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1. Introduction1)

Urbanization and the rapid growth of various types of industry have 
led to a significant upsurge in the production of recalcitrant pollutants, 
thus affecting the aquatic eco-system and resulting in environmental 
pollution[1-3]. Studies have shown that natural water is now con-
taminated with various pollutants, such as pesticides, volatile organic 
carbons, pathogenic microbes, pharmaceuticals, and personal care prod-
ucts[4-6]. These pollutants negatively affect biodiversity, human health, 
and marine ecosystems[7-9]. The need for water treatment necessitates 
the development of novel procedures to remove organic pollutants, and 
micro-pollutants in particular, as those are primarily persistent in na-
ture[10,11]. The conventional approaches, including the photocatalytic, 
adsorption, filtration processes, are constrained by limited efficiency, 
generation of toxic byproducts, time consuming, etc.[12]. On the other 
hand, ferrate (VI) delivers multi-functional with high efficiency showed 
enhanced applicability. Further, the ferrate (VI) treatment was devoid 
with toxic by-products that implied it safer and environment friendly 
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treatment[13]. Therefore, the application of ferrate (VI) for wastewater 
treatment is an attractive process, as it has been shown to be both en-
vironmentally friendly and relatively efficient[14]. 

The application of advanced oxidation processes to remove organic 
micro-pollutants has attracted increasing interest because they are capa-
ble of efficiently removing pharmaceuticals, dyes, and hormonal drug 
from aqueous wastes[7,15]. Ozonation and Fenton reactions have been 
shown to be effective in removing hazardous organic chemicals; how-
ever, compared to its parent molecule, ozone generates additional haz-
ardous intermediates[16]. Chemical oxidation using peroxydisulfate and 
permanganate are widely used to degrade several organic pollutants, 
but the oxidation pathways are found to be highly pH dependent and 
the oxidation efficiency of oxidant is limited[17]. It has been further 
reported that sulfate and its degradation by-products provide significant 
risks of secondary exposure[17]. Moreover, oxidation using permanga-
nate has a drawback in that the manganese oxide generated during the 
oxidation of permanganate contributes to the blockage of the filter 
pores, which consequently suppresses the efficacy of water treatment 
[18,19]. 

There are multiple ferrate (VI) treatment approaches in reaction sys-
tems (single and multiple treatment and/or encapsulation) that have 
been further suggested for advance implications of ferrate (VI). The 
advantages of using ferrate (VI) for SST (Sewage Sludge Treatment) 
have recently been noted to include dewatering, sludge reduction, pol-
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lutant elimination, and anaerobic fermentation. However, it has also 
been suggested that there are problems dealing with ferrate (VI) 
instability and the cost of production that need to be resolved[20]. This 
review is focused on the basics of ferrate (VI) and insights into the 
reactions between the ferrate (VI) and various water pollutants. The re-
view further provides deeper insights that further translate the results 
of laboratory studies for possible real implications of ferrate (VI) 
technology. 

2. Basic feature of Fe(VI)

Iron is plentiful in nature, and it mostly occurs as Fe(0), ferrous 
(Fe(II)), and ferric (Fe(III)) ions. Aside from these, iron exists in high-
er oxidation states, such as ferrate (IV), ferrate (V), and ferrate (VI), 
which are all highly unstable in ambient conditions. Among these high-
er oxidation states of iron, ferrate (VI) (FeO4

2-) is relatively stable and 
shows greater advantages since it possesses strong oxidizing power. In 
addition, the use of ferrate in the oxidation process is apparently green-
er, and it has therefore attracted attention in organic synthesis, the cat-
alysis of water oxidation, waste treatment, the use of super ion bat-
teries as cathode material, etc.[21,22] Further, due to its high oxidizing 
capability and the subsequent production of coagulating iron species 
(Fe(III)) for adsorptive removal, ferrate (VI) is efficient in the removal 
of microorganisms. Ferrate (VI) is an effective material for the devel-
opment of ferrate-based greener technologies in various research do-
mains[23]. Ferrate (VI) is a dark reddish powder that is highly soluble 
in water, and in solution, it appears as violet or deep purple in color. 
It is multi-functional with high efficiency in water treatment, and it is 
utilized as a disinfectant, flocculant, oxidant, bactericide, and adsorb-
ent[24]. In acidic and alkaline solutions, it exhibits a strong oxidizing 
character having the redox potentials of 2.2 and 0.7, respectively. 
Ferrate (VI) exists primarily as oxyanions (FeO4

2-). It is highly un-
stable at acidic or neutral pH, and it decomposes rapidly to form more 
reactive ferrate (IV) oxidation states. Fe with lower oxidation states are 
formed as degradation products wherein iron possesses oxidation states 
of ferrate (V) and ferrate (IV), which are more reactive than ferrate 
(VI)[23,25]. Table 1 lists a comparison of the redox potentials between 
ferrate (VI) and some commonly used oxidants. Table 1 clearly in-
dicates that ferrate (VI) possesses relatively higher redox potential, 
which makes it a potential oxidant for the degradation of various water 
pollutants. 

3. Synthesis of ferrate (VI)

Ferrate (VI) is synthesized by several methods, including wet chem-
ical, thermal, and electrochemical procedures[27]. The general pathway 
of ferrate (VI) synthesis is shown in Figure 1. Because of their sim-
plicity and stability, (FeO4

2-) ions are found to make complexes with 
both alkali (Rb, K, Na, and Li) and alkaline (Ba, Ca, and Sr) metals. 
However, the potassium and sodium salts of ferrate (VI) (K2FeO4 and 
Na2FeO4) are prevalent[23,28]. Among the mentioned processes, the 
dry oxidation method is the easy method for producing ferrate (VI) 

salts. However, this procedure does not appear to be suitable since it 
could lead to explosions at high temperatures[23]. Hence, it is consid-
ered inappropriate for the synthesis of ferrate (VI).

