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Abstract: This article presents a new process for synthesizing ferrate VI alkali KaFeOs with high yield and purity of 98.3 to
99.1%, stable for 12 months at a temperature around 30°C, by heating the mixture of Potassium peroxide K202 and Fe2Os
with a K/Fe ratio = 4 at a temperature of 560°C for 5 hours under a current of oxygen, under the most favorable conditions.
This is much better than that synthesized by deferent synthetic routes. The synthesis of VI ferrates was carried out under
different experimental conditions (the K/Fe ratio varies from 1 to 6, T varies from 200 — 750°C, time varies from 6 to 17h
and product storage temperature varies from 20 to 40°C) in order to obtain an optimal yield of ferrate VI stable and of high
purity as well as to minimize the cost and to facilitate their storage and their transport. The presence and quality of iron VI
was confirmed in the phase obtained by XRD, IR spectrometry, UV spectrophotometry and by the volumetric titration
method quantitatively and qualitatively. The degradation rate of iron VI after 12 months of storage at around 30°C was

observed and determined by Mossbauer spectrometer, UV spectrophotometry and by the volumetric titration method.
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1. Introduction

Recently the iron of oxidation state VI (FeY'O4*) has
become an incredible Green Technology by their wide
application as an environment-friendly oxidant, disinfectant
and coagulant in water treatment, [1-9]. Several authors
have shown the inactivation of microorganisms such as
fecal and total coliforms, Escherichia coli, viruses as well
as the oxidation of pharmaceuticals and organic products,
personal care and the elimination of toxic metals [10-21].
However, the synthesis of ferrates (VI) turns out to be very
delicate, this is due to the instability conferred on them by
their high oxidizing power and their high production cost
[22, 23], [24, 25]. Although the existence of alkaline
ferrates has been cited for a century [26, 27], they have not
been the subject of a considerable number of studies, this is
due to the instability and difficulties encountered during
their preparation.

The synthesis of iron (VI) has been studied by different
authors [28-37]. But the importance of the reactions for the
preparation of ferrates by the dry route lies mainly in their
ability to produce alkali ferrates (IV) or directly from
inexpensive and readily available starting materials (iron
oxide), without complicated electrochemical procedures. Or
preliminary preparation of reagents [38]. Martinez-Tamayo
and al. [39] studied the behavior of the NaO»-FeSO4
system; these studies include the results obtained by the use
of infrared spectrometry, X-ray diffraction and differential
thermal analysis. They obtained ferrates (V) and (VI)

whose nature depends on the molar ratio of the initial
reactants. Kisselev and al [40] extensively studied the Na-
Fe-O system and showed that one can prepare pure sodium
ferrate (IV) with the formula Na2FeOs and ferrate (VI) with
the formula NasFeOs, thus obtaining sodium ferrate
NazFeOs by heating the mixture of Nax02-Fe2Os under
oxygen at a temperature of 400°C, the Na/Fe molar ratio
leading to the best results is 2.

Kopelev and al. [41] prepared the sodium ferrate NasFeOs
and NaxFeOs according to the procedure of Kisselev and al
[40]. Ferrates (VI) were also prepared from galvanized
waste [42], the waste was mixed with ferric oxide in an
oven at 800°C, the sample was cooled and mixed with
sodium peroxide solid then heated gradually for a few
minutes. Among the wet and electrochemical synthesis
methods, the dry method avoids the reaction of ferrates
with water. This ferrate preparation process is considered a
green technology by recycling various waste iron
compounds [43]. Current research is limited to the
laboratory and ferrate (VI) has not yet been implemented.

This work focuses on a new approach for the synthesis of
stable and better-quality ferrate (VI) by dry process by
optimizing the parameters influencing the synthesis yield
and phase stability in order to reduce the cost, facilitate
transport and storage for a long time.

