methods based
on Fe(VI).
Although some reviews regarding Fe(VI) technologies

have been published in recent years, they are far from
sufficient. Most of the published reviews focused on the
chemistry of Fe(VI) (Lee et al., 2004; Schmidbaur, 2018)
and the oxidation/disinfection/coagulation characteristics
of Fe(VI) (Sharma, 2007, 2011; Sharma, 2013; Sharma et
al., 2015; Sharma et al., 2016; Talaiekhozani et al., 2017;
Rai et al., 2018). However, up to now, the favorable
applications and the potential environmental risks of Fe
(VI) technologies as well as the development of Fe(VI)
technologies in the past two decades have seldom been
summarized. Hence, the objectives of this study are to 1)
summarize the properties of Fe(VI) with the emphasis on
the self-decay mechanism of Fe(VI), 2) discuss the
superiorities and the limitations of Fe(VI) technologies,
3) retrospect the development of Fe(VI) technologies in the
past two decades, and 4) propose the future research needs
for the development of Fe(VI) technologies.

2 Properties of Fe(VI)

2.1 The redox and acid-base properties of Fe(VI)

Fe(VI) is a powerful oxidant and disinfectant with a redox
potential of+ 2.2 V (vs NHE) in the acidic solution, which
is higher than those of most other chemical oxidants
applied in water treatment (Table 1) (Jiang, 2007;
Ghernaout and Naceur, 2012; Sharma et al., 2016).
However, the redox property of Fe(VI) is highly pH-
dependent. The redox potential of Fe(VI) drops to+ 0.7 V
(vs NHE) under alkaline conditions. The decrease in the
redox potential of Fe(VI) with increasing pH can be
ascribed to the shift of Fe(VI) species with pH. Fe(VI),
with three pKa values (1.5, 3.5, and 7.3), has four
protonation states: H3FeO4

+, H2FeO4, HFeO4
–, and

FeO4
2– (Eqs. (1)-(3)) (Rush et al., 1996; Sharma et al.,

2001a). Under environmentally-relevant conditions (pH
4.0–9.0), HFeO4

–, and FeO4
2– are the dominant Fe(VI)

species (Fig. 1). Using calculations based on the density
functional theory (DFT), Kamachi et al. (2005) found that
the monoprotonated Fe(VI) (HFeO4

–) has a larger spin
density on the oxo-ligands than the deprotonated Fe(VI)
(FeO4

2–) does, resulting in the higher oxidation ability of
HFeO4

– compared to FeO4
2–. Consistent with the finding of

Kamachi et al. (2005), the reaction rate constants of
HFeO4

– with most compounds are reported to be 1 to 4
orders of magnitude higher than those of FeO4

2– with
various compounds (Rush et al., 1996; Lee et al., 2009;
Sharma, 2011; Sharma, 2013).

H3Fe
VIOþ

4ÐHþ þ H2Fe
VIO4 pKa1 ¼ 1:5 (1)
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H2Fe
VIO4⇌H

þ þ HFeVIO –
4 pKa2 ¼ 3:5 (2)

HFeVIO –
4 ⇌H

þ þ FeVIO2 –
4 pKa3 ¼ 7:3 (3)

2.2 Self-decay of Fe(VI)

The remarkable difference between Fe(VI) and most
traditional oxidants is that the former is not stable and
undergoes rapid self-decay in water, generating Fe(V) and
Fe(IV). Since Fe(V) and Fe(IV) were reported to be two to
six orders of magnitude more reactive than Fe(VI), the
oxidation performance of Fe(VI) can thus be strongly
affected by its self-decay process. Therefore, the kinetics
and mechanism of Fe(VI) self-decay have been extensively

examined to provide basic information for assessing the
oxidation ability of Fe(VI) under various reaction condi-
tions.
It was well documented that pH is one of the most vital

factors affecting the kinetics and mechanism of Fe(VI)
self-decay. The lowest self-decay rate of Fe(VI) occurs at
pH 9.4–9.7 (Carr, 2008) and at pH below or above this pH
range, the stability of Fe(VI) decreases rapidly with the
decrease or increase of the pH value (Sharma, 2011).
However, up to now, there is no consensus on the
mechanism of Fe(VI) self-decay. Some researchers
reported that the self-decay of Fe(VI) is first-order while
other researchers insisted that its self-decay is either
second-order or mixed first and second-order dependence
on Fe(VI) concentration. It’s imperative to understand the
current views on the self-decay mechanism of Fe(VI) so as
to clarify the self-decay mechanism of Fe(VI) and guide
the practical application of Fe(VI) technologies.

2.2.1 The self-decay mechanism of Fe(VI) in strongly
acidic solution (pH 1.0–3.0)

Sarma et al. (2012) recently investigated the self-decay
mechanism of Fe(VI) in strongly acidic solution (pH 1.0–
3.0) based on the oxygen-18 isotope fractionation method,
stopped-flow kinetics, spectroscopic measurements, and
DFT calculations. The self-decay of Fe(VI) first undergoes
the rapid condensation and dimerization of the monomeric
protonated Fe(VI) starting material, leading to the forma-
tion of the metastable m-1,2-oxo diferrate(VI) prior to
intramolecular oxo-coupling with a rate constant of
~185 s–1 at pH 1.0 (Eq. (4)). This will result in the rapid

Table 1 Redox potential of different oxidant used in water treatment

Oxidant Reactions E0 (V/NHE) Reference

Ferrate(VI) FeO2 –
4 þ 8Hþ þ 8e – ↕ ↓Fe3þ þ 4H2O 2.20 Sharma et al., 2016

FeO2 –
4 þ 4H2Oþ 3e – ↕ ↓FeðOHÞ3 þ 5OH – 0.70 Sharma et al., 2016

Permanganate MnO2 –
4 þ 8Hþ þ 5e – ↕ ↓Mn2þ þ 4H2O 1.51 Sharma et al., 2016

MnO2 –
4 þ 2H2Oþ 3e – ↕ ↓MnO2 þ 4OH – 0.59 Sharma et al., 2016

Ozone O3 þ 2Hþ þ 2e – ↕ ↓O2 þ H2O 2.08 Ghernaout and Naceur, 2012

O3 þ H2Oþ 2e – ↕ ↓O2 þ 2OH – 1.24 Ghernaout and Naceur, 2012

Hypochlorite HClHþ Hþ þ 2e – ↕ ↓Cl – þ H2O 1.48 Jiang, 2007

ClO – þ H2Oþ 2e – ↕ ↓Cl – þ 2OH – 0.84 Jiang, 2007

Hydrogen peroxide H2O2 þ 2Hþ þ 2e – ↕ ↓2H2O 1.78 Sharma et al., 2016

H2O2 þ 2e – ↕ ↓2OH – 0.88 Sharma et al., 2016

Hydroxyl radical HO⋅þ Hþ þ e – ↕ ↓H2O 2.80 Ghernaout and Naceur, 2012

HO⋅þ e – ↕ ↓OH – 1.89 Ghernaout and Naceur, 2012

Dissolved oxygen O2 þ 4Hþ þ 4e – ↕ ↓2H2O 1.23 Sharma et al., 2016

O2 þ 2H2Oþ 4e – ↕ ↓4OH – 0.40 Sharma et al., 2016

Chlorine dioxide ClO2ðaqÞ þ e – ↕ ↓ClO –
2 0.95 Ghernaout and Naceur, 2012

Fig. 1 Influence of pH on the speciation of Fe(VI).
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generation of the diferrate(V) peroxide species as well as
the aquated diferrate(IV) (Scheme 1) (Sarma et al., 2012;
Lee et al., 2014).

– d½FeðVIÞ�
dt

¼ k1k2
k – 1½H2O� þ k2

f½H3FeO4�þg2, (4)

where k1 and k – 1 are the forward and reverse rate constants
for converting two equivalents of [H3FeO4]

+ into
[H4Fe2O7]

2+ and H2O, respectively, and k2 is the
microscopic rate constant for O-O bond formation.
Conversely, the intermolecular water attack mechanism,
the alternative pathway of the oxo-coupling, is not
favorable within this pH range due to the higher energy
barrier. Then the aquated diferrate(IV) undergoes dispro-
portionation, forming ferrous and ferrate(VI) or ferric and
diferrate(V) instead of oxidizing the water within the
experimental time scale. Particularly, the former reaction
plays the dominant role in the disproportionation process,
and ultimately affords O2 and the ferric products (Sharma
et al., 2002; Sharma, 2011).
It’s worth noting that in the self-decay process of Fe(VI),

aside from diferrate(VI), all the other intermediates can’t
accumulate to the detectable level due to the faster
consumption rate than the generating rate. Considering
that k – 1[H2O] is much larger than k2 at pH 1.0 or under less
acidic conditions in the presence of Fe(VI) of sufficiently
high concentration, the rate of Fe(VI) disappearance
approaches (k1k2/k – 1[H2O]){[H3FeO4]

+}2. Substituting
[H4Fe2O7]

2+ for (k1/k – 1[H2O]){[H3FeO4]
+}2 can thus

give Eq. (5).

