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Abstract

Context: Coagulation, chemical oxidation and disinfection are essential processes in water and waste treatment. A chemical that
can be applied for all the above mentioned purposes is ferrate(VI). Although there are many studies about ferrate(VI), no compre-
hensive review paper can be found about ferrate(VI) from production to applications. The aim of this study was to review ferrate(VI)
production, measurement, stability and utilization in water and wastewater treatment.

Evidence Acquisition: In acidic conditions, the oxidation and reduction capacity of ferrate(VI) is superior to all currently utilized
oxidizers and disinfectants in water and wastewater treatment. New researches have provided the technology of using ferrate(VI)
for coagulation, chemical oxidation and disinfection of water and wastewater in a reactor simultaneously, which can reduce the
size of water and wastewater treatment plants and increase the treatment efficiency.

Results: Despite the existence of these technologies, there is no full-scale application of ferrate(VI) in the water and wastewater
industry which it is due to difficulties associated with I, the lack of adequate researches that have demonstrated its capabilities and
advantages over the existing water and wastewater treatment methods; ii, the instability of ferrate(VI) depending on its method of
preparation, and iii, the relatively low yield of ferrate(VI).

Conclusions: To solve the above mentioned difficulties, fundamental study most be carried out to discover the novel methods of
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ferrate(VI) production, focusing on increasing the product stability and the production yield.

1. Context

Ferrate(VI) is one of the oxidized forms of iron, to
which serious attention has been recently given due to its
extraordinary ability of oxidization. Nowadays, using fer-
rate(VI) has been introduced as an environmental-friendly
method for removal of a wide range of toxic compounds
in water. Study of ferrate(VI) seems to be essential due
to its high capacity for the removal of organic and inor-
ganic compound that are harmful for the environment.
Ferrate(VI) in comparison with other current oxidants is a
cheap and low-risk one (1). Three methods have been devel-
oped to produce ferrate(VI) including (i) electrochemical
method, (ii) thermal method, and (iii) chemical method
(2, 3). Analytical methods can also be used to express the
capacity and structure of ferrate(VI) species (1, 4, 5). Fer-
rate(VI) can be used as an oxidizer, coagulant and disin-
fector in water and wastewater treatment. Ferrate(VI) has
been applied for removal of pollutants such as medicines,
ammonium, cyanides, sulfides, phosphates, arsenic, estro-
gens, anilines and phenols (1, 6). Many studies have been
carried out on the production of ferrate(VI) between 1950

and 1960. However, the study of ferrate(VI) applications for
water and wastewater treatment has been started since the
last decade (7, 8). The aim of the present study was to col-
lect all necessary information about i, chemical structure
of ferrate(VI); ii, different methods of ferrate(VI) produc-
tion; iii, ferrate(VI) measurement methods; IV, ferrate(VI)
stability; and finally V, applications of ferrate(VI) as an ox-
idant, disinfectant and coagulant. The collected informa-
tion is extremely useful for all researchers who would like
to study on ferrate applications.

2. Evidence Acquisition

2.1. Iron Oxidation States

As we know, iron is among the most important ele-
ments in nature which is observed in free form (zero-valent
iron) or in any other form with various oxidation values,
presented in Table 1.

Iron and various oxidation states of it can be consid-
ered for different applications, for example in the produc-
tion of magnetic pigments, catalysts, and magnetic fluids.
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Table 1. Different States of Iron Oxidation