3.1. Dry oxidation method
In dry oxidation process, ferrate is prepared by calcination. The mix-

ture of iron oxide and potassium peroxide is calcined at 350~370 °C 
or the sodium peroxide is calcined with iron oxide at 370 °C under 
the continuous flow of dry oxygen to yield the potassium or sodium 
ferrate. This method is considered as non-viable due to the con-
sumption of high energy in the process[29].

3.2. Electrochemical method
The electrochemical approach of preparing ferrate (VI) salts is based 

on dissolving cast iron and then oxidizing it to generate K2FeO4 in the 
presence of extremely concentrated electrolytes such as potassium hy-
droxide (10 M)[23]. Iron rods [Fe(0)], salts of Fe(II) and Fe(III), are 
used as precursors for this process. To achieve the highest possible 
production of ferrate (VI) salts, various synthesis parameters including 
temperature, iron precursors composition, and alkalinity of the solution 
were thoroughly studied[30]. It was observed that the oxidation po-
tentials of iron (III) to ferrate (VI) and the evolution of oxygen reaction 
overlap, which could possibly have a significant impact on the production 
and purity of ferrate. This disadvantage was solved by using boron 
doped electrodes and controlling the release of oxygen using molten 
hydroxides[31]. 

Oxidant Reactions Potential 
(V)

Ferrate (VI) FeO4
2‒ + 8H+ + 3e‒ ↔ Fe3+ + 4H2O

FeO4
2‒ + 8H2O +3e‒ ↔ Fe(OH)3 + 8H2O

2.20
0.70

Hypochlorite HClO + H+ +2e‒ ↔ Cl‒ + H2O 1.482

Chlorine 
dioxide ClO2(aq) + e‒ ↔ ClO2

‒ 0.954

Perchlorate ClO4
‒ + 8H+ +8e‒ ↔ Cl‒ + 4H2O 1.389

Ozone O3 + 2H+ + 2e‒ ↔ O2 + 2H2O 2.076

Hydrogen 
peroxide H2O2 + 2H+ + 2e‒ ↔ 2H2O 1.776

Dissolved 
oxygen O2 + 4H+ + 4e‒ ↔ 2H2O 1.229

Permanganate MnO4
‒ + 4H+ + 3e‒ ↔ MnO2 + 2H2O

MnO4
‒ + 8H+ + 5e‒ ↔ Mn2+ + 4H2O

1.679
1.507

Chromate Cr2O7
2‒ + 14H+ + 6e‒ ↔ 2Cr3+ + 7H2O 1.33

Chlorine Cl2(g) + 2e‒ ↔ 2Cl‒
ClO‒ + H2O +2e‒ ↔ Cl‒ +2OH‒

1.358
0.841

Table 1. Redox Potentials of Commonly Used Oxidizing Agents[26]
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3.3. Wet oxidation method
The wet chemical oxidation of ferric chloride and ferric nitrate has 

been carried out in extremely alkaline hypochlorite solution, and it has 
been shown to result in the formation of highly soluble sodium ferrate 
(Na2FeO4)[23]. The solubility of potassium ferrate (K2FeO4) is sig-
nificantly less than that of Na2FeO4, and high purity K2FeO4 salt is 
formed by mixing potassium hydroxide into Na2FeO4 solution. 
Moreover, the method that involves replacing hypochlorite (OCl-) with 
oxygen is used to produce Na2FeO4, but the yield of ferrate (VI) pro-
duced in this way has been shown to be very low[32]. Washing of the 
synthesized ferrate (VI) with dry methanol is an important step in the 
wet oxidation process because it removes ionic contaminants such as 
nitrates, chlorides, and hydroxides, thereafter yielding high purity fer-
rate (VI)[33,28]. 

4. Mechanism of ferrate (VI) degradation

Ferrate (VI) is relatively stable while undergoing chemical reactions; 
however, its reduced form i.e., ferrate (V) or ferrate (IV) is highly re-
active and could degrade within a few seconds[34]. Numerous mecha-
nisms for ferrate (VI) have been demonstrated in the degradation of 
pollutants in water. The first step is the reduction of ferrate (VI) to fer-
rate (V) through a radical formation by a one-electron process. The 
second step involves a two-electron transition that forms dimers or rad-
icals and the resulting radical species further interact with ferrate 
(VI)[35]. The ferrate (VI) reaction mechanism was proposed in terms 
of oxidation of sulphur in a stepwise oxidation from -2 to +6 oxidation 
states (equation 1 to 5). It was suggested that ferrate (VI) was reduced 
to ferrate (V) by thioacetamide (thiourea) that further forming 
(RNHCS.) radical species. The radical was then reacted with ferrate 
(VI) to form ferrate (V) and sulfinyl acid (RNHCSOH) (equation 
3)[35].

HFeO4
- + RCSNH2 → H2FeO4

- + RNHCS. (1)
(where, R = CH3, NH2)

HFeO4
- + RNHCS. + H2O → H2FeO4

- + RNHCSOH (2)

H2FeO4
- + RNHCSOH + H2O → H2FeO4

- + RNHCSOH (3)

H2FeO4
- +RNHCSO2H + H2O → Fe(OH)3 + RNHCSO3H + OH.

