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Abstract: Interest in the combination of ferrates and advanced oxidation processes (AOPs)
for wastewater treatment has increased, as revealed in this systematic review. In this study,
the multiple functions of Fe(VI) in ferrate-based AOPs are summarized based on the Fe
species. Various enhanced oxidation pathways are achieved through electron capture
by Fe(VI), oxidation by Fe(V) and Fe(IV), or the catalytic effects of Fe(IlI) and Fe(II). The
different contributions of high-valent Fe species and general reactive oxidation species
are highlighted by analyzing the results of quenching, methyl phenyl sulfoxide probing,
and electron paramagnetic resonance analysis. Methods that are used to adjust the Fe
species, including changing the reaction pH, oxidant dosage, dosing pattern, and the
addition of reducing or complexing additives, can influence the enhancement efficiency
of micropollutant treatment from the perspective of determining the transformation from
Fe(VI) to Fe(V) and Fe(IV) with higher reactivity or Fe(Ill) and Fe(II) circulation. Future
studies should focus on the in situ production of high-valent Fe and oxidation pathway-
based adjustments in Fe(VI)-AOP techniques.

Keywords: ferrate; advanced oxidation processes (AOPs); Fe species adjustment; wastewater
treatment

1. Introduction

The removal of emerging contaminants such as pharmaceuticals, personal care prod-
ucts, and endocrine-disrupting chemicals from wastewater has generated great interest in
the past few years. Advanced oxidation processes (AOPs) have been reported to effectively
remove micropollutants by producing free radicals such as sulfate radicals and hydroxyl
radicals with high redox potentials. Non-radical oxygen species such as singlet oxygen
(10,) also contribute under certain conditions [1]. AOP techniques using O3, HyO», peroxy-
monosulfate (PMS and HSO5 ™), and peroxydisulfate (PDS, S,08%7) as precursors and light,
carbon-derived materials, and metal ions as activators have been reported [2-4]. However,
traditional AOPs depend significantly on the catalytic process [5] and are limited to a
narrow pH range [6]. Moreover, concerns have arisen about their non-selective oxidation,
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which is attributed to the generation of disinfection byproducts [7] and slow reactions with
micropollutants in water with a strong background of natural organic matter [8].

High-valent Fe species (Fe(VI), Fe(V), and Fe(IV)) have drawn wide attention because
they have a high oxidation capacity and low risk [9]. Fe(VI) shows great potential for
pollutant removal via oxidation [10], coagulation, and disinfection [11], with the resulting
Fe(III) /Fe(Il) species exhibiting catalytic effects [3]. However, its practical application
is limited by its rapid decomposition at a neutral pH and its low reactivity under ba-
sic conditions [12]. Different ferrate techniques have been assessed for the treatment of
emerging organic pollutants [13] and to clarify the mechanisms and kinetics of pollutant
removal [14,15]. The contribution of Fe(VI) to total organic carbon (TOC) removal and the
inhibition of disinfection byproducts during water and wastewater treatment has been
highlighted [16]. Recent review articles have elucidated Fe(VI) activation methods, focusing
on the production of Fe(V) and Fe(IV) by metal ions [17] and inorganic reductants [18].
Iron-based materials are commonly used to activate AOPs owing to their high catalytic per-
formance and environmental compatibility. Consequently, Fe(VI) decomposition products,
including Fe(III) and Fe(Il) ions, as well as FeOOH, Fe,;O3, and Fe3O4, have been reported
to be effective activators of AOPs precursor oxidants [19] and as feedstock for Fe(IV) gen-
eration [20]. These Fe species serve as potential connections between Fe(VI) and AOPs,
through which the disadvantages of the two individual oxidation techniques can be miti-
gated [21]. In 2010, Sharma innovatively summarized the Fe(VI)-enhanced photocatalytic
oxidation reaction [22], and subsequently highlighted the oxidation contributions of Fe(V)
and Fe(IV) to these systems [18]. Further investigations into the oxidation mechanisms of
ferrate-AOPs have emerged, focusing on various aspects such as oxidation kinetics, con-
taminant removal efficacy [23,24], and optimized ferrate-AOP techniques [25,26]. Recently,
attention has been drawn to the formation of multiple reactive species in ferrate-AOPs,
including high-valence Fe species and radicals [27,28]. However, comprehensive reviews
on the reaction mechanisms of different Fe species, their transformation processes, and
their adjustment measures are currently lacking.

This review aims to (1) demonstrate the different roles of Fe species under different
ferrate-AOP conditions and describe the corresponding mechanisms by which the processes
are enhanced and (2) discuss methods to optimize the ferrate-AOP by adjusting the Fe
species in the system.

2. Key Fe Species in Ferrate-Based AOP Systems

The self-decay of Fe(VI) is accompanied by the removal of organic pollutants and the
production of catalysts, such as Fe(Ill) and Fe(II), which provide a bridge connecting AOPs
to Fe(VI) oxidation. A comprehensive understanding of the behavior of Fe intermediates in
ferrate-AOPs will guide the development of improved pollutant removal systems and facil-
itate the application of this combined system to complex practical wastewater treatment.

Various transient reactive species, including Fe(V), Fe(IV), and free radicals, are gener-
ated in the oxidation reaction system. Fe(VI) self-decomposes in pure water to Fe(V) and
Fe(IV). The synergistic effects of reducing agents with Fe(VI) could enhance the forma-
tion of Fe(IV) and Fe(V). Sulfur-containing compounds could activate Fe(VI) to generate
reactive Fe(V) and Fe(IV) intermediates, thereby augmenting the oxidative capacity of
the Fe(VI) system via the in situ formation of high-valent iron species. Acting as redox
mediators, the phenolic hydroxyl groups can promote the production of Fe(IV) and Fe(V)
through the electron-shuttle mechanism with Fe(VI). Recent studies have shown that oxi-
dants (e.g., PMS, H,O,, and periodic acid) combined with Fe(VI) can induce the formation
of highly reactive Fe(IV) and Fe(V) intermediates [27]. Scavenging experiments were
performed to verify whether the active species play a role in the degradation of contam-