– d½FeðVIÞ�
dt

¼ k2f½H4Fe2O7�2þg: (5)

Consequently, Fe(VI) decay follows a simple first-order
rate law at pH 1.0 (Sarma et al., 2012). However, as the pH
value increases, the decay kinetics of Fe(VI) transits from
first-order to second-order, which is corroborated by the
increased sensitivity of the self-decay rate to Fe(VI)
concentration.

2.2.2 The self-decay mechanism of Fe(VI) in weakly acidic
and near-neutral solution (pH 3.0–9.0)

Many studies have been carried out in weakly acidic and
near-neutral buffer solution to simulate the self-decay
kinetics of Fe(VI) in the natural environment. Lee et al.
(2014) found the self-decay of Fe(VI) is second-order
concerning the Fe(VI) concentration at pH 2.0–8.0 in
10 mM phosphate-buffered solution, which is consistent
with the viewpoint in the literature (Lee and Gai, 1993;
Rush et al., 1996). The apparent second-order rate constant
of Fe(VI) self-decay is highly pH-dependent, which
increases by more than 4 orders of magnitude as the pH
value decreases from 8.0 to 2.0. Similar to the proposed
self-decay mechanism in the strongly acidic solution

(Sarma et al., 2012), the self-decay process of Fe(VI)
also starts with the dimerization of two Fe(VI) and the
formation of the diferrate(VI) intermediate in weakly
acidic and near-neutral solution, which subsequently
undergoes rate-limiting O–O bond formation via intramo-
lecular O–O coupling (Lee et al., 2014; Chen et al., 2018a).
However, the newly formed oxo-coupled diferrate(V)
would transform into diferrate(V) (–FeV–O–FeV–) and
then liberate H2O2 by two consecutive hydrolysis steps
(Scheme 1) rather than generating O2. Moreover, Fe(V)
ends up as Fe(III) (Rush and Bielski, 1989; Rush et al.,
1996). The major reaction equations and the reaction
sequence involved in the self-decay process of Fe(VI) in
phosphate-buffered solution at pH 7.0 are shown in Table 2
and Scheme 2 (Lee et al., 2014), respectively.
Discordantly, Jiang et al. (2015) proposed that the

second-order kinetic model can only be adopted to
describe the homogenous decay of Fe(VI) within this pH
range in 10 mM phosphate-buffered solution while the
self-decay kinetics of Fe(VI) can be well fitted by mixed
first- and second-order dependence on Fe(VI) concentra-
tion in 10 mM borate-buffered solution, which can be
modeled by the following equation (Luo et al., 2020):

– d½FeðVIÞ�
dt

¼ k1½FeðVIÞ� þ k2½FeðVIÞ�2, (6)

where k1 and k2 represent the rate constant of the first- and
second-order decay of Fe(VI), respectively.
Since phosphate can complex with the in situ generated

iron(III) (hydr)oxides, which would otherwise catalyze the
self-decay of Fe(VI), and excess phosphate can also
consume Fe(VI), the aforementioned disputes can be
attributed to the different types and concentrations of
buffer solutions employed in different studies. Considering
the concentration of phosphate in natural water is much
lower than that used in the experiments, the self-decay
kinetics of Fe(VI) in the real practice is more similar to that
in borate-buffered solution than that in phosphate-buffered
solution. Thus, the self-decay of Fe(VI) is likely to obey
the mixed first- and second-order rate law in the real water
environment within the pH range of 3.0 to 9.0.

2.2.3 The self-decay mechanism of Fe(VI) in weakly basic
solution (pH 9.0–10.0)

Recently, Luo et al. clarified the self-decay mechanism of
Fe(VI) at pH 9.0 and 10.0 in 10 mM phosphate-buffered
solution based on the kinetic data and the modeling results
(Luo et al., 2020). They found the self-decay process of Fe
(VI) follows first-order kinetics due to water attack, for the
formation of O–O bond via oxo-coupling is unfavorable
because of the high activation barrier within this pH range
(Scheme 1). Water attack can be deemed as the addition of
one-OH and one proton to two separate oxygen ligands in
Fe(VI), forming the hydrolyzed Fe(V) intermediate
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species. After stripping one H2O2 through the electron
transfer between H2O2 and the central iron atom, the
deprotonated Fe(IV) is thus generated. The newly formed
deprotonated Fe(IV) further undergoes dimerization,
forming diferrate(IV) species, which subsequently self-
decomposes and leads to the formation of Fe(III) and
H2O2. However, the self-decay mechanism of Fe(VI) is
quite different in the presence of Ca2+ within this pH range
(Ma et al., 2016). It was reported that the coexisting Ca2+

can activate Fe(VI) by bringing the two FeO4
2– ions

together to facilitate O–O coupling to generate a peroxo
species, and the self-decay of Fe(VI) is in accordance with
the second-order rate law in weakly basic solution.
In sum, although the self-decay mechanism of Fe(VI) is

strongly dependent on pH, the influence of other experi-
mental conditions including the type and the concentration
of buffer solution as well as the coexisting components
can’t be neglected. However, the influences of these factors
on the self-decay mechanism of Fe(VI) have seldom been
investigated. Moreover, it remains unclear why the self-
decay rate of Fe(VI) is the lowest at pH 9.4–9.7. Thus, it’s
worth further exploring the self-decay mechanism of Fe
(VI) with the emphasis on the above unknown territory in
the future.

2.3 Oxidizing mechanism of Fe(VI)

Fe(VI) is a powerful oxidant, which can efficiently oxidize

Scheme 1 The self-decay mechanisms of Fe(VI) under different conditions.

Table 2 Major reactions of the self-decay of Fe(VI) in phosphate buffered solution at pH 7.0

Equation Reactions Rate constants at pH 7.0 Reference

(a) 2HFeVIO –
4 þ 4H2O↕ ↓2H3Fe

IVO –
4 þ 2H2O2 26 M–1$s–1 Rai et al., 2018

(b) HFeVIO –
4 þ H2O2↕ ↓H3Fe

IVO –
4 þ O2 10 M–1$s–1 Rai et al., 2018

(c) H3Fe
IVO –

4 þ H2O2 þ Hþ
↕ ↓FeIIðOHÞ2ðaqÞ þ O2 þ 2H2O ~104 M–1$s–1 Rai et al., 2018

(d) HFeVIO –
4 þ FeIIðOHÞ2ðaqÞ þ H2O↕ ↓H2Fe

VO –
4 þ FeIIIðOHÞ3ðaqÞ ~107 M–1$s–1 Rai et al., 2018

(e) 2H2Fe
VO –

4 þ 2H2Oþ 2Hþ
↕ ↓2FeIIIðOHÞ3ðaqÞ þ 2H2O2 5.8 � 107 M–1$s–1 Sharma, 2013

(f) H2Fe
VO –

4 þ H2O2 þ Hþ
↕ ↓FeIIIðOHÞ3ðaqÞ þ O2 þ H2O2 5.6 � 105 M–1$s–1 Wu et al., 2020

Shuchang Wang et al. Application of Fe(VI) in abating contaminants in water 5



various contaminants, including inorganics, organics, and
the secondary metabolites of microorganisms (Sharma,
2011; Sharma et al., 2016; Fan et al., 2018; Islam et al.,
2018). Except the reactions of Fe(VI) with selenite and
some cyanides, the reactions of Fe(VI) with most
inorganics and TrOCs follow the second-order kinetics
(Johnson and Bernard, 1992; Sharma et al., 1998; Yngard
et al., 2007; Yngard et al., 2008), which can be expressed
as:

kapp½FeðVIÞ�tot½X�tot

¼ Σj¼1,2,3,4
1,2::: kijαiβj½FeðVIÞ�tot½X�tot, (7)

where kij is the species-specific second-order rate constant
for the reaction between the Fe(VI) species i and the target
contaminant species j, ai and bj represent the proportion of
the Fe(VI) species i and the target contaminant species j,
respectively.
The essence of the redox reaction is the electron transfer

between the oxidants and reductants. Hence, the premise of
determining the oxidation mechanism under different
reaction conditions is to clarify the electron transfer
mechanism. Broadly speaking, there are three possible

electron transfer ways: 1) 1 – e– transfer, 2) 2 – 1e– transfer
(total of 2 – e–), and 3) 2 – e– (oxygen-atom) transfer
(Sharma, 2011; Sharma et al., 2011). Goff and Murmann
are the first to investigate the electron transfer mechanism
using oxygen isotopic labeling method (Goff and Mur-
mann, 1971). Based on the transfer pathway of 18O and the
reaction stoichiometry, they suggested that Fe(VI) oxi-
dized SO3