(4)
2HFeO4

- + 3 RNHCSO3H + 4 OH. → 2Fe(OH)3 + 3SO4
2- 

+ 3RCONH2 (5)

Self-decomposition of ferrate (VI) is simultaneously occurred, which 
resulted the formation of ferrate (IV), ferrate (V), and some species of 
reactive oxygen, such as H2O2, and O2

‒ (equation 6 to 9). Pollutants 
are primarily degraded by these reactive oxygen species[40]. 

2FeO4
2- + 3H2O→ 2Fe(OH)3 + 5[O] + 4e- (6)

[O] + H2O → 2⋅/OH (7)

2⋅OH → H2O2 (8)

2H2O2 → 2H2O + O2 (9)

Ferrate (VI) reacted with organic pollutants through a pi-pi inter-
action, whereas ferrate (IV) and ferrate (V) were the primary oxidants 
in the course of the reaction[36]. Ferrate (VI) and organic compounds 
reactions typically proceeded with the one- or two-electron transfers. 
The transitions proceed according to the formation of ferrate (IV), and 
they exhibit two-electron transfer and ferrate (V) by the 1 electron 
transfer from ferrate (VI). The transitional valence ions of ferrate (V) 
and ferrate (IV) could undergo continuous one- and two-electron trans-
fer, resulting in the formation of lower valence iron species. Further, 
as dissolved oxygen is often present in water, the final product of the 
reaction is Fe(OH)3. The ferrate (VI) oxidation mechanism could be 
explained according to the following several steps: (1) the rate constant 
of the 2nd order reaction, which kinetically fits the experimental results; 

Figure 1. Different methods for the synthesis of ferrate[27].
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(2) the stoichiometry of ferrate (VI) and pollutants, and (3) the identi-
fication of the reaction products using precise analytical tools[25,27]. 

The breakdown of organic molecules by ferrate (VI) is primarily 
characterized by the presence of compounds that contain sulfur, nitro-
gen, amines, alcohols, and phenols. The 2nd order kinetic rate constants 
of various substituted phenols, and bisphenol-A, 17 β-estradiol, and 
17α-ethinylestradiol were measured as a function of pH (6.0 to 11.0). 
The rate constants of three endocrine disruptors have been reported to 
vary between 6.4 × 102 and 7.7 × 102 M -1s-1 at pH 7.0[27,37]. The 
toxicity assessment, mechanism, and reaction kinetics of tetrabromobi-
sphenol A (TBBPA), as well as the ability of ferrate (VI) to degrade 
TBBPA, were investigated[38]. The reactivity of ferrate (VI) toward 
TBBPA shows that, with the increase in solution pH from 5.5 to 10.5, 
the TBBPA elimination was decreased from 100 to 66.1%. Further, 
when the pH was increased from 5.5 to 10.5, the value of kapp (overall 
rate constant) declined rapidly, falling from 4.5 × 104 M-1 s-1 to 0.9 
× 103 M-1 s-1, respectively[39]. TBBPA was more easily oxidized by 
ferrate (VI) than BPA (bisphenol A) using the β-fracture process. 
Moreover, ferrate (VI) eliminated and transformed the TBBPA mole-
cule to produce low brominated products[38].

The reaction between ferrate (VI) and organic contaminants gen-
erally involves direct attack by ferrate (VI), and oxidation caused the 
generation of HO⋅ radical[40]. In the case of TBBPA, it is possible 
that debromination processes occurred through the two routes illus-
trated in Figure 2. Figure 2 (a) depicts the direct oxidation of ferrate 
(VI) in which ferrate (VI) forms a hydrogen bond with the Br atom 
through its O-H bond in TBBPA, which further undergoes oxidation 
by utilizing the three molecules of H2O. As a result H2O undergoes 
oxidation producing hydrogen peroxide, which in turn liberates oxygen, 
and the hexavalent ferrate (VI) is converted to tetravalent ferrate (IV), 
thus causing HBr to ultimately be produced. Further, the HO⋅ breaks 
the bond between C and Br in TBBPA. In this reaction, bromine is 
substituted by hydrogen, which is then oxidized to generate BrO-. 
However, this investigation found no evidence of BrO- or BrO3

-, in-
dicating that BrO- may be converted to Br- by the produced H2O2 or 
Fe (II)[39].

The kinetic study of sulfamethoxazole, carbamazepine, bezafibrate, 
and diclofenac oxidation was conducted at pH ranges from 6.0 to 9.0 

using ferrate (VI) doses ranging from 1 to 5 mg/L[41]. It was observed 
that, during the reaction process, the hydroxylation, oxygen insertion, 
and hydrogen extraction occurred when ferrate (VI) interacted with the 
amino nitrogen of sulfamethoxazole. Meanwhile, nitrobenzene de-
rivatives were produced by the interaction of amino acid with ferrate 
(VI) through the oxygen transfer. Moreover, decarboxylation occurred 
when ferrate (VI) reacted with the amino moiety of diclofenac, thereby 
forming quinone derivatives. Further, the hydroxyl substitution oc-
curred in the side-chain and in the aromatic ring, leading to the for-
mation of dihydroxylated compounds[42,43]. 