2. Material and method

The synthesis of ferrates VI in particular KoFeOs by dry
process under the most favorable conditions is done by
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mixing pure potassium peroxide K202 and Fe2Os (in order
to avoid any secondary reactions) with a K/Fe ratio of 4, in
a crucible of platinum, before placing it in an oven at a
temperature of 560°C for a period of 5 hours under a stream
of oxygen according to the reaction below (1). The molten
mixture obtained is cooled in ball desiccators in order to
avoid moisture absorption and above all we worked at a
temperature of 560°C according to Jiang and Lloyd [44].
Dry synthesis at a temperature greater than or equal to
500°C seems unconvincing due to the explosiveness of the
reaction medium and makes the high temperature synthesis
process very dangerous. The phase found is ground using a
mortar at a temperature of around 40°C (closed medium)
and then stored in an oven at a temperature of 30°C.

The synthesis reaction:

Fe:03 + 3K:0:— 2K:FeO4 + KO (1)

The product obtained was analyzed by IR spectrometry,
XRD, UV spectrophotometry and by the volumetric
titration method as well as by Mossbauer spectrometry after
12 months storage. The high-value product obtained
according to the analyzes carried out is stored at T=30°C to
monitor its degradation over time (test their stability) by
measuring the optical density at the wavelength of 507 nm
and at a pH greater than 10 using UV spectrophotometry,
according to the method of tsapin and al [45]. Each month
determines the monthly degradation rate of ferrate VI (%)
during 12 months of storage. However, the accuracy of the
real degradation rate of ferrate VI of the synthesized phase
after one year of storage is done by volumetric titration and
by Mossbauer spectrometry.

We have widely used in this study the analysis by UV
spectrophotometry to test the effect of different parameters
essential to the production of ferrates VI by dry process
such as the temperature, the drying time and the K/Fe ratio,
knowing that the peak characteristic of iron (VI) comes out
at this wavelength, according to the method of tsapin and al
[45]. For reasons of reliability, ease and availability of the
device in our laboratories in order to avoid the problem of
waiting. However, the best result found under the most
favorable conditions was analyzed and confirmed by the IR
and DRX spectrometer as well as the volumetric titration
method. Titration of the synthesized product by the
volumetric method based on the oxidation of a chromites
salt with ferrate VI determines the purities of KoFeOs
between 96.3 to 98.1% according to the reaction below (2).

Cr(OH)s + FeOs + 3 H:0 — Fe(OH).(H20)s +
CrOs# +HO )

The resulting chromate is titrated with ferrous salt solution
and sodium diphenylamine sulfonate as an indicator [44].

The FTIR, XRD and Mossbauer spectra of our samples
were performed at the Regional University Interface Center
(CURI) in Fez, Morocco.

3. Results and discussion

1. Effect of K/Fe ratio

The measurement of the optical density of the solution of
ferrate (VI) of the synthesized phase K:FeOs at a
wavelength of 507 nm as a function of the K/Fe ratio, gives
an idea of the evolution of the reaction of synthesis and
optimize the K/Fe ratio from potassium peroxide K202 and
FexOs (fig.1).
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Fig. 1: Variation of the optical density of the solution of
ferrate (VI) (K2FeOs) synthesized at 507 nm as a function
of the K/Fe ratio (t= 5 h, T=560°C).

According to the curve, it can be seen that the optical
density of the ferrate (VI) obtained increases as a function
of the K/Fe ratio up to the value 4, of which D.O = 3.50,
which implies a change in the yield of the ferrate (VI) in
function of the K/Fe ratio and this confirms the result of
Martinez-Tamayo et al who approve the interest of the
molar ratio of the initial reagents in the synthesis of ferrates
VI by dry process [39].

2. Effect of temperature

The results of the study made on the effect of the
calcinations temperature on the yield of the reaction of
potassium peroxide and Fe>O; are illustrated in figure 2
below at different temperatures (200 — 750°C).
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Fig. 2: Variation of the optical density of the solution of
ferrate (VI) (KoFeOs4) at 507 nm as a function of
temperature (K/Fe =4, t =5 h).

It is found that the optical density of ferrate (VI) increases
with temperature up to 560°C as an optimum temperature
for the production of stable ferrate (VI) with high yield
whose optical density of the solution measured at 507 nm is
of the order of 2.60, which means that the temperature has a
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negative influence on the yield and the quality of the
synthesized phase in certain ranges.

3. Effect of calcinations time

The experimental evaluation concerning the influence of
the drying time on the yield of the ferrate VI synthesis
reaction by dry route under exclusive conditions leads to
the results represented in Figure 3.
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Fig. 3: Variation of the optical density of the solution of
ferrate (VI) (KoFeOs4) at 507 nm as a function of time
(T=560°C and K/Fe = 4).