2– through oxygen-atom transfer. However, the
oxo-group exchange between the solvent water and high-
valent iron was neglected (Pestovsky and Bakac, 2006).
Therefore, the proposed oxygen-atom transfer mechanism
between Fe(VI) and SO3

2– might not be reliable. The rate
constants for the oxidation of inorganics by Fe(VI) were
correlated with thermodynamic reduction potentials to
understand the reaction mechanism. Based on this method,
Sharma found a linear relationship between logk and 1 – e–

transfer potentials for iodide, cyanides, and superoxide,
and a linear relationship between logk and 2 – e– transfer
potentials for diverse oxy-compounds, including nitrogen,
sulfur, selenium, and arsenic (Sharma, 2010). The linear
relationships can be mathematically expressed by Eqs. (8)
and (9). It’s worth mentioning that this method is also
applicable to determining the mechanism of TrOCs
oxidation by Fe(VI) (Fig. 2) (Sharma, 2010; Sharma et
al., 2011; Sharma, 2013).

logkð1 – e – Þ ¼ 6:39 – 1:83E0
ð1Þ, (8)

logkð2 – e – Þ ¼ 4:44 – 3:09E0
ð2Þ, (9)

However, sometimes several electron transfer pathways
occur simultaneously (Sharma et al., 1997; Sharma et al.,
2011), and the electron transfer potentials of some
compounds are not available in the literature. Therefore,
the combination of the reaction stoichiometry and the
products-analysis or other methods is necessary to clarify
the electron transfer mechanism (Zimmermann et al., 2012;
Chen et al., 2018b; Huang et al., 2018). Although the

Scheme 2 Schematic illustration of the self-decay of Fe(VI) at
pH 7.0.

Fig. 2 logk as a function of the standard one-electron reduction potential (E0(1)) (a) and standard two-electron reduction potential (E
0
(2))

(b) for the reaction of Fe(VI) with inorganic/organic substrates at 25°C.
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application of the premix pulse radiolysis apparatus, one of
the spectroscopic apparatuses, was limited in the past due
to the inaccessibility of the apparatuses and the harsh
experimental conditions (Sharma, 2002; Sharma and
Cabelli, 2009), the spectroscopic technique has become
the most direct method for the products-analysis now. It
can provide solid evidence for the generation of Fe(V)/Fe
(IV) or other reactive oxidant species (ROS), and light up
the way for exploring the electron transfer mechanism.
Particularly, the X-ray absorption fine structure (XAFS)
spectroscopy and Mössbauer spectroscopy are able to
detect Fe(V)/Fe(IV) in situ, which will promote the
application of spectroscopic technique in investigating
the oxidation mechanism of Fe(VI) (Novak et al., 2018;
Liang et al., 2020).

3 Superiorities of applying Fe(VI)

Fe(VI) is generally employed as either oxidant or
disinfectant but seldom be used solely as the coagulant
due to its relative high price, although its reduced product,
Fe(III), can also work as the coagulant. Therefore, this
section mainly summarizes the superiorities of applying Fe
(VI) as a sole oxidant for decomposing organic con-
taminants rich in electron-donating moieties, as a bi-
functional reagent (both oxidant and coagulant) for
eliminating some special contaminants, and as a disin-
fectant for inactivating microorganisms.

3.1 Oxidation of organics rich in electron-donating moieties

Fe(VI) is effective for abating TrOCs in water with second-
order rate constants ranging from< 0.1 to 105 M–1$s–1 (Lee
et al., 2009; Sharma, 2013). It is highly selective in
oxidizing TrOCs. It was reported that Fe(VI) also has
eximious predominance in oxidizing cyanotoxins and
reducing their toxicity. Moreover, it can efficiently oxidize
organics containing electron-donating moieties such as
phenols, anilines, amines, and olefins. However, the
reactions between Fe(VI) and organics containing elec-
tron-withdrawing moieties such as carboxylic acids and
alkanes are sluggish. The mechanistic analysis showed that
the mechanism of oxidizing the aforementioned organics
containing electron-donating moieties include electrophilic
oxidation, hydrogen abstraction, 1 – e– transfer (Fe(VI)-Fe
(V)), and subsequent 2 – e– transfer (Fe(VI)-Fe(IV) or Fe
(V)-Fe(III)) (Lee et al., 2009; Yang et al., 2011; Yang et al.,
2012; Sharma, 2013; Chen et al., 2019b).

3.1.1 Microcystins

Microcystins (MCs), a class of hepatotoxic monocyclic
heptapetides, released by cyanobacteria is among the most
problematic cyanotoxins (de Figueiredo et al., 2004). It

was reported that Fe(VI) can swiftly degrade MCs within
the environmentally-relevant pH range. While undesirable
toxic byproducts were generated in the process of MCs
oxidation by some conventional chemical oxidants such as
Cl2, NH2Cl, and O3, the concentrations of the harmful
byproducts associated with Fe(VI) oxidation are relatively
low (Jiang et al., 2014). Previous study has determined that
the second-order rate constants for the reaction of Fe(VI)
with MC-LR, one of the most abundant species of the
MCs, are in the range of 8.1�0.08 M–1$s–1 to 1.3�0.1 �
102 M–1$s–1 within the pH range of 7.5–10.0 (Jiang et al.,
2014). Through a series of reaction steps including the
hydroxylation of the aromatic ring, the cleavage of the
olefinic double bonds, and the fragmentation of the cyclic
MC-LR structure (Jiang et al., 2014; Mura et al., 2017;
Islam et al., 2018), the ecotoxicity of MC-LR can be
significantly reduced.

3.1.2 Phenols

In recent years, the widespread occurrence endocrine-
disrupting chemicals (EDCs) in the aquatic environment,
which can cause potential toxicity to aquatic organisms
and human beings, has raised great concerns. The phenolic
moiety, a substructure of many important classes of EDCs
such as steroid estrogens and alkylphenols, is responsible
for the biological effects of EDCs, and it can be efficiently
decomposed by Fe(VI) through electrophilic oxidation
mechanism (Lee et al., 2005).
It has been determined that the second-order rate

constants for the reactions of phenol, 17α-ethynylestradiol
(EE2), 17β-estradiol (E2), bisphenol-A (BPA), triclosan
(TCS), and 4-methylphenol with Fe(VI) at pH 7.0 are 7.7
� 101 M–1$s–1, 7.3� 102 M–1$s–1, 7.6� 102 M–1$s–1, 6.4�
102 M–1$s–1, 1.1 � 103 M–1$s–1, and 6.9 � 102 M–1$s–1,
respectively (Lee et al., 2005; Lee et al., 2009). The rate
constant of HFeO4

– with dissociated phenol is greater than
that of HFeO4

– with undissociated phenol and the former is
about 2.1 � 104 M–1$s–1 while the latter is about 1.0 � 102

M–1$s–1 (Lee et al., 2005). Furthermore, the estrogenic
activities of EE2, estrone (E1), E2, estriol (E3) (Li et al.,
2008; Lee and von Gunten, 2010) as well as their
transformation intermediates (Lee et al., 2008) can be
significantly attenuated by Fe(VI) with low concentrations
while the decomposition of these organic contaminants by
other conventional oxidants like Cl2 and O3 often leads to
the generation of carcinogenic byproducts (Lee and von
Gunten, 2010; Lane et al., 2015). It was found that the
reaction between Fe(VI) and the phenolic contaminant is
initiated abstracting an electron from the phenolic
contaminant by Fe(VI), forming phenoxyl radicals and
Fe(V) (Huang et al., 2001a). The phenoxyl radicals
subsequently undergo a 2-electron oxidation with the Fe
(V) species or couple with each other at different positions
via O–C or C–O–C bonds, forming dimers, trimers, and
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tetramers (Scheme 3) (Huang et al., 2001a), which are less
toxic (Huang et al., 2001a; Chen et al., 2019b). Moreover,
the second-order rate constants for the reactions of Fe(VI)
with phenols, especially the dissociated phenols, are
linearly correlated with both the Hammett substituent
constants and pKa values of the substituted phenols, for the
reactions are sensitive to the substituent effect (Lee et al.,
2005). Based on these results, it’s convenient to predict the
rate constants for the reactions between Fe(VI) and
phenolic compounds of complex structures.