4.1. Synergistic effect of various compounds on ferrate (VI) 
treatment 

The oxidative capacity of ferrate (VI) is highly dependent on the 
solution pH, the ionic strength of the solution, and the composition of 
water[44]. Previous research has examined the enhancement in the effi-
ciency of ferrate (VI) to improve the degradation of organic pollu-
tants[45-47]. For instance, the efficiency of ferrate (VI) for the removal 
of organic pollutants was enhanced using acids such as hydrochloric 
acid (HCl), in which the oxidative transformation was improved, thus 
leading to the formation of intermediate ferrate species ferrate (V) or 
ferrate (IV)[48,49]. In fact, there was insufficient evidence on the syn-
ergistic effect on ferrate (VI); therefore, this synergistic effect needs to 
be investigated further[46]. Table 2 summarizes the various agents 
that have been used to trigger the ferrate (VI) efficiency in pollutant 
degradation.

Ferrate (VI) degradation was studied under ultraviolet radiation, and 
this resulted in successive single-electron transitions, including iron 
(III), ferrate (IV), and ferrate (V). The redox potential of ferrate (V) 
is much greater than that of ferrate (VI)[13]. However, based on the 
findings ferrate (VI) oxidation in the presence of UV radiation is rec-
ommended as an environmentally acceptable and efficient method 
[6,50-52]. Another study has shown that the use of the ferrate (VI)/UV 
system is a favorable process for the degradation of recalcitrant organic 
pollutants in water[53]. The following is the order of the degradation 
routes for UV oxidation: ferrate (VI)/UV is preferred over chlori-
nated/UV, followed by PS/UV, H2O2/UV, UV/TiO2, and finally 
PMS/UV[54,55]. Thus, the UV/ ferrate (VI) oxidation technology for 

(a) Direct oxidation by Fe(VI)

(b) Oxidation by free radicals

Figure 2. Two possible degradation pathway for TBBA during debromination[39]. 
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water treatment was introduced as a suitable method of water 
purification. Equations 10 to 17 outline the general response mecha-
nism that had previously been proposed. The ferrate (VI) reaction was 
assisted by the radical created in the following equations.

Photocatalyst + hʋ → h+ + e- (10)

O2 + e- → O2
⋅- (11)

O2
⋅- + H+ → HO2

⋅ (12)

O2
⋅- + e- + 2H2O → H2O2 + 2OH- (13)

O2
⋅- + O2

⋅- + 2H2O → H2O2 + O2 + 2OH- (14)

H2O2 + e- → HO⋅ + HO− (15)

O2
⋅- + HO⋅ → 1O2 + HO− (16)

O2
⋅- / 1O2 + X → Product(s) (17)

5. Application of Ferrate (VI) in the Removal of 
Various Water Pollutants 

Ferrate (VI) is utilized in various ways, including a single dosage, 
multiple doses, and encapsulation methods. With the single dosage, fer-
rate (VI) is added once in the reaction system. For instance, it was ob-
served that fluoroquinolone was removed up to 85% within 5 min at 
a 40:1 (Ferrate (VI) /pollutant) molar ratio at pH 7.0 in single-dose 
addition. This reveals that a single dose of ferrate (VI) results in rapid 
degradation. On the other hand, a multiple dose (repeated addition) 
could achieve complete removal within 80 min at a 5:1 molar ratio, 
but the reaction setup is more complicated and time consuming. 
However, the use of multiple dosages allowed for the mechanism of 
the reaction and its intermediates to be obtained[44,66]. Thus, in gen-
eral, the higher the ferrate (VI) dosage, the greater the degradation, and 
therefore, the higher the residual pollutant concentrations. On the other 
hand, encapsulation involves coating ferrate (VI) with suitable agents 
to enhance its efficiency. For example, 5 mg/L of encapsulated ferrate 
(VI) with chitosan could achieve 80% removal of methyl orange at pH 
6.5. However, the disadvantage to this method is that it requires acidic 
media in order to encapsulate the ferrate (VI) using chitosan[67]. 
Ferrate (VI) capsulation using 3D printing with the help of polyvinyl 

Pollutants Agent Optimal pH Results/Removal efficiency Reference

Carbamazepine Carbonaceous materials/K2FeO4 9.0   30% [56]

Microcystin-LR, cyanotoxin H2O2/UV 7.5 to 8.1 > 95% [57]

Roxarsone Sulfite/Hematite/light system/PMSO 10.0 > 80% [58]

2,4-dichlorophenol PS/UV 3.0 to 6.0   73% [59] 

Polychlorinated diphenyl sulfides
(PCDPS) 8.0 Fe(VI) degrades PCDPS, reducing its toxicity. [2]

CIP, DEET,CBZ,SMX and DCF Biochar 7.0 to 8.0 CIP: 97%, DEET: 15%, CBZ: 70%, 
SMX: 75%, and DCF: 65% [60]

SMX, E.coli and coliforms Fe(III) 7.83 Fe(VI) with Fe(III) has been shown to 
enhance degradation [61]

Sulfonamides UV 7.0 100% [62]

Trimethoprim UV 9.0 To achieve elimination of TMP, Fe(VI) 
concentrations was increased [63]

Sulfonamide antibiotics, 
naproxen and trimethoprim UV 6.93 to 9.50 Fe(VI) is an effective oxidant in oxidizing 

pharmaceutical components of hydrolyzed urine [52]

ABTS H2O2 7.0 Fe(VI) degradation efficiency is lower than 
the calculated value [34]

2,6-dichlorophenyl Graphene oxide and hydrochar 9.0 N.A [56]

Flurbiprofen UV 4.0 > 99% [64]

Cetylpyridinium chloride UV 9.2 > 95% [65]

Table 2. Degradation of Various Organic Contaminants, Including Pharmaceuticals, using Synergized Ferrate (VI) 
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alcohol (PVA) has been reported to improve the stability of ferrate 
(VI), and allow for storage up to a month. The encapsulated ferrate 
(VI) can oxidize various micro-pollutants viz., carbamazepine, azi-
thromycin, diclofenac, and valsartan that are present in wastewater[68].