Water 2025, 17, 1343

30f19

inants [29]. Methyl phenyl sulfoxide (PMSO) has been widely employed to confirm the
formation of high-valent Fe because it can react with Fe(V)/Fe(IV) to form methyl phenyl
sulfone (PMSO,) as a diagnostic product [30]. PMSO was utilized to identify the roles
of Fe(V)/Fe(IV) species in the removal of sulfamethoxazole (SMX) [31] and polycyclic
aromatic hydrocarbons [32] in the Fe(VI)-PMS system. The selective conversion of PMSO
into PMSO, demonstrates the formation of high-valent Fe species (Fe(V)/Fe(IV)) [33]. To
quench the reactive species, ethylene diamine tetraacetic acid was used as a photogenerated
hole quench agent, and tert-butanol (TBA) was added to eliminate #OH. Sodium azide
is a widely used scavenger of !O,, while p-benzoquinone was used to detect Oye~ [33].
Benzoic acid and methanol (MeOH) were utilized to quench SO e~ and ¢OH and establish
their effects on the removal of SMX in the Fe(VI)/PMS process [31,34]. In the quenching
experiment, the results indicated that the photogenerated electrons and ¢OH radicals play
important roles in the degradation of dimethyl phthalate (DMP) [35]. In the Fe(VI) and
Fe(VI)/percarbonate systems, PMSO, ethanol (EtOH), and benzoic acid were employed
as scavengers to determine the changes in the reactive species after the addition of per-
carbonate [34]. Radical quenching experiments with EtOH and TBA were conducted to
distinguish the contribution of ¢OH and SO4e~ to the removal of bisphenol A (BPA) in the
reaction system [36].

2.1. Photocatalysis

Fe(VI) has a relatively high redox potential, and its reduction products are nontoxic Fe
oxides [37]. Fe(VI) can enhance photoreaction processes significantly (Figure 1, Table 1),
which is due to the high reactivity between Fe(VI) and the conduction band electrons e~
(k=2.0 x 10! M~'s7!) in photocatalytic oxidation systems [38]. This prevents the recom-
bination of e”-h™ pairs, which improves the quantum efficiency of the UV-TiO,-Fe(VI)
system [35]. The hydrolysis of Fe(VI) can be essentially activated by ultraviolet light, which
promotes the formation of Fe(IV) and H,O, and particularly enhances the generation rate of
Oye~ and e¢OH [39]. DMP was barely degraded by Fe(VI), whereas UV-TiO,-Fe(VI) oxida-
tion showed a 3-11 times higher removal efficiency than the oxidation of Fe(VI) alone. The
participation of Fe(VI) in the photoreaction also led to an increase of approximately 83.8% in
the degradation rate compared to that in the UV-TiO, process alone [35]. The degradation of
BPA was similarly enhanced in the order of UV-TiO, < Fe(VI) < UV-TiO,-Fe(VI) based on
the scavenging of e~ by Fe(VI) [22]. The Fe(VI)-TiO,-UV system showed high DMP degra-
dation under UV irradiation, because the electron scavenging by Fe(VI) greatly reduced
the recombination of the e and h* [40]. The Fe(VI) concentration decreased rapidly in the
presence of a TiO, suspension under UV light [41]. The influence of light wavelength on
the SMX degradation efficiency in the UVA-Fe(VI)-PMS process was also investigated [42].
Compared to the reaction in the dark, SMX removal increased with the introduction of light
at all the examined wavelengths. Therefore, Fe(VI) may affect the photocatalytic oxidation
reaction by absorbing light.
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Figure 1. Enhanced mechanism of Fe(VI) in photocatalysis.
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Table 1. Removal of organic pollutants in ferrate-AOP systems with the main species of Fe(VI), Fe(V),

and Fe(IV).
Expse;;?;:tal E’g’:;gﬁ?gltlal Active Specie  Adjustments Pollutant Enh;rflfceecrtnent Reference
UV-TiOy-Fe(VI)  [Fe(VI)]: 50.0 uM;  h*™ and OH pH Sulfadiazine/ UV-TiO,- [43]
[TiO,]: 0.5 g/L; Sulfamerazine/ Fe(VI): 89.2%,
light intensity: Sulfamethoxazole: 83.4%, 82.0%;
0.15 mW/cm? at 20.0 uM UV-TiOy: 71.3%,
254 nm; pH 9.0 72.7%, 76.0%;
Fe(VI): 65.2%,
66.0%, 71.9%
Fe(VI)-UV-TiO, [Fe(VD)]: 80.0 uM;  Fe(V)and pH Microcystin-LR: Fe(VI)-UV- [44]
[TiO,]: 2.0 g/L; Fe(IV) 1.0-2.0 mg/L TiO,: 100.0%;
light intensity: UV-TiO,: 63.0%;
4.0 mW/cm? at Fe(VI): 54.0%
340-420 nm;
pH6.0
Fe(VI)-UVA- [Fe(VD)]: 75.0 uM;  Fe(V) and pH Sulfamethoxazole: Fe(VI)-UVA- [45]
light-emitting LED bulb: 3.0 W; Fe(IV) 5.0 uM LED: Reacting
diode (LED) UVA: 37.0 mW /cm?; 2.6—7.2-fold
pH 8.0 faster than for
Fe(VI)
UV-TiO,-Fe(VI)  [Fe(VI)]: 30.0 h* andeOH pH and Dimethyl phthalate: UV-TiO,- [35]
mg/L; [TiO;]: oxidant 0.3mg/L Fe(VI): 95.2%;
0.05g/L mg/L; dosage UV-TiOy: 51.8%;
light intensity: Fe(VI): 23.5%
9 W at 365 nm;
pH9.0
Fe(VI)-UV-TiO, [Fe(VD)]:9.0mg/L; Holes, OH,and Oxidant Dimethyl phthalate: Fe(VI)-UV- [41]
[TiO,]: 40.0 mg/L;  Fe(V) dosage 11.6 mg/L TiO,: 83.0%;