3.1.3 Anilines and amines

Fe(VI) also shows an appreciable reactivity to antibiotics
with aniline or amine moieties in the water because these
moieties are susceptible to Fe(VI) attack. The second-order
rate constants for the oxidation of aniline, sulfamethox-
azole (SMX), and ciprofloxacin (CIP) by Fe(VI) at pH 7.0
are 6.6 � 103 M–1$s–1, 1.8 � 103 M–1$s–1, and 4.7 � 102

M–1$s–1, respectively (Lee et al., 2009). Due to the
presence of amine group in ampicillin (AMP) besides the
thioether, the oxidation rate constant of AMP is much
higher than that of penicillin G (PENG) or cloxacillin
(CLOX) (Karlesa et al., 2014).
The reactivity of Fe(VI) to aniline or amine moieties is in

the order of aniline group>glycine (primary (1°) amine)
>dimethylamine (secondary (2°) amine)>trimethylamine
(tertiary (3°) amine) in the pH range of 6.0–8.0 (Lee and
von Gunten, 2010; Yang et al., 2012). The free radical
mechanism for the reaction between Fe(VI) and excess
amounts of anilines was suggested based on EPR

measurements (Scheme 4) (Huang et al., 2001b), where
the steps (II) and (III) are the rate-determining steps, and
the oxidation mechanism would not change with the
electron-richness of the compound (Sharma, 2013).
Similar to the correlation between the oxidation rate
constants of phenols by Fe(VI) and the Hammett
substituent constants, the oxidation rate constants of
anilines by Fe(VI) are also strongly correlated to s+.
However, aliphatic amines are decomposed by Fe(VI) via
an oxygen-atom transfer step, involving the breaking of the
N-H bond of amines, whose strength would ultimately
affect the second-order rate constants (Sharma, 2013).
Besides, it’s worth pointing out that pH can not only
affects the rate constants significantly but also sometimes
affect the reaction mechanism, resulting in the generation
of different oxidation products at various pH. Taking the
oxidation of sulfonamides by Fe(VI) as an example, Fe(VI)
preferentially attacks the isoxazole moiety and the aniline
moiety under neutral and basic conditions while the
cleavage of S-N bond dominates in acidic conditions
(Sharma et al., 2006a; Sharma et al., 2006b).

3.1.4 Olefins

Since olefin is also one of the electron-donating moieties,
the organic contaminants containing olefin moieties can
also be readily oxidized by Fe(VI). It was found that Fe
(VI) rapidly oxidized carbamazepine (CBZ) by electro-
philic attack at the olefinic group in the central heterocyclic
ring, leading to ring-opening, with the second-order rate
constant of 70 M–1$s–1 at pH 7.0 (Hu et al., 2009). And

Scheme 3 Schematic illustration of the mechanisms of phenol oxidation by Fe(VI).
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over 98.6% of tetracycline (TC) can be swiftly decom-
posed within 60 s with the [Fe(VI)]0/[TC]0 ratio of 1:10,
especially under high pH conditions, which can be
ascribed to the attack of olefinic bonds by Fe(VI) (Yang
and Doong, 2008; Ma et al., 2012).
However, the change of TOC during TC oxidation by Fe

(VI) was generally very minor (Yang and Doong, 2008;
Ma et al., 2012), and the residual transformation organics
might also pose threat to the organisms. Thus, the removal
of the parent compounds shouldn’t be the only index to
evaluate the feasibility of Fe(VI) application under
different conditions because the toxicity of the generated
oxidation products might vary with the reaction mechan-
ism. Consequently, a comprehensive evaluation of the
oxidation efficacy of Fe(VI) is required in combination
with the removal of the parent compounds and the
attenuation of the ecotoxicity of the transformation
products in the real practice.

3.2 Elimination of some contaminants by Fe(VI) via both
oxidation and coagulation

Some contaminants, including organophosphorus com-
pounds, organoarsenic compounds, and some heavy
metals, are difficult to be directly removed while their
oxidized products are apt to be removed via coagulation or
adsorption. Considering the versatility of Fe(VI), removing

these contaminants by Fe(VI) oxidation followed by
coagulation is an attractive option for mitigating the
environmental risks of these contaminants.

3.2.1 Organophosphorus and organoarsenic compounds

Among various technologies to remove organopho-
sphorus, the commonly used pesticides, from water, Fe
(VI) shows prominent advantage due to its dual function as
both oxidant and coagulant (Yang et al., 2012; Sharma
et al., 2016). It was found that chlorpyrifos, an organopho-
sphorus compound, can be completely oxidized by Fe(VI)
in the water at pH 7.0 within 300 s with the [Fe(VI)]0/
[chlorpyrifos]0 ratio of 100:1 (Liu et al., 2019). The
mechanism of chlorpyrifos removal by Fe(VI) is its
transformation to inorganic phosphate, which can be easily
adsorbed on the surface of and incorporated into the
structure of the in situ generated g-Fe2O3/g-FeOOH core/
shell nanoparticles at low Fe/P mass ratios (Kralchevska
et al., 2016a).
Similarly, transferring organoarsenic compounds by Fe

(VI) to inorganic arsenate and subsequently immobilizing
the generated arsenate by the in situ generated iron(III)
(hydr)oxide nanoparticles are effective for abating orga-
noarsenic compounds. Both roxarsone (ROX) and p-
arsanilic acid (p-ASA), the two widely used organoarsenic
compounds in the worldwide, contain electron-donating

Scheme 4 Schematic illustration of the mechanisms of aniline oxidation by Fe(VI).
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moieties and are readily oxidized by Fe(VI) (Xie and
Cheng, 2019). It was found that the second-order rate
constant for the reaction of Fe(VI) with ROX is 305
M–1$s–1 at pH 7.0, and over 95% of total As can be
removed within 10 min at [Fe(VI)]0/[ROX]0 ratio of 20:1
(Yang et al., 2018a). Moreover, in comparison with the
TOC removal in O3, HClO, and KMnO4 treatment systems
(Yang et al., 2018b), the TOC removal in the oxidation
process of p-ASA by Fe(VI) is 1.6 to 38 times higher,
which mainly ascribed to the in situ generated iron(III)
(hydr)oxide nanoparticles. Generally, in the conversion of
organoarsenic compounds by Fe(VI), -AsO(OH)2 group is
first cleaved from aromatic ring (Czaplicka et al., 2014;
Yang et al., 2018a; Yang et al., 2018b). The released
inorganic As(III) species can be further oxidized by Fe(VI)
to As(V) species, which greatly increases the affinity of
organoarsenic compounds with solid surfaces and reduces
their mobility in the water (Jain et al., 2009). The second-
order rate constant of As(III) with Fe(VI) (kapp[HFe

VI
O4

–
-As

(OH)3] = 2.5 � 106 M–1$s–1) is comparable with those of As
(III) with other oxidants (kapp[HOCl-As(OH)3] = 4.3 � 103

M–1$s–1, kapp[O3-As(OH)3] = 5.5 � 105 M–1$s–1 and kapp[H2O2-

AsO3

3–
] = 7.2 � 107 M–1$s–1) (Sharma et al., 2007). It’s

worth pointing out that the newly formed As(V) species
can not only be efficiently absorbed on the surface of the
iron(III) (hydr)oxide nanoparticles but also be embedded
into the tetrahedral sites of the g-Fe2O3 spinel structure
(Prucek et al., 2015). The chemical adsorption and the
formation of inner-sphere complexes alleviate the inhibi-
tion effects of the background matrixes and avoid the
leaching of metal ions back into the environment (Liu
et al., 2017).