The presence of organic pollutants such as pharmaceuticals, endo-
crine disrupting compounds, dyes, and phenolic compounds in waste-
water has become a global environmental concern[69]. Since the exist-
ing wastewater treatment plants (WWTPs) are not designed to remove 
these emerging pollutants, they are often found in WWTPs efflu-
ents[70]. Therefore, ferrate (VI) is a viable option for the removal of 
these recalcitrant contaminants from aqueous waste. 

5.1. Degradation of Phenolic compounds
Due to its persistence and toxicity towards human health, the elimi-

nation of phenolic compounds from aquatic environment has attracted 
increased interest in the last couple of decades. Researchers have re-
cently conducted extensive investigations into the oxidative elimination 
of these chemicals using ferrate (VI) from water/wastewater. The elim-
ination of four classes of compounds containing phenols such as 
4-chlorophenol, chlorophene, phenol, and 2-benzylphenol by ferrate 
(VI) has been conducted at pH of 8.0[71]. It has been seen that the 
existence of benzyl groups and chlorine enhances the ferrate (VI) re-
activity with compounds containing phenol, and the reactivity order 
was phenol < 2-benzylphenol < 4-chlorophenol < chlorophene. The re-
moval of these phenolic compounds primarily involved four steps viz., 
single-electron coupling, chlorine atom substitution with a hydroxyl 
group, C-C bond cleavage, and benzene ring hydroxylation. The oxida-
tion pathway of 4-chlorophenol by ferrate (VI) is shown in Figure 3. 
Chen et al. reported that polychlorinated diphenyl sulfides (PCDPSs) 
were almost completely degraded at pH 8.0 in a short period (240 
sec.). The degradation mechanism and the toxicity of the products were 
also investigated, and it was observed that the oxidation of PCDPSs 
occurred at the moiety of S(II) (sulfur II) by ferrate (VI), resulting in 
non-toxic oxidation products[2]. 

Another study showed the reactivity of ferrate (VI) for the elim-

Figure 4. Removal of BPA as a function of pH and BPA concentration 
at constant ferrate (VI) dose of 0.1 mmol/L[72].

ination of bisphenol A from water. The complete degradation of bi-
sphenol A was attained after 30 min of reaction at a moderate acidic 
pH, and the ferrate (VI) to bisphenol A molar ratios was maintained 
at 3.0 : 1.5 mg/L[40]. Sun et al. used heterogeneous carbon nanotubes 
in conjunction with ferrate (VI) to synergize the breakdown of 
bromophenols. The reaction turns out to be 2nd order kinetics across 
a wide pH, ranging from 6.0 to 10.0. It was also observed that the 
coupling of electrons by one electron transfer process leads to the for-
mation of several intermediate compounds, including dihydroxylated 
biphenyls and di-brominated phenoxyphenols[47]. An experiment per-
formed by other researchers also clearly proved that ferrate (VI) can 
efficiently remove bisphenol A (BPA) using a 1:1 molar ratio, and the 
percentage removal was increased from 52 to 99% while the concen-
tration of BPA was decreased from 0.5 to 0.03 mmol/L at pH 7, as 
shown in Figure 4[72]. 

5.2. Degradation of dyes using Ferrate (VI) 
The elimination of azo dye orange II was conducted using a K2FeO4 

(potassium ferrate), KMnO4 (potassium permanganate), and ferrate (VI) 
hypochlorite liquid combination (at 1:1 molar ratio). The maximum 
discoloration (95.6% removal) was attained within 30 min using ferrate 

Figure 3. Oxidation pathway of 4-chlorophenol by ferrate (VI); [4-chlorophenol] = 40.0 µM; [Ferrate (VI)]:[4-chlorophenol] = 10:1; pH = 8.0; 
T = 25.0 °C [71].



264 Levia Lalthazuala⋅Lalhmunsiama⋅Chhakchhuak Vanlalhmingmawia⋅Diwakar Tiwari⋅Suk Soon Choi⋅Seung-Mok Lee

공업화학, 제 33 권 제 3 호, 2022

(VI) and hypochlorite liquid combination at pH ranging from 3.0 to 
11.0. However, when K2FeO4 and KMnO4

 were used separately, only 
respective degradations of 62.0 and 17.7% were achieved[73]. 
Similarly, the reactive brilliant red (X-3B) decomposition was assessed 
using the ferrate (VI), and the best conditions were determined to be 
0.08 mmol/L of dye concentration at 8.4 pH and the 2.5 mg/L dose 
of ferrate (VI), which resulted in 99% discoloration after 20 min. 
Similarly, after 60 min of contact, the COD and TOC removals were 
respectively found to be ~42% and 9%. In addition, the decomposition 
mechanism was theoretically obtained and found to occur through the 
cleavage of the N=N and C-N bonds, with muconic acid being the end 
product[74]. The kinetics of methylene blue degradation by ferrate (VI) 
and its mechanism were investigated as well. It was reported that about 
96.82% of methylene blue was removed within 35 min at the initial 
concentration of methylene blue of 50 mg/L, at pH 13.6, and 59.5 
mg/L dose of a ferrate (VI)[75]. Blue-203 was removed using the com-
bination of MgO nanoparticles with ferrate (VI). It was observed that 
about 97% of dye was eliminated in 1.37 seconds using 2 mL of fer-
rate (VI) solution and MgO particles of 0.05 g at 27 °C. The results 
of this study demonstrated that MgO nanoparticles have good effects 
on dye elimination, and that the inclusion of these nanoparticles syner-
gizes the ferrate (VI), resulting in a higher percentage removal of the 
dye. The performances of ferrate (VI), MgO, and ferrate (VI)/MgO are 
displayed in Figure 5, and the removal performance was best at a tem-
perature of 45 °C[76].