No. Compound Name

1 FeO Ferrous oxide

2 Fe,03 Ferric oxide

3 Fe;0,4 Ferrosoferric oxide
4 Fe,03.H,0 Ferric oxide monohydrate
5 FeOOH Ferric oxyhydroxide
6 FeO,” Hypoferrite

7 FeO” Ferrite

8 FeO;* Ferrate (IV)

9 FeO,* Ferrate (IV)

10 FeO,> Ferrate (V)

1 Fe0,” Ferrate(VI)

12 FeOs” Ferrate (VIII)

Amorphous iron oxides (formless) possess significant ap-
plicability in industries as well as water purification tech-
nology. In recent years, iron oxides in form of nanoparti-
cles have shown unique properties in many applications
of technology. Iron nanoparticles and iron oxides in com-
bination with oxygen and hydrogen peroxide have shown
promising results in oxidation of oxidation-resistant com-
pounds. In addition to the three stable iron oxidation
states of 0, +2 and +3, ascendance into higher oxidation
states can also be observed in an environment of strong ox-
idizing capacity (for example +8, +6,+5,+4, etc.). These iron
oxidation states are known as ferrates. Among ferrates, the
+6 oxidation state is relatively stable and easier to synthe-
size in comparison to the rest (9, 10). It should be noted
that the activities of the oxidation states of +4 and +5 are
higher than the +6 state (7, 11). The application of ferrates
in elimination of emerging pollutants such as arsenic, es-
trogen and released drugs into the environment has been
well recognized. Ferrates are recently being applied as a
green chemical compound in synthesizing the aforemen-
tioned organic compounds as well as the elimination of
toxic waste from water (4, 5). As a result, ferrates have a
high potential capacity in addressing major environmen-
tal issues (8, 12, 13).

2.2. Chemical Structure of Hexavalent Iron

The X-ray spectroscopy studies on a solid crystal like
K,FO, suggested that ferrate(VI) is shaped from four oxy-
gen atoms which establish a covalent bond with a central
iron atom with an oxidation number of +6 (5,14). The tetra-
hedral structure of ferrate(VI) is confirmed through oxy-
gen isotopic studies in an aqueous solvent and suggests

that four oxygen atoms surround the iron atom (15). Other
researches have demonstrated that ferrate(VI)ion can have
three resonance hybrid structures with the atoms of oxy-
gen. Structures 2 and 3 are considered as the primary struc-
tures (Figure 1) (1,16).
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Figure 1. Three Resonance Hybrid Structures of Ferrate(VI) Ion in an Aqueous Solu-
tion

Recent spectroscopic and kinetic studies have sug-
gested that four types of hexavalent iron in aqueous solu-
tions exist through the balancing of acid and alkali (17). Fig-
ure 2 presents the various hexavalent irons as a function of
pH. Figure 2 suggests that HFeO, and FeO,* are dominant
forms in nature, while ferrate(VI) as the dominant form in
alkaline environments converts into Fe(III) (18).
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Figure 2. Specious Distribution of Ferrate(VI) in Aqueous Solutions Within Different
PHs (19)

3. Results

3.1. Production of Ferrate(VI)

For the first time in 1702, Stahl noticed a red-purple
color during the explosive experiments which was created
from a mixture of potassium nitrate and iron filings. The
produced substance was eventually identified as hexava-
lent potassium ferrate (K,FeO,). Eckenberg and his col-
league Becquerel observed the same color in 1834 while
heating a mixture of potassium hydroxide and iron ore.
Later in 1840, Fremy formed the hypothesis that this color
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was caused by a type of high-capacity iron with the chem-
ical formula of FeO;*. Despite these advances, the prin-
ciples of hexavalent iron production began 100 years ago
(9). Generally, there are three ways to produce hexavalent
iron: I, dry oxidation method by heating or melting the
iron oxides in the presence of oxygen in an environment
with high alkalinity; ii, electrochemical method using iron
or its alloys as the anode electrode and an electrolyte solu-
tion of NaOH or KOH; iii, wet oxidation method by oxida-
tion of trivalent iron salt at high alkalinity and in the pres-
ence of chlorine or hypochlorite.

3.1.1. Ferrate(VI) Production Using the Dry Oxidation Method

Dry oxidation is an old method for the production of
ferrate(VI). This method is generally believed to be danger-
ous and difficult, since increasing the temperature highly
increases the risk of explosion (10). Today, several attempts
have been made to address this issue by many researchers.
For example, potassium and sodium of ferrate(VI) are pro-
duced by calcification of potassium and sodium peroxide
at350°C-370°C. The oxidation of iron oxide by sodium per-
oxide at a temperature of 370°C in the presence of oxygen
and absence of carbon dioxide can also lead to ferrate(VI)
production. The result of the two aforementioned meth-
ods is the production of FeOs* containing compounds
thatimmediately hydrolyze into FeO,* or tetrahedral ions
upon dissolution in water while adopting a red-purple
color.