3.2.2 Heavy metals

Some low-valence-state heavy metals like Tl(I) (Liu et al.,
2017), and Mn(II) (Goodwill et al., 2016), pose greater
environmental risks than their counterparts in high-
valence-state due to the high solubility of the former.
Some other low-valence-state heavy metals like Sb(III)
(Lan et al., 2016) and As(III) are not only more toxic but
also more difficult to be separated from water than their
high-valence-state species. Thus, oxidizing these low-
valence-state heavy metals to the high-valence-state
species and then separating them through coagulation or
co-precipitation is a viable option. Considering Fe(VI) can
serve as both oxidant and coagulant, it has advantages over
the traditional oxidants. It should be noted that the
coagulation mechanism of Fe(VI) for different heavy
metals is not identical but depends on the ionic radiuses
and the electronic structures of the heavy metal ions
(Prucek et al., 2015).
In addition, some of the heavy metals are easily

complexed with other components in the water, forming
stable complexes that are difficult to remove, such as the

cyanide (CN–)-complexed heavy metals in the basic coke
plant effluents. Interestingly, Fe(VI) can also deal with this
kind of contaminants by breaking the complexes and
oxidizing both CN– and heavy metals. Previous study has
reported that the uncomplexed CN– can be oxidized by Fe
(VI) through sequential 1 – e– transfer, generating Fe(OH)3,
CO2, and NO2

– (Sharma et al., 1998), and the reaction
kinetics is first-order with respect to each reactant (Sharma
et al., 1998). The second-order rate constant of CN– with
Fe(VI) is about 605 M–1$s–1 at pH 8.0 (Sharma et al.,
1998). Although it is lower than those of CN– with O3,
HClO, and H2O2 (Gurol and Bremen, 1985; Kepa et al.,
2008; Moussavi et al., 2018), combing the oxidation
capability of Fe(VI) and the coagulation capability of iron
(III) offers an efficient approach to eliminate the CN–-
complexed heavy metals from water. It was found that
91.23% of CN– (1.0 mM) can be oxidized and 98.96% of
Cu2+ (0.094 mM) can be removed in minutes when 2.0
mM Fe(VI) was adopted to deal with the industrial
wastewater containing cyanide-complexed Cu2+ (Seung-
Mok and Diwakar, 2009). And the reaction kinetics is first-
order with respect to each reactant. However, it should be
noted that the performance of Fe(VI) depend on the type of
heavy metals, which can affect both the rate of breaking the
complexes by Fe(VI) and the reaction mechanism. It has
been demonstrated that the rate law for the reaction of Fe
(VI) with Zn(CN)4

2–/Cd(CN)4
2– is different from that of Fe

(VI) with Cu(CN)4
2–, which can be written as (Yngard

et al., 2007; Yngard et al., 2008):

d½FeðVIÞ�
dt

¼ k½FeðVIÞ�½MðCNÞ2 –4 �0:5, (10)

where M represents Zn or Cd. Although the oxidation rates
of most CN–-complexed heavy metals are slower than that
of uncomplexed CN–, the oxidation of Zn(II)-cyanide or
Cu(I)-cyanide by Fe(VI) was found to be the exception
(Sharma et al., 2005).
In sum, Fe(VI) is expedient in treating cyanide

complexed heavy metals owing to its versatility and
environmental friendliness (Sharma et al., 1998). Like-
wise, Fe(VI) also exhibits great potential in the elimination
of other organics-complexed heavy metals.

3.3 Inactivation of microorganisms

Fe(VI) is an environmental benign disinfectant with the
ability of damaging the genome and the oxidant-sensitive
protein structures of microorganisms, hindering their
growth and reproduction (Hu et al., 2012; Yan et al.,
2020). Previous studies have demonstrated that Fe(VI) can
effectively inactivate a wide variety of microorganisms
including cyanobacteria (Sharma, 2007), bacteriophage
MS2 (Hu et al., 2012), f2 virus (Schink and Waite, 1980),
norovirus (Manoli et al., 2020), Bacillus cereus, Escher-
ichia coli, Staphylococcus aureus (Sharma, 2007), micro-
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algae (Fan et al., 2018), and so on. It was reported that a Fe
(VI) CT dose of about 3.5 (mg$min)/L was required for the
2 log removal of Escherichia coli at pH 7.0, and at a Fe(VI)
CT dose of 2.0 (mg$min)/L at pH 7.0, a 2 log removal of
MS2 can be obtained (Hu et al., 2012; Manoli et al., 2020).
Although the disinfection performance of the conventional
disinfectants closely associates with pH in addition to the
type of microorganisms, the influence of pH on the
disinfection performance of Fe(VI) is less than that of other
conventional disinfectants, which further demonstrates the
superiority of Fe(VI) technologies.
Moreover, Fe(VI) is an alternative disinfectant to deal

with the cyanobacterial issues of the source water. It was
found that Fe(VI) disinfection can induce the formation of
coagulant aid secreted by cyanobacteria (Ma and Liu,
2002), and decrease the electrostatic repulsion between the
cyanobacterial cells, which thus cause the formation of cell
agglomerates (Kubiňáková et al., 2017). Another advan-
tage of Fe(VI) is that it can inactivate cyanobacterial cells
without affecting cyanobacterial cell integrity or releasing
the cyanotoxins (Fan et al., 2018). Even if Fe(VI) does
induce the significant cell lysis, the released cyanotoxins
are not the problems since they can be rapidly eliminated
by Fe(VI) as mentioned in Section 3.1.1. Furthermore, the
inactive cyanobacteria can be adsorbed by the in situ
generated iron(III) (hydr)oxides (Deng et al., 2017), which
decreases the turbidity of the water and reduces the
required dosage of the extra coagulant. Thus, Fe(VI) is a
promising option to treat the microorganisms-bearing
water. Nevertheless, the dose of Fe(VI) should be strictly
controlled since the microbial cell lysis and the toxins
release that result from the excess addition of Fe(VI) would
further increase the operation cost and the environmental
risks (Fan et al., 2018).

4 Limitations of applying Fe(VI)

As introduced above, Fe(VI) has long been recognized as a
multifunctional water treatment reagent with obvious
advantages in tackling different kinds of contaminated
water, it also has some disadvantages limiting its wide
application. This section mainly summarized the limita-
tions of applying Fe(VI) in real practice.

4.1 Difficulty in synthesizing and preserving Fe(VI)

The premise of applying Fe(VI) in real practice is its easy
synthesis. The published synthesis methods of Fe(VI) so
far include wet chemical method (Thompson et al., 1951),
electrochemical method (Mácová et al., 2009), and thermal
method (Dedushenko et al., 2009). However, the synthetic
routes of all these methods are long and tedious, which are
time-consuming and costly. Moreover, the instability of Fe
(VI) in solid and aqueous phases remains an impediment to
its utilization in large scale (Schmidbaur, 2018).

4.2 Potential environmental risks associated with the halide
ions

Fe(VI) is traditionally considered as a green oxidant
without producing any hazardous halogenated byproducts.
Previous studies have proposed that it can be used as a pre-
oxidant in source water to control disinfection byproducts
(DBPs) formation in subsequent chlorine or chloramine
disinfection (Liu et al., 2020). It is often stated in the
literature that one major advantage of Fe(VI) oxidation
over ozonation is that Fe(VI) can’t oxidize bromide (Br–)
and thus does not lead to the generation of bromate (BrO3

–)
(Sharma, 2011). Besides, it was believed that the formation
of the iodinated disinfection byproducts (I-DBPs) is also
not an issue for Fe(VI) oxidation (Wang et al., 2018a). Fe
(VI) can oxidize iodide (I–) to the highly reactive
hypoiodous acid (HOI) through 2 – e– transfer, which can
be transformed to iodate (IO3

–) swiftly by disproportiona-
tion or further oxidation by Fe(VI) (Shin et al., 2018).
Unlike other commonly used oxidants such as O3, NH2Cl,
KMnO4, and HOCl, the second-order rate constant of Fe
(VI) with HOI (kapp[Fe(VI)-HOI] = 1.03 � 105 M–1$s–1 at pH
7.2) is higher than that of Fe(VI) with I– (kapp[Fe(VI)-I