5.3. Removal of Pesticides 
The oxidation of pesticides using ferrate (VI) is useful in enhancing 

the biodegradation of persistent organic contaminants present in 
wastewater. The treatment of wastewater consisting of alachlor by fer-
rate (VI) has shown enhanced biodegradability, and a complete elimi-
nation was achieved within 10 min under optimum conditions[77]. The 
PMS (peroxymonosulfate) and ferrate (VI) were used for atrazine deg-
radation, and it was observed that the atrazine degradation was max-
imum when the PMS and ferrate (VI) were combined as compared to 
the PMS or ferrate (VI) alone[78]. Another study investigated the fer-
rate (VI)/UV combination in the elimination of the organophosphorus 
insecticide profenofos. The decomposition was found to proceed 
through de-ethylation and de-propylation followed by the cleavage of 

the C-O bond, resulting in the generation of orthophosphate[50]. 
Similarly, the removal of chlorpyrifos from wastewater mostly oc-
curred through hydroxyl substitution processes and C=O bond cleav-
age[79]. During the assessment of ferrate (VI) efficiency on PTH 
(parathion) degradation, the influence of variable factors, including fer-
rate (VI) dose, pH, and the presence of co-existing ions (cations and 
anions), were examined, and the results are shown in Figure 6. The ex-
istence of Ca2+, HA (humic acid), Cu2+, HCO3

-, and Fe3+ slightly sup-
pressed the removal efficiency, but Mg2+, Cl-, and NO3

- showed an in-
significant effect at pH 7.0 and a molar ratio of ferrate (VI): PTH 
15:1[80]. 

5.4. Removal of Pharmaceuticals
The existence of pharmacologically active chemicals in the marine 

ecosystems has been shown to have a negative impact on marine life. 
Due to the high oxidation capability of ferrate (VI), it is a suitable ma-
terial for eliminating pharmaceutical compounds, particularly those 
containing sulfur and nitrogen, from wastewater. The elimination of 
sulfamethoxazole by potassium ferrate was investigated, and it was ob-
served that the half-life turned out to be 2 min at pH 7.0 with a 10 
µg dose of potassium ferrate[81]. The degradation of ibuprofen under-
goes a similar process, and the decomposition rates reduced with an 
increase in pH, which was associated with the degree of ferrate (VI) 
protonation reactions. The protonated species of ferrate (VI) was dem-
onstrated to be relatively more reactive[82]. The elimination of tetracy-
cline using sodium-potassium ferrate was studied at various molar con-
centrations and pH values. Even though maximum degradation was ob-
tained at pH 9.0 to 10.0 (using molar ratio of 1:1 to 1:10 for[Ferrate 
(VI):TC]), only 15% of the sample was mineralized due to the pro-
duction of stable intermediates[83]. The toxic effects of pharmaceuti-
cally contaminated wastewater were studied on zebrafish embryos, and 
the toxicity of the contaminated water was found to be significantly re-
duced after the ferrate (VI) treatment[84]. In another study, the com-
bined effect of ferrate (VI) and radiation was studied for the elimi-
nation of carbamazepine to improve its mineralization and removal 
efficiency. An increase in TOC elimination was reported under simul-
taneous treatment. The overall rate of the decomposition of carbamaze-
pine was reduced; however, the mineralization of carbamazepine was 
increased with the decrease in pH from 7.0 to 5.4[85]. Barisci et al. 

Figure 5. Removal performance of ferrate (VI), MgO 
nanoparticles and ferrate (VI)/MgO[76]. 

Figure 6. Removal of parathion by ferrate (VI) in presence of common cations 
and anions[80]. 
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compared the decomposition of amoxicillin and ciprofloxacin using 
solid ferrate (VI) and electro-generated ferrate (VI). They determined 
that the higher elimination efficiency of these micro-pollutants was 
achieved by the deprotonated species of ferrate (VI)[86]. Other studies 
also have shown that the freshly prepared ferrate (VI) was highly effi-
cient in the removal of sulfamethazine[87], triclosan and amox-
icillin[88]. The elimination efficiency of these three micro-pollutants 
from real water matrix samples revealed that ferrate (VI) efficiency 
was almost same as compared to its efficiency in distilled water, which 
indicated that ferrate (VI) is a viable and greener option for treatment 
of emerging micro-pollutants in aquatic environment. 