light intensity:
0.4 mW/cm? at
365 nm; pH 9.0

UV-TiO,: 68.0%;
Fe(VI):
negligible
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Table 1. Cont.
Experimental Experimental . . . Enhancement
System Condition Active Specie =~ Adjustments Pollutant Effect Reference
Fe(VI)-Visible [Fe(VI)]: 100.0 uM; Fe(V) and Oxidant Carbamazepine: Fe(VI)-Visible [33]
light-g-C3Ny [g-C3Nyl: Fe(IV) dosage 5.0 uM light-g-C3Ny:
50.0 mg/L; visible 100.0%; Visible
light; pH 9.0 light-g-C3Ny:
41.0%;
Fe(VI)-Visible
light: 38.0%
Fe(VI)-CaO, [Fe(VD)]: 50.0 uM; Fe(V) and Oxidant Sulfamethoxazole: Fe(VI)-CaO5,: [46]
[CaOs,]: 50.0 uM; Fe(IV) dosage 5.0 uM 82.7%; CaO5:
pH 8.0 negligible;
Fe(VI): 35.4%
Fe(VD)-H;0, [Fe(VI)]: 50.0 uM;  Fe(V) and Oxidant Caffeine: 5.0 mM Kapp between [47]
[HyO5]: Fe(IV) dosage caffeine and
0-30.0 uM; pH 8.0 Fe(VI): 12.8 to
171.8 M~ 157!
with HyO, from
0 to 30.0 UM
Fe(VD)-H,0, [Fe(VI)]: 50.0 uM;  Fe(V) and Oxidant Sulfamethoxazole: Fe(VI)-H,O,: [48]
[Hy,O5]: 70.0 uM; Fe(IV) dosage 5.0 uM 78.0%; HyO5:
pH 7.0-9.0 negligible;
Fe(VI): 35.0%
Fe(VI)-H,0, [Fe(VD)]: 250.0 uM;  Fe(V) and Oxidant Bisphenol A: Fe(VI)-H,O,: [49]
[HyOs]: 2.5 mM; Fe(IV) dosage 50.0 ug/L 97.7%; HyOy:
pHB8.0 23.5%; Fe(VI):
85.5%
Fe(VD)-UV [Fe(VI)]: 0.2 mM; O, ,60H, Dosing Lake water Fe(VI)-UV: [40]
light intensity: Fe(V) and attern UVjs54 removal
g y P
26.0 uW/cm? at Fe(IV) increased; TOC
254 nm; pH 7.0 removal

increased than
Fe(VI)

Fe(V) and Fe(IV) are high-valent Fe species with selective oxidation behaviors that
differ from those of free radicals [50]. Fe(V) and Fe(IV) can be produced from Fe(VI)
through one- and two-electron transfer, where electrons can be provided by pollutants, H,O,
H,0;, and photocatalysis-generated e~ [27,33]. The observed first-order rate constants
of Fe(V) and Fe(IV) with pollutants are approximately 10% and 10° times that of Fe(VI),
respectively [51]. Therefore, the generation of Fe(V) and Fe(IV) usually contributes to
a greater removal efficiency of organic pollutants. These ferrate-AOP systems, based
on the generation of Fe(V) and Fe(IV), generally show advantages such as low toxicity,
low generation of disinfection by-products, and high interference resistance to natural
organic matter. In certain Fe(VI) photocatalytic systems, Fe(V) and Fe(IV) produced by the
combination of Fe(VI) with photocatalyzed electrons dominate the oxidation of organic
pollutants (Figure 2). Scavenging tests and electron paramagnetic resonance analysis were
conducted by adding quenching agents of TBA and MeOH and trapping agents of 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO). The results revealed a small contribution of free
radicals, and Fe(V) and Fe(IV) were determined to play a primary role in the degradation
of pollutants [45].
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Figure 2. Enhanced mechanism based on Fe(V) and Fe(IV) oxidation.

Fe(V) attacked the alkyl chain of DMP instead of the aromatic rings, following a
different degradation path than the «OH oxidation pathway [41]. Probing the reaction with
PMSO revealed that Fe(V) and Fe(IV), which were produced in the oxygen-doped ZnIn,Sy
nanosheet-visible light-Fe(VI) combined system, were responsible for the high removal of
trimethoprim [52]. MeOH and TBA had negligible effects on SMX removal, indicating that
oOH radicals contributed little to SMX oxidation [45]. There was no DMPO-HQOe adduct
signal observed, suggesting that €OH played a negligible role in the Fe(VI)-UVA-LED
process [45]. PMSO can be oxidized to phenyl methyl sulfone (PMSO,) specifically by high-
valence Fe species [31]. The ratio of produced PMSO; /reduced PMSO was close to 100%
in the photocatalytic Fe(VI)-visible light-g-C3Ny systems, indicating that Fe(V) and Fe(IV)
were the dominant reactive oxidation species in the degradation of micropollutants [33].
The eOH generation pathway from ferrate self-decay is inhibited by the remarkable oxida-
tion between Fe(VI) and organic pollutants. The Fe(V) and Fe(IV) generated from Fe(VI)
facilitate several orders of reactivity with organic pollutants, reducing the self-decay of
Fe(V) and Fe(IV) in water [33].

2.2. Fenton-like Reaction

Electron transfer efficiency in Fe(VI)-H,O, systems is strongly dependent on pH.
Under alkaline conditions, HO, promotes the decomposition of Fe(VI), resulting in highly
oxidizing Fe(IV) [53]. Under acidic conditions, Fe(Il) and H,O; react to form a Fenton
system through a series of chain reactions. The #OH produced is also actively involved in
the oxidation of pollutants [54]. Fe(VI) can be reduced to Fe(IV) by a two-electron transfer
with HyO, (Figure 2) and subsequently to Fe(Il). Fe(VI) has much higher reactivity with
H,0O, than with H,O; therefore, the generation of Fe(IV) is enhanced in the Fe(VI)-HyO,
system compared to that in individual Fe(VI) [47]. The conversion tendency of Fe(IV) into
Fe(Il) is high with HyO, (k = 10* M~s7!). The Fe(Il) thus generated reacts further with
Fe(VI) to produce Fe(V) (k = 107 M~!s71) [55]. This explains the higher concentrations
of Fe(V) and Fe(IV) for the ferrate-H,O, system, which is consistent with the observed
increase in pollutant removal from 35.0 to 78.0% for SMX [48].