FeO!™ + H,O — FeO?™ + 20H ™~ a)

The production of pentavalent iron from galvanized
waste was also introduced by Cici and Cuci in 1998. Their
innovative method involved heating the galvanized waste
along with iron oxide in a furnace up to a temperature of
800°C (12). The heated galvanized waste and iron oxide in
combination with sodium peroxide was then melted and
immediately cooled to produce sodium ferrate(VI) accord-
ing to the following equation:

F6203 =+ 3NaQOQ — 2Na2FeO4 + NagO (2)

In another method, the potassium and cesium ferrates
(VI) could be produced through the reactions of potassium
and cesium super oxides with iron oxide powder in high
temperatures of about 200°C for 10 hours (17).

3.1.2. Ferrate(VI) Production by Electrochemical Method

Based on the conducted research, there are various
methods to synthesize ferrate(VI) including the thermal,
chemical and electrochemical methods (20-23). Thermal
methods often require high temperatures (About 800°C)
and usually possess a low efficiency of about 50% (2).
Chemical methods are also multiphase and require high
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amount of chemical compounds (3, 24, 25). Electrochem-
ical method in comparison to the other two mentioned
methods possess advantages such as the purity of the prod-
uct, low demand for solvents, and the use of one electron
which is known as the clean oxidant (Figure 3) (5, 25, 26).
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Figure 3. Schematic Representation of the Electrochemical Cell for the Synthesis of
Ferrate(VI)

The first electrochemical ferrate(VI) synthesis was car-
ried out in 1841, which is one of the easiest ways to ob-
tain sodium ferrate from solutions with no impurities (27).
This synthesis involves the oxidation of raw iron or one of
the iron salts in an alkaline solutions by using table salt
as a stabilizer. The researchers then conducted several ex-
periments in different alkaline environments with various
NaOH concentrations, different current densities, temper-
ature, and electrolysis intervals. Test results suggested that
the implementation of iron oxidation is dependent on cur-
rent density, temperature and electrolysis interval (28, 29).
It was revealed that increasing the temperature would in-
crease the oxidation efficiency. In fact, we can say that tem-
perature increase can actas a catalyst, which is only valid to
a certain point. For example, in some cases, the maximum
allowed temperature was 60°C. Increasing the electrolysis
interval can also increase the interval for reaction, which
would ultimately increase the efficiency (30). Basic princi-
ples of ferrate(VI) are shown in the following equations:

Anode Reaction:

Fe + 80H™ — FeO;™ + 4H0 + 6e 3)
Cathode Reaction:
2H2O0 —Hsy +2e+ 0o (4)

General Reaction:

Fe + 20H™ + 2H,0 — FeO]™ + 2H, (5)
FeO?™ 4+ 2K1 — KyFeOy (6)
3



Talaiekhozani A et al.

The intensity of the electric current, the anode elec-
trode material, and the type and concentration of the
electrolyte significantly affect the efficiency of ferrate(VI)
production. The highest ferrate(VI) production rate was
achieved at the flow rate of 3 mA/cm? and electrode tem-
perature of 40°C, which is equivalent to 40%. Greater
amounts of carbon in anode electrode can also increase
the production of ferrate(VI). Efficiencies above 70% can be
achieved by utilizing iron and silver electrodes containing
0.9% carbon. This is while the efficiency of the flow rate
using the same electrode containing only 0.08% carbon
amounted to only 12%. The production of ferrate(VI) using
iron electrode with purity of 99.99% and temperatures of
30-60°C using the AC current was also reported. These test
results demonstrated that the maximum efficiency of this
system for ferrate(VI) production was equivalent to 43%,
achieved at the current density of 88 mA/cm? and the fre-
quency of 50 Hz under the temperature of 40°C.

In 1901, Haber and Pick (cited in Macova et al.) ob-
served the positive effects of increasing the concentration
of hydroxide ion in the synthesis of ferrate(VI) (6). Other
researches involving electrolytes such as NaOH, KOH and
LiOH revealed that NaOH provided the best condition for
ferrate(VI) production (19). Bouzek et al. also reported that
the optimal concentration in case of using NaOH as elec-
trolyte was 14 molar (31-33).

Another example is the production of BaFeO, directly
by the electrochemical method. This method uses the oxi-
dation of an iron wire as the anode electrode in a common
electrolyte of NaOH/Ba(OH),. Throughout the electrolysis,
the concentration of BaFeO, increases (8). The produced
BaFeO, can be filtered to separate it from electrolyte and
then it must be rinsed three times with distilled water. The
above mentioned method is known as direct electrochem-
ical method. The direct electrochemical method for the
production of ferrate(VI) provides several advantages in-
cluding: i, easy ferrate(VI) synthesis in one step; ii, in this
method, due to the formation of solid samples, the insta-
bility of ferrate(VI) can be avoided; and iii, no chemical ox-
idants are used to synthesize ferrate(VI) (8).