The optical density reaches its maximum at a value of 3.21
for duration of 5 hours of heating and beyond this time, it
begins to decrease, which means that the yield of the iron
VI synthesis reaction reached is maximum at around 5
o'clock. Therefore, the interest of optimization of time
during the synthesis of ferrates VI by dry process.

4. Stability of ferrate as a function of time

The results of monitoring the degradation of ferrate as a
function of time are drawn up in figure 4.
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Fig. 4: Variation of the optical density of the solution of
ferrates VI (K2FeOs) at 507 nm as a function of months of
storage at a temperature of 30°C.

According to the curve (fig.4), it is observed that the optical
density measured each month after storage at a temperature
around 30°C varies very slightly does not exceed 0.01%,
which means that the rate of degradation of the iron VI is
very low in different months. Indeed, this result presents a
progress in the synthesis of ferrate VI stable at a
temperature around 30°C, such that one of the tricks related
to iron VI is due to their instability [22, 23].

The relation which makes it possible to calculate the
percentage of degradation of Iron (VI) is given by the
following formula:

% degradation of iron (VI) = D.O; - D.Ot/ D.O;
D.Oi and D.Oy: Optical densities of iron (VI)

The calculation of the rate of degradation between the
months, as well as the state of production of ferrate VI and
the different months of storage is represented in the
following table.

Table 1: Variation in the optical density of ferrate VI of the
synthesized phase KoFeOs as a function of the rate of
degradation between the initial state of production and
different months of storage of ferrate VI (%) as well as a
function of the rate of degradation between months of
ferrate VI storage (%).

t (Month) The degradation | The monthly
rate between the degradation rate
initial state of of ferrate VI (%)
production and
different
months of
storage of
ferrate VI (%)

1 0.01 0.01

2 0.01 0.01

3 0.04 0.03

4 0.05 0.01

5 0.07 0.02

6 0.07 0.00

7 0.08 0.01

8 0.09 0.02

9 0.10 0.01

10 0.11 0.03

11 0.13 0.03

12 0.14 0.01

According to these results, we note that the rate of
degradation of iron (VI) remains very low until it is
canceled as a function of time and varies in a different way
from one month to another during storage at 30°C. This low
degradation may be due to the low level of impurity
detected in the synthesized phase, however the rate of
degradation observed between the different months of
storage at a temperature around 30°C does not exceed 0.01
% and it is limited to 0.07% in the first six months, thus
making it possible to solve the problem of stability of
ferrate VI, at a well-determined temperature, despite studies
on the synthesis of ferrate VI by dry process remaining
insufficient compared to where d other synthesis methods
which makes negative on the improvement of this type of
synthesis, which is useful to the environment because it can
be considered as a green technology for the recycling of
various waste iron compounds as well as to reduce the cost
of Synthesis of this super oxidant directly from inexpensive
and readily available starting material (iron oxide) and
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especially iron VI presents the future of water treatment as
a coagulant and disinfectant as well as used as a battery
cathode thanks to their high potential and their capacity to
store electrical charges. However, the problem of
explosiveness remains a barrier that requires developing it
and especially in the dry process when working at a high
temperature above 400°C which can make it explosive
according to Kisselev and al [40].

4. Characterizations and analysis
synthesized by the dry method

of the phase

1. Diffraction by RX (DRX)

The diffractometer used is the computer-controlled
XPERT-PRO with a K-a copper cathode (A = 1.5405980
A). The scan adopted with a step of 0.06682° and a
time/step of 1s. The measuring angle range is 10° to 90°.
Figure 5 shows the X-ray diffractogram obtained on
potassium ferrate powder for a ratio of (K/Fe =2, 3, 4) and
calcined at 560°C for 5 hours. The X-ray diffractogram
shows a mixture of reflection peaks characteristic of ferrate
(VI) (Licht and al) [30] of different purity depending on the
ratio (K/Fe) used. In addition, certain peaks present phases
that can be assimilated to intermediate compounds of iron
IV or V for the K/Fe ratios = 2 or 3 located around 2 thetas
equal to 32, such that the angle of these peaks do not
represent iron I1I used at the start. However, it is noted that
the characteristic peaks of iron VI are sharp at 2 thetas
equal to 20.8; 25.8; 30.1; 34.8; 45.5 and 53.5 for the K/Fe
ratio = 4 (fig.5) which is compatible with those found by
various authors [34-37]. The minor deviations observed for
some peaks can be attributed to the sample preparation and
calibration procedure as well as to the types of reagents
used. Indeed, the result observed in XRD confirms the
degree of purity obtained by UV spectrometer and by
volumetric titration.
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Fig. 5: XRD spectra of three samples of K:FeOs
synthesized with a K/Fe ratio =2, 3 and 4