Radical-scavenging experiments demonstrated the dominant roles of Fe(V) and
Fe(IV) in the degradation of organic pollutants. SMX removal by ferrate-H,O, is
barely affected by the addition of TBA (keor/TBA = 3.8-7.6 X 108 M~! s71) and MeOH
(koo /MeoH = 9.7 X 108 M~1s~1), which rules out the contribution of «OH radicals. The
100% yield of PMSO, confirmed the dominant contribution of high-valence Fe species.
Moreover, the contribution of Fe(VI) was ruled out by the strong inhibitory effect of SMX



Water 2025, 17, 1343

7 of 19

removal with PMSQO, as Fe(VI) has much higher reactivity with SMX than with PMSO. Thus,
the main contributions of Fe(V) and Fe(IV) were confirmed [48]. The same phenomenon
was observed for SMX oxidation in the ferrate-CaO, system, where CaO; was used as a
sustainable resource for HyO, [46]. The oxidation pathway of BPA in the ferrate-H,O,
system differs significantly from that of the H,O, process but is highly similar to pure
ferrate oxidation, indicating that the oxidation can be attributed to Fe(V) and Fe(IV) [49].

As the dosage of H,O, ranged from 0 to 30 uM, the removal rates of caffeine and
carbamazepine (CBZ) in the ferrate-H,O, system increased [47]. These findings confirmed
that the addition of H,O, promoted the decomposition of Fe(VI) and the generation of
Fe(V) and Fe(IV) [47]. The enhanced Fe(V) and Fe(IV) production promoted pollutant
removal significantly. At pH 8, the SMX removal rate was 1.2 and 1.3 times higher by the
Fe(VI)-HyO; and Fe(VI)-CaO, systems, respectively, when compared to the removal rate
with Fe(VI) alone [46,48]. Similarly, BPA removal was strengthened in the Fe(VI)-H,O,
system, with an 11.1% increase in the removal rate when H,O, was added to Fe(VI) [49].
Peracetic acid (PAA) and percarbonate can also act as suppliers of H,O, to enhance the
ferrate oxidation process, contributing to the enhanced degradation of CBZ [56] and an
increase in fatty acid production via sludge pretreatment [57].

Fe(VI) reduction products, including Fe(IlI) and Fe(II) and Fe oxides, can be used as
alternative Fe catalysts for Fenton-like reactions [58]. Unlike the traditional Fenton reaction,
ferrite-based Fenton-like reactions have several advantages, such as low pH dependence
and a lower dosage of oxidants [58]. Ferrate-based Fenton-like reactions play an important
role in «OH production from ex situ HyO, under the catalysis of Fe(IIl) and Fe(II) from
Fe(VI), which is a more common sequence than dosing of Fe(VI) followed by H,O, [59,60].
Fe(VI) pretreatment for organic dyes was conducted for 30 min, which caused most of the
Fe(VI) to decompose into Fe(Ill) and Fe(II) species [60]. Ex situ HyO, was then added. The
significant increase in the color-reduction rate after HyO, addition indicated the activation
of a Fenton-like reaction [60]. The degradation rate of phenanthrene was 10.4% greater
than that when only Fe(VI) was added [59]. The degradation rate of DMP was controlled
by the concentration of eOH, indicating that a Fenton-like reaction activated by Fe(Ill) and
Fe(IT) contributed to oxidation [58].

2.3. O3

Secondary wastewater treatment using Fe(VI) and ozonation has a synergistic oxida-
tion effect due to the Fe(III)/Fe(II) and FeOOH /Fe, O3 particles. This enhancement was
found to increase dissolved organic carbon by 14.9% and UVjs4 removal by 29.0% [19].
This combined system can also be used for the removal of tetrabromobisphenol A, with
the complete removal of contaminants and a higher mineralization rate [61]. The SMX
and diclofenac sodium can also be removed efficiently by the ozone/Fe(VI) process. With
the increase in Fe(VI) dosage or ozone concentration, the degradation rate of SMX and
diclofenac sodium was significantly accelerated, reaching 77.0% and 82.7% [62].

As shown in Table 2, the main enhancing effect stems from the catalytic effect of the
Fe(VI) reduction products on ozonation, partly because of the production of high-valent
Fe formed from the oxidation of Fe(IlI) /Fe(Il) by ozone [19,61]. On the one hand, Fe(VI)
could activate O3 to produce ®OH; on the other hand, O3 also helps regenerate Fe(VI) [63].
The decomposition of O3 and Fe(VI) occurs simultaneously, and the Fe(III) /Fe(Il) ions and
FeOOH /Fe;O3 particles further promote the decomposition of O3. The decomposition of
Fe(VI) was reported to produce Fe nanostructures with a y-FeOOH shell and a y-Fe,O3
core [64], with the dissociation of water molecules on its surface leading to hydroxylation,
which further aids the bonding between ozone and surface -OH to produce «OH [19].
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Table 2. Removal of organic pollutants in ferrate-AOP systems with the main species of Fe(III)

and Fe(II).
Exlge;;zz\tal E)g:;g;s:rtlal Active Specie Adjustments Pollutant Enh]z;rfl;eecr:lent Reference

Fe(VI)-PMS [Fe(VD)]: SO4e~ and pH Sulfamethoxazole: Fe(VI)-PMS: [65]
0.05 mM; [PMS]: «OH 0.1 mM 55.5% in 30 min;

0.05 mM; pH 5.2 PMS: negligible;
Fe(VI): 20.0%

Fe(VI)-PMS [Fe(VD)]: 2.5 mM; SOye~ and Oxidant dosage  Atrazine: 46.5 uM Fe(VI)-PMS: [66]
[PMS]: 5.0 mM; eOH 81.5% in 60 min;
pH6.0 PMS: negligible;

Fe(VI): 11.7%

Fe(VI)-PMS [Fe(VD)]: SOge~ and Oxidant dosage  Diclofenac: 5.0 pM Fe(VI)-PMS: [42]
100.0 uM; [PMS]:  eOH 93.5% in 15 min;

500.0 uM; PMS: negligible;
pH6.0 Fe(VI): 42.2%

Fe(VI)-PMS [Fe(VD)]: SOge~ and Oxidant dosage  Enrofloxacin/ Fe(VI)-PMS: [67]
30.0 uM; [PMS]: oOH marbofloxacin/ 48.0%, 55.0%