In another experiment for direct K,FeO, synthesis, a
metal delicate lace was used in KOH electrolyte. The result-
ing product was synthesized with an efficiency of 73.2% and
purity grade of 95.3% - 98.1% (34-36). Later studies revealed
that ferrate(VI) production efficiency was also dependent
on the concentration of electrolyte (37).

3.1.3. Ferrate(VI) Production by Wet Oxidation Method

The wet oxidation method involves oxidizing a solu-
tion containing trivalent iron with high alkalinity (in the
presence of NaOH) and conversion into ferrate(VI). Since
the solution containing ferrate(VI) is degraded rapidly, it

is necessary to apply the sequestration, washing and dry-
ing processes for a more stable product (38, 39). Several
efforts have been made to produce sodium ferrate(VI). Al-
though, there are still many problems in isolating and ob-
taining dry product from the corresponding solution, due
to the high solubility of Na,FeO, in NaOH-saturated solu-
tion. By modifying the production procedure in which the
chlorine gas is passed through trivalent iron salt solution,
saturated by NaOH, one can obtain a dry compound con-
taining 41.38% of Na,FeO, (40).

The production of potassium ferrate(VI) by wet oxida-
tion method has been studied since 1950 (41). The pro-
duction of this compound initially involved obtaining of
potassium ferrate from the ferric chloride reaction with
sodium hypochlorite (NaCLO) in the presence of sodium
hydroxide which in turn effectuates the sequestration of
potassium ferrate from the solution by adding potassium
hydroxide. The corresponding reactions are presented be-
low:

Fe’t +30H™ — Fe(OH), @)

2Fe(OH), + 3NaClO + 4NaOH
— 2NasFeOy4 + 3NaCl + 5H20

(8)

NazFeO4 + 2KOH — K2FeO4 + 2NaOH (9)

Even though the production rate of potassium ferrate
is low in this method, the produced potassium can still
possess a purity of about 96%. The potassium ferrate pro-
duction rate was investigated by Schreyer et al. and also
Williams and Riley, in which potassium hydroxide was
used instead of sodium hydroxide (32, 42). This replace-
ment prevented the production of sodium ferrate in inter-
mediate reactions. As aresult, the production rate of potas-
sium ferrate raised to 75% with purity of 80% - 90%. This
method also helped reduce the production and purifica-
tion interval of potassium ferrate.

3.1.4. A Comparison of Ferrate(VI) Production Methods
Sodium ferrate (Na,FeO,) and potassium ferrate
(K,FeO,) are hexavalent irons utilized in the treatment
of water and wastewater. Sodium ferrate bears different
properties in comparison with other hexavalent irons.
This compound has the capacity to remain in dissolved
state in a saturated environment by sodium hydroxide.
For the purpose of water and wastewater treatment, it
is necessary to obtain a dry powder, since ferrate(Vl) is
unstable. Although, obtaining a sodium ferrate dry pow-
der is highly difficult due to the problems mentioned in
earlier sections. Fortunately, the insolubility of potassium
ferrate in water in a saturated environment by potassium

Jundishapur ] Health Sci. 2016; 8(3):€34904.
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hydroxide (KOH) allows easy sequestration and isolation
from water. This enabled the conditions necessary to pro-
duce and store potassium ferrate for long periods of time
which could then be utilized in large scale in water and
wastewater treatment industry. A number of conducted
researches revealed some of the problems associated with
producing ferrate(VI). Many considerations have to be
taken in the production and purification of ferrate(VI).
Although, despite these considerations, the purity of the
produced ferrate(VI) is still variable due to other affect-
ing factors. For example, in the electrolysis method, the
electrode material could affect the rate and purity of the
produced ferrate(VI). Temperature, the retention time
and sediments isolation are also affective on ferrate(VI)
production in wet oxidation method. As a result, the
produced ferrate(VI) is always accompanied by other
impurities such as alkali metallic hydroxides, chlorides
and ferric oxides. One of the disadvantages of the wet oxi-
dation method is the utilization of hypochlorite, which is
associated with the production chlorine gas. Therefore, to
obtain a high-quality product, all the steps and conditions
of ferrate(VI) production must be closely monitored and
controlled.