–
] ~ 2.0

� 104 M–1$s–1 at pH 7.0) (Kralchevska et al., 2016b; Wang
et al., 2018a; Wang et al., 2020). Therefore, the
accumulation of the highly reactive HOI and the associated
I-DBPs can be well inhibited (Wang et al., 2018a). In
addition to being able to inhibit the formation of I-DBPs,
Fe(VI) is effective for degrading these I-DBPs in iodine-
containing water (Sun et al., 2019). Overall, in the past two
decades, all the above advantages of Fe(VI) suggested that
Fe(VI) oxidation is a promising option for halogenated
byproducts mitigation during the treatment of halide-
containing water.
Nonetheless, great attention should still be paid to the

potential environmental risks associated with the halide
ions when Fe(VI) is applied. Because most of the studies
on Fe(VI) application were conducted in phosphate-
buffered solutions under weakly-basic condition in the
past, which is very different from the real situations. Thus,
the previous viewpoints on the possible formation of the
potentially carcinogenic halogenated byproducts should be
re-evaluated. It was found that the concentration of the
generated BrO3

– might exceed the US drinking water
maximum contaminant level when Fe(VI) oxidizes Br– in
the absence of phosphate under weakly-acidic condition
(Huang et al., 2016). Moreover, the decay rate of Fe(VI)
increases with increasing Br– concentration in borate-
buffered solutions while the change of the decay rate of Fe
(VI) is not obvious in the presence of elevated Br–

concentration in phosphate-buffered solutions (Jiang et
al., 2016a). Thus, it can be inferred that the presence of
phosphate inhibits the generation of the halogenated
byproducts when halide ions are oxidized by Fe(VI). The
influence of phosphate can be attributed to the complexa-
tion between phosphate and Fe, including Fe(VI), Fe(V),
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Fe(IV), Fe(III), and Fe(II), which would affect the reaction
process from the following aspects: 1) stabilizing Fe and
increasing the contact time between oxidants and reduc-
tants; 2) decreasing the reactivity of ferrates (Huang et al.,
2018); 3) inhibiting the catalytic effect of the iron(III)
particles on the decomposition of H2O2 and increasing the
concentration of H2O2 (Huang et al., 2016; Jiang et al.,
2016a). The effects of the elevated H2O2 concentration on
the generation of the brominated products are quite
intricate. On one hand, H2O2 can reduce HOBr to Br–,
inhibiting the accumulation of the highly reactive HOBr
and the production of both BrO3

– and brominated products
(Huang et al., 2016; Jiang et al., 2016a). On the other hand,
the reactions between H2O2 and Fe(VI)/Fe(III)/Fe(II) can
also induce the formation of the highly reactive oxidants
including Fe(V), Fe(IV), and HO�, which might also
contribute to the formation of BrO3

– (Huang et al., 2016;
Zhu et al., 2020). With regard to I-DBPs, although H2O2

can reduce HOI, the regenerated I– and the difficulty in
forming stable IO3

– might increase the possibility of
forming I-DBPs in iodine-containing water (Wang et al.,
2020). Therefore, the potential of forming halogenated
byproducts in real practice might be underestimated if
phosphate is used as buffer. Further investigations should
be carried out under environmentally relevant conditions to
determine the possible formation of the halogenated
byproducts and the contribution of ferrates and different
reactive oxygen species.
In some cases, the halide concentrations in potable water

are high due to the seawater erosion and anthropogenic
activities (Gong and Zhang, 2013), and there are a variety
of components that can also consume Fe(VI). The
insufficient dosing of Fe(VI) can lead to the formation of
BrO3

– or other halogenated byproducts. Taking I– oxida-
tion as an example (Fig. 3), when there is excess I– over Fe
(VI), ferrates (Fe(IV), Fe(V), and Fe(VI)) can oxidize I– to
I3

– species accompanied with the formation of I2, both of

which may react with residue organics yielding I-DBPs
(Kralchevska et al., 2016b; Wang et al., 2018a). The
reaction between Fe(VI) and I– can be presented by Eq.
(11) (Kralchevska et al., 2016b).

2HFeVIO –
4 þ 6I – þ 5H2O

↕ ↓2FeðOHÞ3 þ 2I –3 þ 6OH – þ 1=2O2 (11)

Besides, the halogenated organics can also act as the
potential halogen sources of the toxic halogenated
byproducts. Previous studies have demonstrated that Fe
(VI) can induce the deiodination/debromination reactions
during the degradation of brominated/iodinated organics
such as tetrabromobisphenol A (TBBPA) (Yang et al.,
2014; Han et al., 2018), 3-bromophenol (3-BrP) (Sun et al.,
2019), and iodinated X-ray contrast media (ICMs) (Dong
et al., 2018). Considering the reactions between the highly
reactive iodine/bromine species and the organic transfor-
mation intermediates, the release of halide ions inevitably
accompanies with the formation of the halogenated
byproducts (Dong et al., 2018; Han et al., 2018; Sun et
al., 2019). The newly formed halogenated byproducts
might be more toxic than the parent compounds. There-
fore, if Fe(VI) is not enough to further degrade these
halogenated byproducts and stabilize the inorganic halo-
gen intermediates, the newly formed halogenated bypro-
ducts would pose a serious threat to the public health
(Wang et al., 2020).
In addition, the coexistence of Br– and I– as well as pH

can affect the generation of the halogenated byproducts. It
was reported that high concentrations of Br– can
remarkably restrain the transformation of I– to stable
IO3

–, which potentially increases the risk of forming
iodinated byproducts (Zhang et al., 2016). It was also
documented that in the Fe(VI)/I–/BPA system, the produc-
tion of the iodinated byproducts increased with increasing

Fig. 3 Illustration of the formation of I-DBPs when NOM is oxidized by Fe(VI) in the presence of excess I–.
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pH (Wang et al., 2020). This was because the reactivity of
Fe(VI) with HOI decreased with the increasing pH while
the reactivity of HOI with BPA increased with elevating
pH (Wang et al., 2020). Furthermore, the newly formed
iodinated byproducts could not be completely decomposed
by Fe(VI) within a short time scale due to the low
oxidation ability of Fe(VI) at high pH. On the contrary, the
pH lower than 7.5 favors the formation of HOBr and BrO3

–

(Jiang et al., 2016a). Hence, care should be taken when Fe
(VI) is applied at extreme pH conditions with high
concentrations of halide ions.

5 Methods to improve contaminants
oxidation/disinfection by Fe(VI)

Although Fe(VI) shows great superiorities in abating
various contaminants, the rapid self-decay of Fe(VI) in the
water and the sluggish reactivity of Fe(VI) with some
contaminants limit its application. Thus, various methods
have been developed in the past two decades to overcome
the limitations of Fe(VI), which are summarized in Fig. 4.
According to the commonalities and characteristics of
these methods, they can be divided into three categories: 1)
the sustained released of Fe(VI); 2) the in situ activation of
Fe(VI), and 3) the replacement of Fe(VI) with Fe(V)/Fe
(IV).

5.1 Sustained release of Fe(VI)

Since the self-decay of Fe(VI) results in great loss of its
oxidation capacity, Yuan et al. fabricated the encapsulated

K2FeO4 samples, whose encapsulating wall and encapsu-
lated core are paraffin wax and K2FeO4 solid respectively,
in 2008 (Yuan et al., 2008b). With the protection of paraffin
wax, K2FeO4 solid can be slowly released into the water
and be consumed by the target contaminants immediately,
thus remarkably abate the negative effects arising from Fe
(VI) self-decay. Consequently, the encapsulated K2FeO4 is
effective in degrading various TrOCs and reducing the
COD value of the contaminated water even under extreme
pH conditions (Yuan et al., 2008b; Wang et al., 2009).
Chen et al. (2019a) modified the encapsulated K2FeO4

samples by replacing paraffin wax with chitosan and a
buffer layer between the wall material and the oxidant was
added to prevent Fe(VI) from reacting with the wall
material.
Similarly, the removal of TrOCs by Fe(VI) can be

improved by applying Fe(VI) in multiple-dosing mode
rather than in single-dosing mode (Feng et al., 2016; Yan et
al., 2020). Compared with the encapsulated K2FeO4

samples, multi-step dosing of Fe(VI) is more environmen-
tally-friendly since no additional materials are introduced
into the water. However, these two methods can only
enhance the removal of the organic contaminants that can
be oxidized by Fe(VI) but has limited effect on the organic
contaminants that are refractory to Fe(VI) oxidation.

5.2 In situ activation of Fe(VI)

5.2.1 Photo-activated Fe(VI) technologies

Sharma et al. demonstrated the enhanced oxidation of
ammonia by Fe(VI) in UV-irradiated TiO2 suspensions in

Fig. 4 The important nodes in the development of the enhanced Fe(VI) oxidation/disinfection technologies in the past two decades.
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2001 (Sharma et al., 2001b). It was found that both Fe(V)
and Fe(IV) can be obtained through the photoreduction of
Fe(VI) (Eqs. (12)-(13)).