2. Spectrometry IR

IR spectroscopy is a quantitative method to prove the
existence of Iron (VI) in the synthesized phase. Because the
appearance of the spectra is linked to the symmetry of the
molecule or of the FeO4> groups (tetrahedral structure), the
IR spectrum of the potassium powders calcined at 560°C

for 5 hours was also recorded in a length interval of wave
ranging from 500 cm™ to 1600 cm™. The IR spectra of the
raw powders (Fig. 6) presents a series of absorption bands
marked by absorption bands located at: 767,781, 790, 807,
912 and 1001 cm™ characteristic of ferrate (VI) and
presents a great similarity to those found by the authors C.
Li and al. [36]; W. Griffith [46]; P. Tarte and al. [47].
However, the vibration band located at 1500 cm™ can be
attributed to K2O groups of the phase, thus confirming the
results obtained by XRD.
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Fig. 6: IR spectrometer of K2FeOs synthesized with a K/Fe
ratio = 4.

3. Volumetric titration method

The purity of K:FeOs was determined by chromites
analysis according to the method of Lee Y.H. et al [43] who
determined the synthesized phase of potassium ferrate for a
K/Fe ratio = 4 and calcined at 560°C for 5 hours is 98.3%
to 99.1% pure on the basis from the redox state and the
remaining iron is in a lower valence state. Although at these
relatively low concentration levels, the specific nature of
this ferric impurity is difficult to distinguish, it can be
attributed to intermediate compounds of iron IV or V.
Because the absorption bands observed on the IR
spectrometer do not represent any symmetry of the
molecule which exhibits the degree III iron used in the
initial reagents. Indeed, this result agrees with those
obtained by IR spectroscopy, XRD and UV
spectrophotometer. Anyway, we can suppose that the
excess of iron, existing in several forms of amorphous
ferric salts can be generalized in the form of an impurity of
the intermediate compounds of iron IV or V at 1.7%.

4. Mossbauer spectroscopy

Mossbauer spectroscopy in particular allows a quantitative
analysis of the oxidation states of iron, because it is very
sensitive to the environment of the resonant nucleus and
also makes it possible to highlight the existence of a
magnetic order at low temperature, by generating six
transitions which gives rise to a sextuplet in the case of iron
[29], [48,49].

The characterization of K2FeO4 by Mossbauer spectroscopy
after twelve months of storage at a temperature around
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30°C reveals a degradation of Iron (VI) over time (fig. 7).
Indeed, the spectrum is in the form of a magnetic
broadened component which was calculated by the
superposition of the sextuplet and a paramagnetic
component adjusted by a paramagnetic doublet. The
hyperfine parameters deduced from the calculation of the
spectrum are grouped together in the table below.

Table.2: Hyperfine parameters deduced from the
calculation of the spectrum after twelve months of storage
at a temperature around 30°C.

Hyyp = champ hyperfin. A = poids de la composante en % du spectre total

Composante élargie | Composante paramagnétique
Sextuplet 2 Doublet
Hiyp 150 A(%) |AEQ IS0 A (%)
(kOe) | (mm's) (kOe) | (mm's)
E9 083 0.02 | 96.1 | 0.094 006 | 3

The hyperfine parameters deduced from the calculation of
the spectrum after twelve months of storage at a
temperature around 30°C, makes it possible to visualize the
degree of oxidation of the iron and to know the evolution of
the rate of iron (VI) with the time, because the trick linked
to ferrate VI is due to its instability over time.