30.0 uM; pH 7.0 ofloxacin: 30.0 uM and 59.0%;

PMS: 19.0%,
21.0% and
18.0%; Fe(VI):
14.0%, 10.0%
and 13.0%

Fe(VI)-PMS [Fe(VI)]: SO4e~ and Oxidant dosage  Chlorpyrifos: Fe(VI)-PMS: [68]
10.0 mg/L; oeOH 2.0mg/L 94.8% in 90 min;
[PMS]: PMS: 56.5%;
2.0mg/L; Fe(VI): 83.0%
pH7.0

Fe(VD)- [Fe(VD)]: SOge~,10,, pH and Ibuprofen: 20 uM Fe(VI)-PDS: [69]

PDS/PMS 0.25 mM; [PDS]:  eOH, Fe(V) and Oxidant dosage 31.1%;

0.5 mM; [PMS]: Fe(IV) Fe(VI)-PMS:
0.5mM; pH7.0 92.8%

Fe(VI)-PMS [Fe(VD)]: 50 mM; SOze—, Fe(V) pHand Sulfamethoxazole: Fe(VI)-PMS: [70]
[PMS]: 200 mM;  and Fe(IV) Oxidant dosage 10 uM >80% in 15 min
pH?7.0

Fe(VI)-PMS- [Fe(VD)]: SOge~ and Oxidant dosage  Sulfamethoxazole: Fe(VI)-PMS- [71]

light 1.0 mg/L; [PMS]: eOH 0.1 mg/L light: 70.0% in
5.0 mg/L; Solar 60 min;
irradiance: PMS-light:
550 W/m?; T: 20.0%
35.0°C; pH 6.5

Fe(VI)-O3 [Fe(VD)]: e«OH Dosing pattern ~ Dissolved organic Fe(VI)-O3: [19]
300.0 uM; [O3]: carbon (DOC): 53.0% (DOC);
13.5mg/L; 84 mg/L; UVysy: Ozonation:
pH7.0 0.174 23.0% (DOC);

Fe(VI): 21.0%
(DOC);
Fe(VI)-Os:
70.0% (UV254);
Ozonation:

44.0% (UV254);
Fe(VI): 35.0%
(UVas4)
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Table 2. Cont.
Expse;;?:r?tal E’g’:;gﬁ?gltlal Active Specie Adjustments Pollutant Enh;:rflfceecrtnent Reference

Fe(VI)-O3 [Fe(VI)]: oOH Dosing pattern ~ DOC: 7.5 mg/L; Fe(VI)-Os: [72]
150.0 uM; [O3]: UVys54: 0.15 70.5% (DOC),

10.0 mg/L, 03: 80.5% (UV254);

100.0 mL/min; 03: 26.7%

pH6.3-6.4 (DOC), 60.0%
(UVas4)

Fe(VID)-O3 [Fe(VD)]: 0.5 uM; OH Dosing pattern ~ Tetrabromobisphenol  Fe(VI)-Os: [61]
[O3]: 0.5 uM; A:1.8 uM 68.9% in 1 min
pH?7.0 Ozonation:

11.7%; Fe(VI):
32.0%

Fe(VI)-O3 [Fe(VD)]: eOH pH Sulfamethoxazole/ Fe(VI)-O3: [62]
25.0 uM; [Os]: diclofenac sodium: 98.4% and
52 uM; pH 5-9 20 uM 94.3%; Os:

slightly
enhanced than
the Fe(VI) alone
process; Fe(VI):
65.3% and
85.5%

Fe(VI)-O3 [Fe(VD)]: 0.2 mM; eOH pH Atrazine: 5mg/L Fe(VI)-O3: [63]
[O3]: 151 mg/L; 90.1% in 18 min
pH5-9

Fe(VI)-O3- [Fe(VD)]: eOH Dosing pattern ~ DOC: 6.0 mg/L; Fouling [73]

ceramic 150.0 uM; [Os]: UVysy: 0.1; Protein: transmembrane

membrane 10 mg/L; 3.0mg/L pressure
filtration flux: decreased 96.7%
90 L/(m?2-h); with Fe(VI)-O3
pH 6.0-6.4

Fe(VI)-PDS [Fe(VD)]: SO4e~ and Reducing and Ciprofloxacin: 30.0 Fe(VI)-PDS: [74]
90.0 uM; [PDS]: eOH complexing uM 72.6% in 15 min;

90.0 uM; pH 4.0 additives PDS: negligible;

Fe(VI): 54.2%

2.4. Persulfate

Persulfate, including PMS and PDS, have received increasing attention as AOP precur-
sors due to their advantages of low cost, stable physicochemical properties, and high redox
potential [75]. Moreover, sulfate radicals (SO4e ™) from PMS or PDS activation show higher
stability and more powerful oxidation ability compared to ¢OH [76]. Fe-based catalysts are
commonly used as effective and environment-friendly activators of PMS and PDS [77].

Fe(Il) ions are commonly used as homogeneous activators with higher reactivity with
PMS and PDS to produce SO4e~ radicals (Figure 3) [3]. The amount of Fe(Il) ions in the
Fe(VI)-PMS system first increased to 9 uM at 3 min and then decreased continually to less
than 2 uM at 15 min, which is consistent with the degradation curve of PMS and diclofenac,
where 93.5% of diclofenac was removed within 15 min [42]. A similar trend in Fe(II) ion
concentration was observed in the Fe(VI)-PMS system for atrazine degradation, indicating
the involvement of Fe(II) ions in the activation of PMS for contaminant degradation [66].
An o-dichlorobenzene removal rate of 76.5% was achieved using Fe(VI)-PMS, and the
removal efficiency increased to 86.4% when FeS was used as the catalyst. The main
contribution of FeS was the provision of additional Fe(Il) ions for PMS activation [78].
High SMX degradation in Fe(VI)-PMS system was due to the presence of Fe** ions from
the rapid decomposition of Fe(VI), which increases the rate of production of SOze~ [70].
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High-valent iron

Fe(VI)

Heterogeneous materials such as Fe,O3; have been used for PMS activation in rhodamine
B degradation, showing a 1.5-fold increase in the decolorization rate compared with the
reaction with no activator [79]. Fe(VI) residual particles (y-Fe,O3) were separated and
shown to have catalytic effects on PMS, causing a 58.6% degradation of atrazine [66].
Compared with the low removal of 31.1% in Fe(VI)-PDS, the Fe(VI)-PMS system provided
a synergistic effect for ibuprofen removal of 92.8% [69]. Superior to the use of ferric
and polymeric coagulant individually, Fe(II)/PMS treatment was utilized to promote the
removal of alkali lignin in wastewater. At the optimal dose of 2.4 mM for Fe(Il) and 7.8 mM
for PMS, the removal efficiency of alkali lignin (2 g/L) can reach 99% [80].