3.2. Ferrate(VI) Iron Salts Measurement Methods

Researchers have mentioned two methods for measur-
ing ferrate(VI) in aquatic environments which includes the
titration and spectrophotometry methods (43). One of
the most appropriate methods in measuring ferrate(VI)
is its reaction with chromite salt. The following reaction
explains the reaction between ferrate(Vl) and chromite
in an acidic environment (44). In this method, sodium
diphenylamine-4-sulfonate is used as an indicator. It
should be noted that this method can only be applied for
solutions with low ferrate(VI) ion concentrations.

Cr(OH), + FeO;  + 3H20 — Fe(OH),(H,0),

(10)
+CrO;™ + OH™

Another way to measure ferrate(VI) is to convert it into
Fe(Ill) in an alkaline environment along with arsenite (45).
In this method, a weighed quantity of ferrate(VI) iron salt
is added to a solution containing arsenite, in which the
concentration must be higher than the required amount
for the conversion of ferrate(VI) to Fe(Ill) (46). The remain-
ing arsenite can then be measured by the bromate and cer-
ate standard solutions. By measuring the concentration of
bromate and cerate, the ferrate(VI) ion can then be mea-
sured.

2Fe0; + 3AsO5~ + 11H50
— 2Fe(OH),(H20), + 3AsO}~ + OH™

(1)

Jundishapur ] Health Sci. 2016; 8(3):e34904.

2BrO; + 5AsO5™ +2H' — Bra 4+ 5As05~ + H,O  (12)

2Ce®t + 3As03” + 60H ™ — 2Cet + 3AsO3™ + 3H,0
(13)

Aferrate(VI)-containing solution has a red-purple color
with alight absorption rate in wavelengths of 500-800 nm
(47). Other studies identified wavelengths such as 505 nm
appropriate for the concentration evaluation of ferrate(VI)
(42, 48). Among the various methods of spectrophotom-
etry, infrared spectrophotometry (in wavelengths of 324
and 800 cm-1) has received much attention due to both
qualitative and quantitative capabilities in ferrate(VI) mea-
surement (49-56).

3.3. The Stability of Ferrate(VI) Iron Salt

When ferrate(VI) iron salts dissolve in water, it causes
the release of oxygen and sequestration of iron hydrox-
ide. This property would lead to instability of ferrate(VI)
when dissolved in water. The following reaction explains
the Fe(III) sequestration when dissolved in water. The pro-
duction of high quantities of oxygen by ferrate(VI) can be
considered as an advantage in utilizing this compound in
treating wastewater. It should be noted that the presence
of oxygen would prevent anaerobic condition in wastewa-
ter, thus inhabiting the production of odor-causing com-
pounds such as hydrogen sulfide. Furthermore, consid-
ering the high oxidation capacity of ferrate(VI), the or-
ganic and inorganic odor-causing compounds are easily
oxidized, thus inhibiting the emission of odor in wastew-
ater facilities.

4KsFeO4 + 10H20 — ZJLFG(OH)3 + 8KH + 302 (14)