According to the results (Tableau.2 and fig.7), it can be
seen that the degradation of iron VI is reflected on the
spectrum by an isomeric shift of 0.02 mm /s for the
sextuplet which presents iron (VI) and which comes out in
the vicinity of -1 [29], [48,49]. This confirms the result
found by XRD, IR spectrometer, chromites analysis and
UV spectrometer. This isomeric shift is due to a low
degradation of iron (VI) to iron (III) linked to the
production method or where a low percentage of impurity
which remains in the sample, and which is limited by the
chromites analysis to 1.3 %.
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Fig. 7: Mossbauer spectrometer of K:FeOas after twelve
months of storage at a temperature of 30°C

The results observed by Mossbauer spectrometer and UV
spectrophotometry after 12 months of storage at a
temperature around 30°C have been confirmed by the
volumetric titration method, the rate of degradation of iron
VI of which does not exceed 3% at most. This result is a
progress for the synthesis of stable iron VI by dry process
in order to facilitate its storage and its transport. As well as

the dry synthesis remains easy, without electrochemical
complication and preparation of reagents because it is based
only on the recycling of waste iron which is rather available
and less expensive.

5. Discussions

According to our results, the ratio of K/Fe = 4 (Fig. 1) is
necessary for the synthesis of iron (VI) in particular K2FeOa
by dry process stable for one year of storage at a
temperature of 30°C and of purity varying between 98.3 to
99.1% under the most favorable conditions (T= 560°C for 5
hours of drying) under a stream of oxygen (fig. 2, 3, 4).
This is compatible with the results of the various
preliminary studies [39, 40], showing the effect of the ratio
of reagents on the synthesis of iron (VI) by the dry route.

A preliminary study by Kopelev and al [41] showed the
effect of the heating temperature of the reaction mixture on
the yield and purity of the phase synthesized by the dry
route by mixing the waste with ferric oxide in a furnace at
800°C, which is compatible with our results obtained at a
temperature of 560°C. As well as Martinez-Tamayo and al
[39] studied the behavior of the Nax02-FeSOs system by
heating it to a temperature of 400°C and under a stream of
oxygen to synthesize pure ferrate VI. However, this view is
only suitable for drying in a temperature range less than or
equal to 400°C, because in reality and at temperatures
above 400°C, K20: is better for the preparation of Fe(VI)
by the dry process. Under a current of oxygen and with a
molar ratio K/Fe= 4 than Na20x.

Despite the studies made on the synthesis of ferrates by dry
process, they remain insufficient until now because of the
use of a high temperature which can lead to explosiveness.
While this method is better for the ability to produce alkali
ferrates (VI) or directly from inexpensive and readily
available starting material (iron oxide), without
complicated electrochemical procedures or preliminary
preparation of reagents [38].

According to our results, 5 hours of heating the reaction
mixture of KoO: with Fe:Os were sufficient at a
temperature of 560°C, under a stream of oxygen to reach
the maximum yield of the synthesis reaction of 99.1%
pure ferrate VI and stable at 30°C. This time means that the
synthesis reaction goes through several stages in order to
stabilize the Iron VI, the iron III used as starting reagents
can go through several intermediate compounds of
oxidation state IV and V in order to reach oxidation state
VI. This is consistent with studies done by Martinez-
Tamayo and al [39] and Kisselev and al [40]. These studies
have shown that we can obtain ferrates (V) and (VI) whose
nature depends on the molar ratio of initial reagents, as well
as Cici and al [42] arrived at the synthesis of ferrate VI by
heating the mixture of ferric oxide and sodium peroxide for
a few minutes at 800°C in several phases.

Several previous studies present the process of synthesis of
ferrate VI by dry route as a green technology for the
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recycling of various waste iron compounds and the most
advantageous compared to other methods of synthesis, to
avoid the procedural complications of wusing the
electrochemical route and preliminary products as well as
avoiding the reaction of ferrates with water, in addition to
their ability to produce ferrates VI in quantity to meet the
growing global demand. The availability of iron oxides as a
starting material that can be found easily and inexpensively,
which makes the cost of synthesis positive and raises the
requirement on a global scale [38], [43].