Ferrate(VI) reduction product  Precursor oxidant = Advanced oxidation process

® -

) Fe(II) ion é O, ‘OH ;}'!
R

SO,- Organic

o Reduction ) \ ML Activation pollutant

Fe(V)

J

) o —> —>
&@7‘ €,U3 PDS 0, .
~

€ reoon S5, pus 0 oxigsion

product

Figure 3. Contributions of Fe(IlI) and Fe(II) to ferrate-based AOPs and their applications.

The catalytic effect of Fe(Ill) and Fe(II) on the formation of radicals in the Fe(VI)-
persulfate systems was revealed by quenching experiments in which SO~ and eOH
played a dominant role in the removal of organic pollutants [81]. The inhibition rate of
diclofenac degradation by either MeOH or tetrabromobisphenol A was more than 50%,
and the same suppression effect was observed for atrazine degradation in a similar Fe(VI)-
PMS system at pH 6 [42,66] and ciprofloxacin (CIP) removal at pH 4 in the Fe(VI)-PDS
system [74]. Fe(Ill) and Fe(II) can react with PMS or PDS to form SOse~, SOse~, and
S,0ge~ [27,82,83]. Fe(Il) showed a reaction constant of k = 3.0 x 10* M—!s~! with HSO5~,
whereas Fe(IlI) presented limited catalytic reactivity [84].

3. Adjustment of the Fe Species in Ferrate-Based AOP Systems

Ferrate can play the role of (1) oxidant, (2) activator, or (3) electron scavenger in ferrite-
based AOP combined systems, depending on the AOP conducted, solution pH, dosage
strategy of chemicals, and chemical structure of the contaminants. These roles are not
isolated from each other, and Fe(VI) can play two or more roles in one system, causing a
synergistic effect with AOPs. By adjusting certain factors, the function of ferrate can be
controlled and, more importantly, the total efficiency of ferrite-based AOP systems can be
improved (Table 1).

3.1. pH

Solution pH is a key factor that determines the oxidation efficiency of ferrate-based
AOP systems [15]. It generally influences the oxidation process in four ways (Figure 4):
(1) It determines the concentration and speciation of different valences of iron [65]. (2) It
affects the generation and oxidation capability of free radicals [78,85]. (3) It influences
the pollutant structure [31]. (4) It influences the oxidant species [60,66]. Among the four
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methods, the influence of pH on Fe(VI) is the most significant because of its important role
as an oxidant and activator.

(1) Pwawmdlc condltlomam

Fe(VI)

Fe(V) Fe(IV) Fe(IIT) Fe(II)

ST . . nhany
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|
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]
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I
|
I

(2) Oxidant dosage
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|
|
|
|
|

Step 1

Intermediate 1
©

Step 2 Step 1
R L
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Figure 4. Adjusting the Fe species in ferrate-based AOPs.

Controlling the pH can determine the molecular structure of high-valent Fe species
and further influence the oxidation system, owing to the different decomposition pathways
of Fe(VI) under various conditions [18]. Fe(VI) is distributed into four different chemical
structures depending on the pH of the solution. At an acidic and neutral pH, the dominant
HFeO,~ forms FeV1,0,2~ via O-O coupling to produce Fe!V,042~, whereas under base
conditions, H,O molecules attack FeO42~ to form an O-O bond, followed by the release of
Fe(IV). This also leads to different ferrate decomposition rates, which decrease significantly
from 4 x 1073 at pH 7 to below 1 x 10~* at pH 9 and generally remain stable at pH 9-12 [86].
The self-decomposition of Fe(VI) is significantly dependent on pH. The lower pH increases
the oxidizing capacity of Fe(VI), but the decomposition rate becomes faster [27]. The
active iron produced has a short service life, and the final decomposition product is
Fe(II) /Fe(Ill) [53]. Therefore, an optimized pH can be used to adjust the Fe species and
generate high reaction rates in the AOPs [87].
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When high-valent Fe species are the dominant electron acceptors, such as when acting
as electron scavengers in UV-TiO,-Fe(VI) and as the dominant oxidant in ferrate-Hy O,
the balance between the oxidation capability and stabilization usually lies near pH 7.
pH 7 was found to be more effective for the removal of sulfonamides in the UV-TiO,-
ferrate system [43]. A neutral pH is also suitable for SMX degradation in the Fe(VI)-
UVA-LED system, with removal efficiencies of 98% and 90% within 2 min at pH 7 and 8§,
respectively [45]. Increasing the pH enhanced microcystin-LR removal from 65% at pH 2 to
100% at pH 6 [44].

When Fe(III) /Fe(Il) is used as an activator for the persulfate and Fenton reactions,
acidic conditions are preferred because of the higher Fe?* ion concentrations in this pH
range, resulting in a higher activation efficiency. In Fe(VI)-PMS at pH 3.2-11.2, the gen-
eration of Fe?* ions was rapid in the first few minutes and then decreased continually
during the reaction [65]. The highest concentration of ferrous ions was generated at pH 3.2,
which was consistent with the best SMX removal performance [65]. The degradation of
SMX decreased at pH from 3 to 11, with the highest removal rate in a Fe(VI)-PMS system
without photolysis occurring at pH 3 [31].