The decomposition rate of ferrate(VI) in the above reac-
tion is dependent on factors such as [, the initial concentra-
tion of the dissolved ferrate(VI) in water; ii, the concentra-
tion of other ions present in water; iii, pH of the solution;
and iv, the temperature of the environment (55). The com-
plete understanding of the effects of these factors on the
decomposition rate of ferrate(VI) is a necessary step in uti-
lizing it in water and wastewater treatment industry. The
stability of ferrate(VI) salts dissolved in water in low con-
centrations is much lower than higher concentrations (57).
In a solution containing ferrate(VI)ions in a concentration
of less than 0.025 molar, 89% of the ion still remains in the
solution after 60 minutes, while in concentrations higher
than 0.03 M, the entire ferrate(VI) is removed within the
same interval. Another study demonstrated that 79.5% of
ferrate(VI) in a solution of potassium ferrate with concen-
tration of 0.01M was decomposed in 2.5 hours. This is while
37.4% of the 0.0019 M solution was decomposed in three
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hours and 50 minutes and a temperature of 25°C. To in-
vestigate the effect of ions on the stability of ferrate(VI),
a 0.5 M potassium ferrate solution was provided along
with chloride potassium ion, potassium nitrate, sodium
chloride and hydrous ferric oxides, and the decomposi-
tion rate of ferrate(Vl) was evaluated under 25°C. The test
result suggested that ferrate(VI) in the presence of potas-
sium chloride and potassium nitrate had higher decom-
position rates in early stages of the experiment, but as the
time passed, the decomposition rate decreased with de-
cline in the ferrate(VI) concentration (Figure 4). Never-
theless, the presence of ions such as sodium chloride and
hydrous ferric oxides increased the decomposition speed
of ferrate(VI). The decomposition of ferrate(VI) declines in
the presence of phosphate. The increase in pH or alkalin-
ity of the solution can also increase the stability of thision.
Based on Figure 5, alkalinity can decrease the decomposi-
tion rate of ferrate(Vl). Adding a 6 M solution of KOH can
significantly increase the stability of ferrate(VI) in compar-
ison with the 3 M solution under similar conditions (Fig-
ure 5). The ferrate(VI) ion made by buffer solution 8 was
more stable than the ferrate(VI) ion made by buffer solu-
tion 7. In pH of 7, only 49% of ferrate(VI) remained in the
solution after 10 hours (57), while in pH of 8 under similar
conditions, ferrate(VI) remained after 10 hours. Tempera-
ture is also considered as an important factor in stability of
ferrate(VI). High ferrate(VI) stability was observed in a solu-
tionin 0.5°C.The solution containing 0.01M potassium fer-
rate lost10% of it ferrate(VI) in two hours in 10°C, while the
concentration of ferrate(VI) in the same solution in 0.5°C
did not change after two hours. Furthermore, if the so-
lution containing ferrate(VI) is produced under the labo-
ratory temperature (25°C) and cooled in the fridge down
to 0.5°C, it will lose 5% of its ferrate(VI) ions before reach-
ing 0.5°C. By considering all these parameters, it is obvi-
ous that a minimal temperature and pH higher than 8 is
required if a high quality product is wished to be achieved.

Initial Concentration K,Fe0,: 0.04 M

0.045 Coexistingion Concentration: 0.05 M
S oo04 Kcl
§ 0035 KNO3
§ 0.03 No coexisting ions
£ 0.025 Nacl
E 0.02 —w=FeOOH
S, 0.015
€ oo
i
' 0.005
0
0 10 20 30 40 50 60 70

Time, min

Figure 4. Effect of the Presence of Different Ions on the Stability of Ferrate(VI) in
Water Solution (38)

100% 6 MKOH
90% 3MKOH
80%
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£, 50%
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Figure 5. Effect of Alkalinity Increase on Stability of Ferrate(VI) (39)

3.4. Applications of Ferrate(VI)

Coagulation, chemical oxidation and disinfection are
essential processes in water treatment. Coagulants attach
the non-settling suspended particles to each other, form-
ing coarse particles. In some cases, these coarse particles
formed by chemical coagulation are capable of adsorbing
pollutants in wastewater. These coarse particles would be
removed, in turn, through sedimentation or filtration pro-
cesses. Disinfection process is also designed to eliminate
organisms harmful for human health such as bacteria and
viruses. In certain cases, the disinfection process is used to
remove or control odor ingredients. A wide range of co-
agulants, oxidizers and disinfectants can be used to treat
water or wastewater. The most common coagulant com-
pounds include: ferric sulfate (Fe,(SO,);), aluminum sul-
fate (Al(SO,);) and ferric chloride (FeCl;). Chlorine (Cl,),
sodium hypochlorite (NaClO), chlorine dioxide (ClO,) and
ozone (O3) are also among the most important oxidizers
and disinfectants. Due to the increasing level of water pol-
lution and strict drinking water production and distribu-
tion standards, it is necessary to address this issue by iden-
tifying new chemical compounds and new standards. Such
a compound should ideally possess the following proper-
ties: i, the capability to disinfect water; ii, to some extent,
the ability to decompose organic and inorganic contam-
inants in water and wastewater; and iii, the ability to re-
move suspended particles and heavy metals in water. A
substance that can meet all the above criteria is ferrate(VI).
Ferrate(VI) is a strong oxidizer with the chemical formula
of Fe0,%. In acidic conditions, the oxidation and reduction
capacity of ferrate(VI) not only exceeds to that of ozone, but
isalso superior to all currently utilized oxidizers and disin-
fectants in water and wastewater treatment. In addition,
during the oxidation and disinfection processes, this com-
pound is converted into trivalent iron or ferric hydroxide
(Fe(OH);). Since trivalent iron is a strong coagulant, by si-
multaneously adding ferrate(VI) during one chemical in-
jection, the following three processes could be achieved
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in one operational unit: I, The oxidation of pollutants in
water; ii, water disinfection; and iii, elimination of sus-
pended and colloidal particles. The oxidization and disin-
fection capacities of commonly used compounds in water
and wastewater treatment are presented in Figure 6, which
is easily comparable to ferrate(VI). All applications of Fer-
rate(VI) are shown in Figure 7. Also, all advantages and dis-
advantages of using ferrate(VI) as oxidant, disinfectantand
coagulant are shown in Tables 2 and 3.