Yang et al. performed simultaneous elimination of several refractory 
compounds such as EDCs and PPCPs in the presence of secondary ef-
fluent (dissolved organic carbon of 5 mg/L) using ferrate (VI). They 
observed that electron rich compounds are oxidized selectively. 
Further, an increase in ferrate (VI) doses resulted in an increase in the 
rate of decomposition of these chemicals[89]. The aqueous waste con-
taining potassium hydrogen phthalate (KHP) which is known to be a 
potent endocrine disrupting chemical was treated using ferrate (VI) and 
the high percentage removal of KHP was attained using ferrate (VI) 
with a single dose of ferrate (VI) 0.10 mmol/L. Moreover, TOC results 
indicated that the ferrate (VI) could mineralize a significant amount of 
KHP in aqueous media[90]. A mixture of sulfamethoxazole, diclofenac 
sodium, carbamazepine, and bezafibrate was treated with ferrate (VI) 
at a concentration of 3.0 mg/L. The results showed that these com-
pounds are degraded efficiently, other than the bezafibrate[41]. The ef-
fects of pH in the oxidation of four distinct compounds namely sulfa-
methoxazole, carbamazepine, bezafibrate and diclofenac were seen to 
be varied[41]. At pH 9.0, the highest percentage removal was observed 
for carbamazepine (i.e., 99.1% removal), while the lowest percentage 
removal was observed for bezafibrate (i.e., 5.6% removal) at 5 mg/L 
ferrate (VI) dose. The 2nd order rate constant for sulfamethoxazole at 
pH 8.0 is 360 ± 17 M-1s-1 and that at pH 9.0 is 1.26 ± 0.02 M-1s-1, 
whereas for bezafibrate it is lower than 0.5 M-1s-1 at pH 8.0 and 9.0. 
The findings indicated that bezafibrate deterioration was lower than 
25% and followed 2nd order rate kinetics. Moreover, more than 80% 
removals of sulfamethoxazole, carbamazepine, and diclofenac were 
achieved at the initial concentration of 100 µg/L with ferrate (VI) dos-
ages ranging from 1 to 5 mg/L[41]. Further, the ferrate (VI) reactivity 
toward the degradation of these organic pollutants decreases in the 
presence of electron withdrawing groups (e.g., the carboxylic group in 
bezafibrate)[91]. Similarly, several pharmaceuticals are oxidized by fer-
rate (VI), including triclosan, trimethoprime, fluoroquinolones, lactams, 
sulfonamides, β-metoprolol, atenolol, propranolol, ditrizoic acid, dia-
zepam, ibuprofen, diclofenac, and tramadol[92,93]. The reaction rate 
equation of ferrate (VI) with organic substances is illustrated in 
Equation (18):



 
     (18)

where kapp denotes the rate constant on the 2nd order reaction and 

[Y] and [ferrate (VI)] respectively denote the pollutant (Y) and ferrate 
(VI) concentrations. The values of kapp were determined for those of 
the reactions at varied pH values[94, 95, 96]. Table 3 includes the rate 
constant values of various pharmaceuticals degraded by ferrate (VI). 
The degradation of aqueous KHP (potassium hydrogen phthalate) by 
ferrate (VI) showed that, at pH 8.0, 76.1% of KHP was removed at 
KHP to ferrate (VI) molar ratio of 0.03: 0.1 mmol/L. The apparent rate 
was found to be 83.40 L/mol/min. Further, the TOC data revealed that 
a lower concentration of KHP and lower solution pH significantly fa-
vored the mineralization of KHP[97]. 

5.5. Removal of Organic matter 
Ferrate (VI) is a suitable and efficient chemical for eliminating or-

ganic matter from wastewaters. Sewage water treatment has been 
shown to enhance the removal of BOD, disinfection, and removal of 
metal ions by coagulation[105]. Ferrate (VI) treatment produces rela-
tively less sludge, which simplifies sludge disposal[106]. The potential 
of ferrate (VI) as a coagulant/disinfectant was compared to that of con-
ventional coagulants/disinfectants including sodium hypochlorite 
(NaOCl) or the combination of NaOCl and ferric sulphate[107]. It was 
noted that ferrate (VI) could remove Ca. 20% more bacteria between 
pH of 6.0 to 8.0 than NaOCl alone. It was also reported that, for sew-
age and municipal wastewater treatment, potassium ferrate (VI) showed 
higher COD reduction and color removal than aluminum sulphate and 
ferric sulphate. It was also seen that ferrate (VI) was efficient in the 
elimination of phosphate from a secondary treated effluent[105]. 

Potassium ferrate (VI) removed NOM (natural organic matter) from 
stream water and river water. More than 70% elimination of fulvic and 
humic acids was achieved[108]. Gombos et al. examined the efficacy 
of ferrate and chlorine in eliminating organic matter from secondary 
treated effluent from two different wastewater treatment plants. When 
comparing bacterial inactivation, both chlorine and ferrate (VI) were 
highly efficient, even at low concentrations in which ferrate (VI) elimi-
nates more COD and TOC than chlorine. These findings indicated that 
the strong oxidizing capacity of ferrate (VI) along with their coagu-
lant/flocculant properties enhanced the application of ferrate (VI) in the 

Compound pka
Apparent 2nd order rate 
constant (kapp) (M-1s-1) Reference

Famotidine 8.4 7.8 × 102 [98]

Sulfamethoxazole 6.4 55.7 [99]

Diclofenac 4.2 32 [91]

Cimetidine 6.9 1.6 × 103 [98]

Carbamazepine 13.9 16 [91]

Atenol 9.6 7 [100]

Tinidazole 2.3 0.2 [102]

Trimethoprim 3.2 7.2 [103]

Ronidazole 1.3 1.7 [102]

Nalidixic acid 5.9 2.6 [104]