FeO2
4 þ e –cb↕ ↓FeO3 –

4 (12)

FeO3 –
4 þ e –cb↕ ↓FeO4 –

4 (13)

The in situ generated highly reactive Fe(V)/Fe(IV) can
significantly increase the removal of the contaminants that
are refractory to Fe(VI) oxidation, and accelerate the
removal of contaminants, which alleviates the impact of Fe
(VI) self-decay on the oxidation capacity of Fe(VI)
(Sharma et al., 2001b). Thus, the development of photo-
activated Fe(VI) technologies, including UV/TiO2/Fe(VI)
(Xing et al., 2002; Yuan et al., 2008a) and UV/Fe(VI)
(Wang et al., 2010; Aslani et al., 2017; Wu et al., 2020),
attracted great attention in the following two decades.
However, the mechanism is still controversial. While
Wang et al. (2010) suggested that HO� generated by
photochemical process and Fe(VI) self-decay was the
dominant ROS contributing to the oxidation of organic
phosphorus, Aslani et al. (2017) deemed that both Fe(V)
and HO� were responsible for the degradation of haloacetic
acids in UV/Fe(VI) process. Recently, however, it was
concluded that it was O2

�– rather than Fe(V)/Fe(IV)
promoting the degradation of phenolic contaminants in
UV/Fe(VI) process (Wu et al., 2020). The disparity in the
reported mechanisms can be ascribed to the different
experimental conditions (e.g., pH value, Fe(VI) dose, and
UV fluence rate) and the different properties of contami-
nants. However, the practical application of these methods
is limited by many factors, such as the poor light
transmittance of Fe(VI) solution, the high energy con-
sumption resulting from the coexisting components, and so
on (Loeb et al., 2019).

5.2.2 Silica gel/Peroxymonosulfate (PMS)/Ammonia-
enhanced Fe(VI) technologies

The development of Fe(VI) in situ activation technologies
has ushered in an unprecedented climax, and more and
more new technologies have appeared since 2017. Manoli
et al. (2017a) found that the solid silica gel (SiO2) could
remarkably enhance the oxidation of caffeine (CAF) by Fe
(VI) at pH 8.0, while the increased removal of fluoroqui-
nolones by Fe(VI) in the presence of peroxymonosulfate
(PMS) was achieved (Feng et al., 2017b). Besides,
ammonia was reported to be able to promote the oxidation
of flumequine by Fe(VI) (Feng et al., 2017a). However, the
aforementioned studies only focused on the effects of
various reagents on the kinetics of the oxidation of
contaminants by Fe(VI). The relevant reaction mechanism
and the type of the dominating oxidants of these reaction
systems warrant in-depth investigation.

5.2.3 ABTS/Acid-activated Fe(VI) technologies

Dong et al. (2017) found that ABTS, acting as the electron
shuttle, accelerated the reaction of DCF with Fe(VI) over a
wide pH range. It was proposed that Fe(VI) can oxidize
ABTS to ABTS�+, which was responsible for the enhanced
oxidation of DCF (Dong et al., 2017). However, the
potential promoting effects of the in situ generated Fe(V)/
Fe(IV) were not considered.
The oxidative transformation of organics by Fe(VI) was

also promoted due to acid dosing (Manoli et al., 2017b).
Manoli et al. ascribed the enhanced removal of organics by
acid-activated Fe(VI) technology to the participation of Fe
(V)/Fe(IV), even though no direct evidence was provided
for the generation of Fe(V)/Fe(IV) (Manoli et al., 2017b).

5.2.4 Sulfur(IV)-activated Fe(VI) technologies

Fe(VI)-reducing agent system is efficient to generate high-
valent iron-oxo intermediates, resulting in the rapid
decomposition of organic contaminants. Among various
available reductants, sulfur(IV)-based reductants have
attracted the greatest interest due to their environmental
friendliness (Feng et al., 2018). SO4

2–, the final reaction
product of the sulfur(IV)-based reductants, can also be
accommodated within conventional water treatment pro-
cesses. Guan et al. (2016) initiated the research on applying
S2O5

2– to activate Fe(VI) in 2016, which set off an upsurge
of research on sulfur(IV)-Fe(VI) (Zhang et al., 2017; Feng
and Sharma, 2018; Sun et al., 2018). Based on the EPR
analysis and the quenching experiments, Zhang et al.
(2017) ascribed the extraordinarily fast degradation of
TrOCs to the formation of the free radicals (i.e., SO4

�–,
�OH, SO3

�–, and SO5
�–) rather than the high-valent iron-

oxo intermediates while Sun et al. (2018) indicated that
SO4

�– was the dominating ROS in the SO3
2–/Fe(VI)

system. However, Feng and Sharma proposed the
involvement of Fe(V)/Fe(IV) in the rapid oxidation of
TMP in the SO3

2–/Fe(VI) system although they did not
provide direct evidences (Feng and Sharma, 2018).
Recently, Shao et al. (2020) systemically investigated

the influence of [SO3
2–]0/[Fe(VI)]0 molar ratio on the

variation of the dominating ROS in the SO3
2–/Fe(VI)

system. Interestingly, Fe(V) was identified as the primary
active oxidant for the oxidation of contaminants at a
[SO3

2–]0/[Fe(VI)]0 molar ratio of 0.1–0.3. As the [SO3
2–]0/

[Fe(VI)]0 molar ratio increased, the contribution of Fe(V)
to the abatement of contaminants decreased while SO4

�–

and �OH were identified to be the dominant ROS (Shao et
al., 2020). Since the reactivity of different ROS to different
contaminants is very different, it’s of great importance to
control the [SO3

2–]0/[Fe(VI)]0 molar ratio within a reason-
able range in the real practice considering the properties of
the target contaminants and water matrix.
It was found that SO3

2– dosed at low concentration was
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not effective to activate Fe(VI) but SO3
2– dosed at high

concentration would consume the generated active oxi-
dants. Therefore, we further proposed to apply the
sparingly soluble CaSO3 instead of Na2SO3 to effectively
reduce the negative effect caused by excessive sulfite
(Shao et al., 2019). CaSO3 could promote the generation of
Fe(V)/Fe(IV) in the Fe(VI) oxidation reaction system
through a series of reactions (Eqs. (14)–(20)) within a wide
[CaSO3]0/[Fe(VI)]0 molar ratio range (Shao et al., 2019).
The oxidation rate constants of TrOCs by CaSO3-activated
Fe(VI) technology are 6.1-173.7-fold higher than those by
Fe(VI) alone, and even some of the refractory contami-
nants can be efficiently oxidized (Shao et al., 2019).
Although the oxidation rate constants of the target
contaminants are slightly lower than those in the Fe(VI)/
Na2SO3 system, the amount of the target contaminants
removed in the Fe(VI)/CaSO3 system is comparable to or
higher than that in the Fe(VI)/Na2SO3 system under the
same Fe(VI) dose and other reaction conditions. Hence, the
Fe(VI)/CaSO3 process with Fe(V)/Fe(IV) as the main
reactive oxidants is a promising method to enhance the
abatement of contaminants.