According to our results, the phase synthesized by dry
process of KoFeOs was analyzed by XRD, IR spectrometer,
UV spectrometry to quantify the degree of oxidation of iron
existing in this phase in a quantitative and qualitative way.
Therefore, the results found by XRD (fig. 5), represent the
VI ferrate peaks compatible with those found by different
authors [34-37], with some minor deviations that may be
due to the difference in the sample preparation and
calibration procedure. This result was confirmed by the IR
spectrometer (fig. 6), which presents absorption bands
characteristic of the symmetry of the molecule or of the
FeO4* groups (tetrahedral structure), which presents a great
similarity with that of the previous authors Li and al. [36];
Griffith [46]; Tarte and al. [47]. However, the tests carried
out under the different experimental conditions (K/Fe =1 —
6, T =200 — 750°C, t = 6 —17h and at the product storage
temperature (T = 20 - 40) are carried out at using a UV
spectrometer by measuring the optical density of the
solution of ferrate (VI) at the wavelength of 507 nm which
determines the existence of iron VI according to the method
of tsapin and al [45]. UV was used extensively in this work
due to its availability and efficiency, to confirm the
favorable results by XRD, IR spectrometer and volumetric
titration analysis (% of phase purity found).

The Mossbauer spectrometer was used only to confirm the
existence of iron VI after 12 months of storage at a
temperature of 30°C (fig. 7), based on its reliability in
revealing the different degrees of iron oxidation that exists
in the phase, therefore, to give a further idea about the rate
of degradation of iron VI and the type of iron thus formed.

The degradation rate of synthesized VI ferrates does not
exceed 3% after one year of storage, is attributed to the low
impurity observed or to the sample preparation and
calibration method.

And finally, the synthesized phase presents an important
progress in the synthesis of ferrate VI by a dry and easy to
elaborate way without preparation of the reagents, nor
electrochemical complications. able to meet the growing
demand for requirements on VI ferrates, thanks to the
availability of different sources of ferric oxides (galvanized
waste, ferric oxides, etc.) as a starting product that can be
found easily and inexpensively, which makes positive on
the cost of synthesis and raises the requirement on a global
scale [38], [43].

6. Conclusion

In this study, we arrived at the most suitable method for the
synthesis of ferrate (VI), in particular K2FeOs stable at a
storage temperature of 30°C by dry process, using the direct
reaction of the mixture of Fe:Os with K202 in the most
favorable experimental conditions to date (K/Fe ratio =4, a
temperature of 560°C for 5 hours under a current of

oxygen).

The dry synthesis process of ferrate (VI) is a very easy and
very promising method, although there is still a need for
more technical and economic improvement regarding the
application of industrial policy.

These results showed that the synthesis of ferrate VI by the
dry route remains the cheapest compared to other synthesis
methods, thanks to the availability of iron oxides as a
starting product which can be found easily and
inexpensively, which makes it positive on the synthesis cost
and lifts the requirement on a global scale. Because iron VI
has become an incredible green technology through their
wide application as an environmentally friendly oxidant,
disinfectant and coagulant in water treatment.

References

[1] Pan, B.,Feng, M., McDonald, T. J.,Manoli, K.,
Wang, C., Huang, C. H., Sharma, V. K. Enhanced
ferrate (VI) oxidation of micro pollutants in water by

carbonaceous  materials:  Elucidating  surface
functionality, Chem. Eng. ., 398 (2020),
Article 125607.

[2] Manoli, K., Maffettone, R., Sharma, V. K,

Santoro, D., Ray, A. K., Passalacqua, K.D.,
Carnahan, K. E., Wobus, C., Sarathy, S., Inactivation
of Murine Norovirus and Fecal Coliforms by
Ferrate(VI) in Secondary Effluent Wastewater,
Enviorn. Sci. Technol., 54 (2020), pp. 1878-1888.

[3] Liu, J,Lujan, H., Dhungana, B., Hockaday, W.
C., Sayes, C. M., Cobb, G.P., Sharma, V.K., Ferrate
(VI) pretreatment before disinfection: An effective
approach to controlling unsaturated and aromatic
halo-disinfection byproducts in chlorinated and
chloraminated drinking waters Environ.
Int., 138 (2020), Article 105641.