3.2. Oxidant Dosage

The dose of H,O, influences the Fe species through electron transfer between H,O,
and ferrate. When 50 uM CaO; was used as a slow H,O,-releasing material, the yield of
PMSOQO; in the ferrate-CaO, system was nearly 100%, indicating that a low H,O, dosage
enhanced oxidation by accelerating the production of Fe(V) and Fe(IV) [46]. While a high
H,0O, dosage system may initially generate Fe(V) and Fe(IV), a Fenton-like reaction occurs
in the later reaction process, catalyzed by Fe(Ill) /Fe(II) generated from Fe(VI) decay [58].
However, information on the reactive oxidation species in ferrate-H,O, at high H,O,
dosages is required. An increase in the HyO, dosage within a certain range is beneficial for
the degradation of contaminants; however, an excessive dosage of H,O, reduces the oxida-
tion efficiency. At the initial concentration of Fe(VI) of 50 uM, the degradation of PMSO
increased as the H,O, dosage increased from 0 to 30 uM [47]. Similar phenomena were
observed for the degradation of SMX, dimethyl phthalate, and BPA [48,49,58]. However, a
continual increase in the HyO, dosage inhibits oxidation due to the competition between
Fe(V)/Fe(IV) or ¢OH and H,0O; and the contaminants [48,60,85].

The enhanced oxidation effect of persulfate and ferrate is achieved by the activation of
persulfate by Fe?*, Fe*, y-FeOOH, and y-Fe,O; from Fe(VI) decomposition. An insufficient
dosage of persulfate leads to wasted Fe(VI) decomposition products, whereas an excess
dose of persulfate leads to a quenching effect and competition for radicals [88]. With an
increase in the PMS dosage from 50 to 200 pM, the percentage of PMSO oxidized by free
radicals increased from 5% to 20%, indicating that the utilization of Fe(II) and Fe(III) by PMS
was enhanced [31]. The degradation removal of ATZ increased from 25% to 100% when the
molar ratio of Fe(VI) to PMS was increased from 6:5 to 10:1 [66], which is consistent with
observations of the degradation of chlorpyrifos, which showed that when the molar ratio
was increased from 2:1 to 10:1, the removal efficiency increased from 83.0% to 97.5% [68].
A similar phenomenon was observed in the degradation of diclofenac [42]. The increase
in the PMS dosage also enhanced degradation due to the enhanced production of sulfate
radicals [67,68]. However, upon increasing the PMS dosage, diclofenac oxidation was
inhibited, decreasing to 85% [42]. Response surface methodology was used to analyze the
degradation of SMX, and it was found that the dosage of Fe(VI) had a positive effect on
SMX removal [89].
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3.3. Dosing Pattern

The dosing strategy of Fe(VI) and precursor oxidants influences the degradation effi-
ciency of pollutants because of the interactions between Fe(IIl) /Fe(Il) and the precursor
oxidants. The UVy54 removal efficiency was higher when the treatment involved Fe(VI)
followed by ozone than when ozone was followed by Fe(VI) because at a pH of approxi-
mately 7.5, the intermediates of the ozone (Ey = 2.07 V) treatment were harder to mineralize
using Fe(VI) (Eg = 0.72 V), and the catalytic effect of Fe(IIl) /Fe(Il) on ozone was hindered
by the relatively low ozone concentration when Fe(VI) was added [19]. For the same
reason, in another combined Fe(VI)-O3 process, ozone pre-oxidation also inhibited the
degradation of tetrabromobisphenol A [61]. The Fe(VI)-ozone system achieved 76.0% and
76.7% removal efficiencies, while the ozone-Fe(VI) system only yielded 49.4% and 54.8%
removal for SMX and DCF. The ozone-Fe(VI) system exhibited limited removal efficiency
due to rapid ozone depletion by organics and subsequent competitive consumption of
Fe(VI) by degradation intermediates [62]. Based on the utilization of Fe(Il) in a Fenton-like
reaction, the degradation efficiency when H,O, was added at 30 min was the lowest among
the cases of the simultaneous addition of the two oxidants and the addition of H,O, at
10 min, owing to the decreasing concentration of Fe(II) with time [85].

The stepwise addition of Fe(VI) slowed the oxidation of SMX when the intermediates
competed for radicals, thereby promoting TOC removal [65]. The stepwise addition of PMS
caused a radical-scavenging effect via the reaction between the Fe?* and low concentrations
of radicals [65]. In a similar case of the TOC removal of CBZ, applying *’Co radiation
followed by the Fe(VI) process increased the removal rate to 1.8 times the sum of the
removal rates of single treatments, which could have resulted from formic, acetic, and
oxalic acids generated by the radiation being decomposed by Fe(VI) [90].

3.4. Reducing and Complexing Additives

The conversion between Fe?* and Fe3* is a key factor in controlling the catalytic efficacy
of PDS and PMS because Fe?* has a higher catalytic efficiency [36]. Hydroxylamine [74],
solar light [71], and sulfites [91] can promote the conversion of Fe3* into Fe?*. The addition
of hydroxylamine to the Fe(VI)-PDS system to increase the concentration of Fe?* increased
the CIP removal efficiency by approximately 20% compared with that in normal Fe(VI)-PDS
systems. Reducing agents such as sodium thiosulfate and ascorbic acid have also been
reported to enhance CIP degradation in Fe(VI)-PDS systems [74]. Ex situ Fe?* can also be
added to enhance the production of Fe(V)/Fe(IV) from Fe(VI) and simultaneously activate
PMS [78]. In the Fe(VI)/sulfur reducing agent system, over 90% of PMSO was converted to
PMSO; at pH 8-10 [92]. At a sulfite concentration of 10 uM, the removal ratio of PMSO
was 37.5%, and the molar ratio of PMSO, and PMSO was 95.5%, suggesting the presence of
Fe(IV) and Fe(V) [45].