HFeVIO –
4 þ SO2 –

3 ↕ ↓HFeVO2 –
4 þ SO⋅ –

3

k ¼ 103 – 104M – 1⋅s – 1 (14)

SO⋅ –
5 þ O2↕ ↓SO⋅ –

5

k ¼ 1:1� 109M – 1⋅s – 1 (15)

SO⋅ –
5 þ SO2 –

3 ↕ ↓SO2 –
5 þ SO⋅ –

3

k ¼ 1:0� 108M – 1⋅s – 1 (16)

SO⋅ –
5 þ SO2 –

3 ↕ ↓SO2 –
4 þ SO⋅ –

4

k ¼ 5:6� 108M – 1⋅s – 1 (17)

SO⋅ –
4 þ OH –

↕ ↓SO2 –
4 þ HO⋅

k ¼ 7:3� 107M – 1⋅s – 1 (18)

FeVIO2 –
4 þ SO⋅ –

3 ↕ ↓FeVO3 –
4 þ SO3

k ¼ 1:9� 108M – 1s – 1 (19)

FeVO3 –
4 þ SO⋅ –

3 ↕ ↓FeIVO4 –
4 þ SO3 (20)

5.2.5 Carbon materials-activated Fe(VI) technologies

Besides the homogeneous reducing agents mentioned
above, Sun et al. (2019) found that heterogeneous carbon
nanotube (CNT) could also accelerate the oxidation of
contaminants by Fe(VI). It not only induces the generation

of Fe(V)/Fe(IV) but also serves as the absorbent to remove
the undesired byproducts from water. However, CNT is
carcinogenic itself, the application of CNT represents a
trade-off between the decreased environmental risks of
contaminants and the increased environmental risks
associated with CNT.
Recently, to overcome the defects of the CNT-activated

Fe(VI) technology, biochar, a kind of carbon material with
redox property, which was prepared by the pyrolysis of
biomass, was applied to facilitate the abatement of
contaminants in the water by Fe(VI) (Tian et al., 2020).
The highly reactive Fe(V)/Fe(IV) generated in the
reduction of Fe(VI) by biochar participate in the oxidation
of the selected TrOCs, and the oxidation rates of them
increased by 3 to 14 times (Tian et al., 2020). Moreover,
the reaction of Fe(VI) with biochar can also lead to the
corruption of the physical structure of biochar. The
resultant expanded surface area and enlarged pore volume
can thus elevate the removal of TOC and contribute to the
elimination of DBPs. Thus, considering the reusability and
the environmental friendliness of biochar, biochar-
enhanced Fe(VI) technology it’s a promising option for
abating the contaminants in polluted water (Tian et al.,
2020).

5.3 Replacement of Fe(VI) with Fe(V)/Fe(IV)

In addition to the introduction of Fe(V)/Fe(IV) through the
in situ activation of Fe(VI), applying Fe(V) or Fe(IV)
directly instead of Fe(VI) is also a promising option to
elevate the removal of contaminants by high-valent iron
oxides in some cases. It has been proposed in the last
century that aqueous Fe(IV) can be in situ generated from
Feaq

2+ and O3 in the strongly acidic solution conveniently
(Loegager et al., 1992). And the kinetic study of the
aqueous Fe(IV) with aromatic substrates carried out in
2002 demonstrated the effectiveness of this method
(Mártire et al., 2002). The in situ generated Fe(IV) can
degrade the target contaminants in seconds to minutes
(Mártire et al., 2002; Pestovsky and Bakac, 2004), which
alleviates the negative effects of the self-decay of ferrates.
Subsequently, many studies also highlighted the super-
iority of the in situ generated Fe(IV) species produced by
Feaq

2+ and some other oxygen-atom donors such as
hypochlorous acid (Liang et al., 2020), peroxydisulfate
(Wang et al., 2018b), hydrogen peroxide (Bataineh et al.,
2012), and peracetic acid (Kim et al., 2019) under certain
reaction conditions. The in situ generation of Fe(IV) offers
an arena for promoting the abatement of contaminants,
however, there are still some limitations. For most of the
above methods should be carried out under acidic
conditions, their application in the environmentally-
relevant conditions is limited. And considering excess
Feaq

2+ would consume Fe(IV) and thus decrease the
overall oxidation capacity of the reaction systems, the
doses of the reactants should be strictly controlled.
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Besides, special attention should also be payed to the
formation of the unwanted byproducts, for the introduced
oxygen-atom donors might increase the concentration of
the nonselective ROS.

6 Research gaps in applying Fe(VI) for
abating contaminants in water in real
practice

In sum, Fe(VI) is a versatile water treatment reagent, which
integrates various functions such as oxidation, disinfec-
tion, and coagulation/adsorption. It can effectively and
selectively remove contaminants from water and reduce
the environmental risks of the transformation intermediates
of contaminants. Despite the great advancement made in
the field of Fe(VI) technologies in the past two decades, the
application of Fe(VI) in real practice still has several
important limitations. Research and development in this
area are necessary to overcome or mitigate these limita-
tions and to expand the use of Fe(VI). Based on this
review, the key areas for future research are proposed as
follows:
1) Development of economical and simple Fe(VI)

synthesis method. The available synthesis methods of Fe
(VI) at this stage are all time-consuming and uneconomi-
cal, which greatly limit the application of Fe(VI). Hence,
developing an economical and simple Fe(VI) synthesis
method is the pre-requisite for the large-scale application
of Fe(VI).
2) Clarifying the self-decay mechanism of Fe(VI). The

removal of contaminants by Fe(VI) is closely associated
with the stability of Fe(VI) in the water. However, the self-
decay mechanism of Fe(VI) under different reaction
conditions are controversial. Thus, clarifying the self-
decay mechanism of Fe(VI), especially the reasons for the
relative high stability of Fe(VI) in the range of pH 9.4–9.7,
is of significance for developing the innovative methods to
enhance the stability of Fe(VI).
3) Determination of the contribution of Fe(V)/Fe(IV)

and the reactivities of ferrates toward various organic
contaminants. Our recent study revealed that methyl
phenyl sulfoxide (PMSO) was mainly degraded by Fe
(IV) and Fe(V) rather than by Fe(VI) per se and Fe(V)
played a dominant role when PMSO was degraded by Fe
(VI) (Zhu et al., 2020). The contributions of Fe(IV) and Fe
(V) were previously underemphasized, and Fe(VI) was less
reactive toward organic contaminants than what we
expected. Considering that Fe(VI), Fe(V), and Fe(IV) are
selective oxidants, the contributions of Fe(V) and Fe(IV)
on the degradation of TrOCs by Fe(VI) vary with the
properties of TrOCs, so it’s worthwhile to further
investigate the relationship between the contributions of
Fe(V) and Fe(IV) and the properties of TrOCs. Moreover,
the reaction rate constants for the reactions of Fe(VI)/Fe
(V)/Fe(IV) with various organic contaminants should be

determined to better understand the mechanisms of organic
contaminants by Fe(VI).
4) Establishment of the quantitative structure-activity

relationship models. Currently, only a limited number of
typical compounds are selected as the target contaminants
in the studies regarding the abatement of organic
contaminants by ferrates. Since the organic contaminants
in the realistic water generally possess complex structures,
those published studies seem to be not representative, and
it’s difficult for engineers to accurately assess the
feasibility of Fe(VI) technologies in the real practice
based on the existing information. Considering ferrates
exhibit different reactivity to TrOCs with different
structures, establishing quantitative structure-activity rela-
tionship models might be a promising method. Because
they not only provide new insights into the mechanism for
the reactions of ferrates with different kinds of TrOCs but
also provide the basis for the selection of the appropriate
Fe(VI) activation methods in the real practice.
5) The potential environmental risks associated with the

coexisting components. The performance of Fe(VI) is
susceptible to the coexisting components in the water, and
the generation of the undesired byproducts, especially
halogenated byproducts, caused by the coexisting compo-
nents, has not attracted enough attraction. Thus, it’s
necessary to make a thorough inquiry into these issues in
the future to figure out the mechanism of the production of
the undesired byproducts so as to maximize the oxidation
ability of Fe(VI) and decrease the environmental risks
associated with the coexisting components. Moreover, the
interaction among different kinds of contaminants and the
resultant impacts on the generation of the byproducts by Fe
(VI) technologies should also be fully considered.
6) Development of the enhanced Fe(VI) technologies. A

variety of modified Fe(VI) technologies have been
developed to enhance the removal of contaminants by Fe
(VI). However, some of the methods have defects in
practical operation and materials preparation, some of the
methods might increase the environmental risks associated
with the transformation intermediates, and the improve-
ment in removing Fe(VI) refractory contaminants by some
of the methods is limited. Therefore, the innovative Fe(VI)
technologies, which are green, economical, and efficient
should be focused on as a hot point.
7) Comprehensive evaluation of the role of the in situ

generated iron(III) oxide particles. While most of the
studies highlighted the significant role of the in situ
generated iron(III) (hydr)oxide particles on elevating the
removal of contaminants by coagulation/adsorption, the
potential adverse impacts of the (hydr)oxide particles on
the turbidity of the water were rarely investigated. And the
researches on removing contaminants by Fe(VI) synergis-
tic oxidation coagulation/adsorption are also limited.
Consequently, it’s of great importance to make a
comprehensive evaluation of the role of the in situ
generated iron(III) (hydr)oxide particles so as to provide
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more insightful information for Fe(VI) synergistic oxida-
tion coagulation/adsorption.
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