[4] Shao, B., Dong, H., Sun, B., Guan, X., Role of
Ferrate(IV) and Ferrate(V) in Activating Ferrate(VI)
by Calcium Sulfite for Enhanced Oxidation of
Organic Contaminants, Environ. Sci.
Technol., 53 (2019), pp. 894-902.

[5] Goodwill, J. E., LaBar, J.,, Slovikosky, D.,
Strosnider, W. H. J., Preliminary assessment of
ferrate treatment of metals in acid mine drainage, J.

© 2023 NSP
Natural Sciences Publishing Cor.



Int. J. Thin. Fil. Sci. Tec. 12, No. 3, 225-232 (2023) / http://www.naturalspublishing.com/Journals.asp

E =

(6]

(7]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Environ. Qual., 48 (2019), pp. 1549-1556.

Shin, J., Gunten, U. Von, Reckhow, D.A.,
Allard, S., Lee, Y., Reactions of ferrate (VI) with
iodide and hypoiodous acid: Kinetics, pathways, and
implications for the fate of iodine during water
treatment,  Environ.  Sci.  Technol., 52 (2018),
pp. 7458-7467

Chen, J., Xu, X., Zeng, X., Feng, M., Qu, R.,
Wang, Z., Nesnas, N., Sharma, V. K., Ferrate (VI)
oxidation of polychlorinated diphenyl sulfides:
Kinetics, degradation, and oxidized products Water
Res., 143 (2018), pp. 1-9.

Luo, C., Feng, M., Sharma, V.K., Huang, C.,
Oxidation of Pharmaceuticals by Ferrate (VI) in
Hydrolyzed Urine: Effects of Major Inorganic

Constituents  Environ. Sci.  Technol., 53 (2019),
pp. 5272-5281.
Sun, S., Jiang,J., Qiu,L., Pang, S. Li, J.,

Liu, C.,, Wang, L., Xue, M., Ma, J., Activation of
ferrate by carbon nanotube for enhanced degradation
of bromophenols: Kinetics, products, and involvement
of Fe (V)/Fe (IV), Water Res., 156 (2019), pp. 1-8.

Sun, X., Zu, K., Liang, H., Sun L., Zhang L., Wang,
C., Sharma, V. K., Electrochemical synthesis of
ferrate (VI) using sponge iron anode and oxidative
transformations of antibiotic and pesticide, J. Hazard.
Mater, 344 (2018), pp. 1155-1164.

Feng, M., Jinadatha C., Mc Donald, T. J., Sharma,
VK., Accelerated  Oxidation  of  Organic
Contaminants by Ferrate (VI): The Overlooked Role
of  Reducing Additives, Environ. Sci.
Technol., 52 (2018), pp. 11319-11327.

Manoli, K., Morrison, L. M., Sumarah, M. W.,
Nakhla, G., Ray, A. K. Sharma, V. K,
Pharmaceuticals and pesticides in secondary effluent
wastewater: Identification and enhanced removal by

acid-activated ferrate(VI), Water
Res., 148 (2019),pp. 272-280.
Liu, Y., Zhang, J., Huang, H., Huang, Z., Xu,

C.,Guo, G.,, He, H, Ma, J., Treatment of trace
thallium in contaminated source waters by ferrate
pre-oxidation and  poly  aluminum  chloride
coagulation, Sep. Purif. Technol., 227 (2019).

Sharma, V.K., Chen, L., Zboril, R., Review on high
valent Fe VI (ferrate): A sustainable green oxidant in

organc  chemistry  and  transformation  of
pharmaceuticals, ACS Sustainable Chem.
Eng., 4 (2016), pp. 18-34.

Sharma, V.K., Zboril, R., Varma R.S., Ferrates:

Greener oxidants with multimodal action in water
treatment technologies, Acc. Chem. Res., 48 (2015),
pp. 182-191

Kolarik,J., Prucek, R., Tucek,J., Filip, I,

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

Sharma, V. K., Zboril, R., Impact of inorganic ions
and natural organic matter on arsenates removal by
ferrate(VI): Understanding a complex effect of
phosphates ions, Water Res., 141 (2018), pp.357-
365.