Table 2. Advantages and Disadvantages of Using Different Current Oxidants and Dis-
infectants

Table 3. Advantages and Disadvantages of Using Different Current Coagulants

Oxidant and Advantages Disadvantages
Disinfectant
Chlorine (Cl,) (i) Low cost; (ii) high (i) The possibility of
removal efficiency; (iii) producing dangerous
availability; (iv) the byproducts such as
possibility of three halomethanes;
long-term storage of (ii) toxicity for water
chlorine in cylinders. and sewage treatment
plant staffs, and (iii)
the need to
dechlorinate treated
wastewater before
releasing into
environment.
Ozone (0;) (i) High capacity and (i) Possibility of
high speed of remaining few cysts
oxidation and and viruses after

Ferrate(VI) (Fe0,*)

disinfection; (ii)
converting of ozone to
oxygen after
disinfection process;
(iii) non-toxic
byproducts; (iv) ability
of odor and taste
removal.

(i) Excessive capacity of
oxidation and
disinfection; (ii)
non-toxic byproducts,
(iii) ability of colloidal
particles coagulation;
(iv) ability of
coagulation, oxidation
and disinfection
simultaneously; (v)
needing smaller
wastewater treatment
plant; (vi) low
application cost, and
(vii) ability of heavy
metal and inorganic
removal.

disinfection process;
(ii) oxidation by ozone
requires complex
equipment; (iii) the
high price of ozone
production; (iv)
producing of solid
byproducts, and (v)
corrosion in the
equipment of water
and wastewater
treatment.

(i) Low ferrate(VI)
production rate and
(ii) lack of stability for
long-term storage.

4. Conclusions

The present study showed that ferrate(VI) was a power-
ful oxidant for the removal of a wide range of organic and

Jundishapur ] Health Sci. 2016; 8(3):e34904.

Coagulant Advantages Disadvantages
Fe (I1I) (i) Low residue after (i) Producing non-soluble
coagulation process; (ii) solids in water and (ii)
high efficiency for colloidal usually for achieving better
particles removal; (iii) performance needs to add
effective in pHs from 4 to 6 alkaline compounds.
and 6.8 t0 9.2, and (iv) low
cost.

AP* (i) Easy control of the (i) Producing non-soluble
coagulation process; (ii) low solids in water and (ii) low
sludge production, and (iii) range of pH to achieve
effective in pHs between 6.5 highest performance.

and 7.5 (neutral pH).

Ferrate(VI) (i) Non-toxic byproducts, (ii) (i) Low ferrate(VI)

Ability of coagulation, production rate and (ii) lack
oxidation and disinfection of stability for long-term
simultaneously; (iii) needing storage.
smaller wastewater
treatment plant; (iv) low
application cost, and (v)
ability of heavy metal and
inorganic removal.
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Figure 6. Comparison of Current Disinfectants and Oxidant Ability to Use for Treat-
ment of Water and Wastewater

inorganic pollutants from water and wastewater. Differ-
ent methods have been developed to produce ferrate(VI)
among which electrochemical methods seem to be suit-
able for water and wastewater treatment. Since oxidiza-
tion of pollutants using ferrate(VI) does not produce any
toxic and mutagenic byproducts, it is known as a green
technology and ferrate(VI) is known as green chemical.
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