Table 3. Rate Constant Obtained for 2nd Order Kinetics between 
Ferrate (VI) and Some Pharmaceuticals
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treatment of wastewater[109]. Figure 7 shows the removal efficiency 
of organic matter and heterotrophic bacteria by ferrate (VI) from sec-
ondary effluent. The study of ferrate (VI) degradation was also per-
formed in the presence and the absence of NOM (natural organic mat-
ter) for SNW (simulated natural water) and RNW (real natural water) 
under the following conditions: [Ferrate (VI)] = 54 µM, pH=7.50, 
DOC = 0 to 10 mg/L for SNW and 1 to 8.75 mg/L for RNW[109]. 
The results showed that, in the absence of NOM, ferrate (VI) degrada-
tion in SNW exhibited 2nd order kinetic reactions followed by 1st order 
kinetic reactions. However, in the presence of NOM, the rapid loss of 
ferrate (VI) concentration occurred at the initial stage for both SNW 
and RNW. Therefore, three stages were observed in ferrate (VI) degra-
dation, as in Figure 8. The rapid degradation of ferrate (VI) at the ini-
tial stage was due to the self-decay of ferrate (VI) and the rapid inter-
actions between ferrate (VI) and NOM. The degradation of ferrate (VI) 
with various samples of Suwannee River showed that fractions of hy-
drophobic NOM (fulvic acid and humic acid) caused more substantial 
loss of ferrate (VI) than the hydrophilic group, signifying that ferrate 
(VI) favorably reacted with hydrophobic NOM more than hydrophilic 
compounds[109].

5.6. Removal of metal complex using ferrate (VI)
Several studies are carried out the removal of metal complex species 

from aqueous media using ferrate (VI)[110].  The applicability of fer-
rate(VI) for the removal of Cu(II)-IDA and Zn(II)-IDA (IDA: iminodi-
acetic acid) complexed species were assessed under batch reactor oper-
ations[111]. The ferrate (VI) caused the decomplexation of met-
al(II)-IDA followed by the oxidation of IDA, and simultaneous re-
moval of metal (II) species by the coagulation/ flocculation process us-
ing the reduced Fe(III). The higher efficiency of degradation of Fe(VI) 
was observed at lower pH (pH 8.0) and also degradation/mineralization 
of IDA was favored at lower pH. However, the insignificant removal 
of Cu(II) and Zn(II) was drastically enhanced by increasing the sol-
ution pH at 12.0. Similarly, the ferrate (VI) was successfully employed 
for the treatment of water contaminated with several complexed species 
such as the Cd(II)-nitrilotriacetic acid (NTA)[112], Cu(II)-EDTA 
(EDTA: ethylenediamine tetraacetic acid)[113], Cu(II)-NTA and Cd(II)- 
EDTA[114], Cd(II)-IDA and Ni(II)-IDA[115]. Further, to abate the 
metal-complexed cyanide wastes, the ferrate(VI) was employed for the 
oxidation of cyanide (CN) and the simultaneous removal of copper or 
nickel in the mixed/complexed systems of CN-Cu, CN-Ni, or 
CN-Cu-Ni were further studied in batch experiments. It is interesting 

Figure 7. The percentage elimination of TOC (△), COD (■) and bacteria (◊) as a function of ferrate (VI) concentration[108]. 

Figure 8. Ferrate (VI) degradation in presence of SNW; [Ferrate (VI)] = 54 µM, pH = 7.50, NOM = DOC of 0 to 10 mg/L[109].
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that Fe(VI) readily oxidizes the cyanide and the reduction of Fe(VI) 
into Fe(III) assisted the removal of free metal ions[116]. Another study 
conducted by Tiwari et al. showed that the Fe(VI) oxidized the cyanide 
within a few minutes (approx. 5 min) and the cyanide was oxidized 
to cyanate, which is 1,000 times lesser toxic than cyanide which is ac-
cepted for its final disposal[117].

6. Conclusion and future perspectives

Ferrate (VI) is a multifunctional chemical that is efficient in oxidiz-
ing several persistent and emerging water pollutants viz., pesticides, 
pharmaceuticals, dyes and other organic substances. The mechanism of 
ferrate (VI) reaction involves the transfer of one or two electrons, 
which functions or function as a mediator for reaction intermediates. 
Due to the high redox potential, ferrate (VI) is useful for the degrada-
tion of various water pollutants. Moreover, the formation of inter-
mediates in the ferrate (VI) reduction, ferrate (IV) and ferrate (V), are 
highly reactive and enhance the oxidation process. The dosage of fer-
rate (VI) in single and multiple systems in water treatment provides 
valuable information about ferrate (VI) efficacy and mechanism. may 
be written as Ferrate (VI) encapsulation showed better option in water 
treatment since it enhances ferrate (VI) efficiency as it attains longer 
stability. Further, to avoid the need for a time-consuming process (such 
as encapsulated ferrate (VI)), it is possible that the enhancement of fer-
rate (VI) efficiency was achieved by simultaneous UV-irradiation. 

Ferrate (VI) was extensively studied for the elimination of various 
water pollutants including emerging micro-pollutants using simulated 
water samples in the laboratory, and various parameters are optimized. 
However, it is still challenging to understand the real implications of 
ferrate (VI) in the treatment of wastewater treatment plants/effluents 
because of several inherent reasons such as: stability of ferrate (VI) in 
ambient environment; tedious synthetic process of ferrate (VI); and in-
adequate understanding of reaction pathway and deeper insights of fer-
rate (VI) reactions with these pollutants. More importantly, the real im-
plications require extensive laboratory scale studies, which could possi-
bly be translated for technology development. The present review pro-
vides a possible way to understand the real implications of ferrate (VI) 
in real water treatment, and perhaps has insight for technology 
development. 
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