Some complexing agents can promote the electron transfer efficiency between oxidants
and pollutants. PAA is an oxidant that functions similarly to H,O, and decomposes into
H,0O; in water. An additional promoting effect on the removal efficiency was observed
by comparing the Fe(VI)-PAA system with Fe(VI)-H,O, when the concentration of H,O,
was equivalent to that produced in PAA at pH 9 when treated with CBZ [56]. At pH 7
and 8, the combination of PAA with ferrate(VI) demonstrated significantly enhanced CBZ
removal efficiency compared to ferrate(VI) alone [26]. Similarly, the addition of PAA to the
ferrate(VI) system enabled rapid CBZ removal, reaching 90% efficiency within 1 min [93].
It was assumed that the PAA complexed with Fe(V)/Fe(IV) and that the complex was more
oxidative than the common hydroxide Fe complex. The addition of quinone to ferrate
systems prominently improves the treatment performance by activating the decomposition
of ferrate into Fe(V) and Fe(IV) [21].
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4. Effect of Wastewater Composition and Compatibility with Traditional
Treatment Methods

Natural organic matter can enhance or inhibit the efficiency of ferrate-based AOPs,
depending on its concentration and composition. At a low concentration, NOM can act as a
co-oxidant, enhancing the formation of reactive intermediates and improving the oxidation
efficiency. However, at a high concentration, NOM can scavenge reactive intermediates such
as Fe(V) and Fe(IV), leading to reduced oxidation efficiency [62]. Additionally, NOM can
form complexes with ferrate, reducing its availability for decomposition and the generation
of reactive species [94]. Inorganic inhibitors can directly react with reactive species like
oOH, consuming them and reducing their availability for oxidation reactions [95].

The simultaneous application of Fe(VI) and ozone in on-site wastewater treatment
achieved 80.0% and 60.0% aniline removal, respectively [25]. The Fe(VI)-perborate system
exhibited lower SMX removal in WWTP influent (35.5-63.9%) compared to that in pure
water (75.0%), attributable to radical scavenging by abundant organic matter and ions in
actual wastewater that suppress oxidative capacity. In addition, the actual sewage contains
relatively high levels of COD and NHj3-N, which compete with pollutants for active free
radicals [95].

Ferrate decomposition forms a negatively charged, porous, and hydrophilic ferric
(hydro) oxide prefiltration layer on membranes, which can help to repel hydrophilic
dissolved organic carbon and reduce membrane fouling [21]. The oxidative action of
ferrate could also degrade aromatic and phenolic constituents in NOM into smaller organic
molecules, reducing their membrane fouling potential [39]. However, ferrate can be toxic
to certain microorganisms, potentially disrupting the microbial communities essential for
biological treatment processes. Ferrate processes offer promising advantages in wastewater
treatment. However, more laboratory research and long-term continuous operation results
need further exploration.

5. Conclusions and Prospects

The oxidation enhancement in UV-TiO,-Fe(VI) systems is caused by an improvement
in quantum efficiency, with Fe(VI) capturing the photocatalytic electrons. In Fe(VI)-UV-TiO,
systems, Fe(V) and Fe(IV), which have higher reactivity resulting from Fe(VI) reduction
by light-generated electrons, are responsible for the high removal of pollutants. The
contribution of Fe(VI) to HyO,-based AOPs is similar to that in Fe(VI) photocatalysis. A
low H,O, dosage and simultaneous dosing pattern gave Fe(V)- and Fe(IV)-dominated
oxidation, where Fe(VI) is activated by electron transfer, whereas the Fenton-like reaction is
triggered by a high H,O, dosage and sequencing dosing pattern. The key bridge between
Fe(VI) and Fenton-like reactions, ozonation, and sulfate radical-based AOPs is the effect of
Fe(IlI) and Fe(Il). Homogeneous catalysis can be realized using Fe(IlI) and Fe(Il), whereas
heterogeneous catalysis can be achieved by the successful catalysis of ozone and persulfate
by the separated FeOOH/Fe;O3 particles.

The role of Fe can be changed by adjusting the operating factors such as pH, oxidant
dosage, and dosing pattern. Additives with reducing or complexing abilities may also
affect the change of Fe(Ill) and Fe(Il) or the oxidation ability of Fe(V) and Fe(IV). An acidic
pH accelerates the production of Fe(V)/Fe(IV) from Fe(VI) and maintains a higher Fe(II)
concentration in the solution to activate the oxidants. The oxidant dosage mainly influences
the efficiency with which the Fe species are utilized in the ferrate-AOP. The dosage in
these systems can be optimized, and even the dominant oxidation contributors can vary
due to changes in the Fe species. The dosing strategy includes the dosing sequence of
ferrate and mother oxidants, which primarily affects the use efficiency of Fe(Ill) /Fe(Il) by
ozone, HyO,, and PMS, as well as the contribution of radicals in oxidizing pollutants. Some
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reducing agents, such as hydroxylamine, can accelerate the conversion of Fe(IlI) into Fe(II),
which has a higher catalytic ability, and complexing agents such as PAA may promote the
oxidation ability of Fe(V)/Fe(IV).

Directions for future work on ferrate-AOP techniques include the following:

(1) Ina practical wastewater process, the stability of reactive Fe species under the con-
dition of variable wastewater composition might limit their large-scale practical
application. The relevant research on Fe(VI) regulation was mainly carried out in
pure water systems or for specific contaminants, with fewer studies on the removal
of organic pollutants in actual wastewater. Based on the selective and nonselective
oxidation of Fe(VI) and AOPs, further study of the different oxidation pathways
triggered by adjusting the Fe species is required to guide research on natural organic
matter resistance reduction during wastewater treatment. It is necessary to strengthen
the research on the treatment efficiency of organic pollutants in actual wastewater.

(2) The development of cost-effective ferrate production methods and stable ferrate for-
mulations is essential for its large-scale application. Combining ferrate-AOP with
other treatment methods can address specific limitations and improve overall treat-
ment performance. In situ production of high-valent Fe is required to develop more
promising wastewater treatment processes based on ferrate-AOP techniques. Recently,
new methods for generating Fe(IV)-based single-atom catalysts and the electrochemi-
cal synthesis of high-valence Fe species provide new prospects for generating Fe(VI).
More efforts are needed to develop efficient Fe recycling and utilization in ferrate-
AOQOP. While scaling up ferrate AOPs for large-scale applications faces economic and
technological challenges, the potential benefits in terms of treatment efficiency and
broad applicability make it a promising area for future research and development.

(8) A detailed characterization of the Fe(VI) decomposition byproducts is required. Al-
though the residue particles from Fe(VI) activate ozone and PMS, their surface mor-
phology and Fe valence are unclear. Moreover, a quantitative analysis of Fe(V) and
Fe(IV) is required.
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