Karlesa, A., DeVera, G. A. D., Dodd, J. Park, M.
C., Espino, M. P. B, Lee, Y., Ferrate (VI) oxidation
of f-lactam  antibiotics:  Reaction  kinetics,
antibacterial activity changes, and transformation

products,  Environ.  Sci.  Technol., 48 (2014),
pp- 10380-10389.
Jiang, Y., Goodwill, J. E., Tobiason,J. E.,

Reckhow, D. A., Comparison of ferrate and ozone
pre-oxidation on disinfection byproduct formation
from  chlorination and chloramination —Water
Res., 110-124 (2019).

Jiang, Y., Goodwill, J., Tobiason, J., Reckhow, D.,
Impacts of ferrate oxidation on natural organic
matter and disinfection byproduct precursors, Water
Res., 96 (2016), pp. 114-125.

Liu, H., Chen, J, Wu, N.,Xu X.,Qi,
Y., Jiang, L., Wang, X., Wang, Z., Oxidative
degradation of chlorpyrifos using ferrate (VI):
Kinetics and reaction mechanism, Ecotoxicol.
Environ. Saf, 170 (2019), pp. 259-266.

Sun, X., Zhang, Q., Liang, H., Ying, L., Xiangxu,
M., Sharma, V.K., Ferrate (VI) as a greener
oxidant: Electrochemical generation and treatment of
phenol, J. Hazard. Mater., 319 (2016), pp. 130-136.

Luo, C.,, Feng, M., Sharma, V. K., Huang, C,
Revelation of ferrate (VI) unimolecular decay under
alkaline conditions: Investigation of involvement of
Fe (IV) and Fe(V) species, Chem. Eng. J., 388 (2020),
Article 124134.

Lee, Y., Kissner, Y., von Gunten, U., Reaction of
ferrate (VI) with ABTS and self-decay of ferrate (VI):
Kinetics and mechniams, Environ. Sci.
Technol., 48 (2014), pp. 5154-5162.

Cabelli, D. E., Sharma, V. K., Aqueous ferrate (V)
and ferrate (IV) in alkaline medium: Generation and
reactivity, ACS Symp. Ser. 985 (Ferrates) (2008) 158-
166.

Machala, L; Zboril, R; Sharma, V. K; Filip, J;
Jancik, D; Homonnay, Z; Transformation of solid
potassium  ferrate(VI) (K:FeOq): mechanism and
kinetic effect of air humidity, Eur. J. Inorg.
Chem. (2009), pp. 1060-1067.

Wagner, W. F., Gump J. R. And Hurt, E. N; Factors
Affecting Stability of Aqueous Potassium Ferrate (VI)
Solutions, Analytical Chemistry, (1952), Vol. 24, No.
9, pp. 1497-1498. Doi: 10. 1021 /ac60069a037.

Audette, R.J., Quail, J.W., Potassium, Rubidium,

© 2023 NSP
Natural Sciences Publishing Cor.



232

e

A. El Maghraoui et al.: Synthesis of Stable Alkaline Ferrates...

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Cesium, and barium ferrates VI: preparations,
infrared spectra, and magnetic susceptibilities, Inorg.
Chem., 11(1972), pp. 1904 -1908.

Hoy, G., Corson, M., Critical slowing down of spin
Sfluctuations in K>FeOy, J. of Magnetism and magnetic
materials, (1980), 15, 18, p. 627.

Menil, F., Systematic Trends of the *’Fe Mossbauer
Isomer Shifis in (FeO.) and (FeF,) Polyhedra.
Evidence of a New Correlation between the Isomer
Shift and the Inductive Effect of the Competing Bond
T-X (—Fe) (Where X Is O or F and T Any Element
with a Formal Positive Charge, J. Phys. Chem.
Solids, (1985), 46, 7, pp.763-789. doi:10.1016/0022-
3697(85)90001-0.

Licht, S., Naschitz, V., Halperin, L., Halperin ,N.,
Lin, L., Chen, J., Ghosh, S and Liu, B., Analysis of
ferrate (VI) compounds and super-iron Fe (VI)
battery cathodes: FTIR, ICP, titrimetric, XRD,
UV/VIS, and electrochemical characterization, .
Power Sources, (2001), 101, pp. 167-176.

Licht, S., Tel-Vered, R., Halperin, L., Direct
electrochemical preparation of solid Fe (V1) ferrate,
and super-iron battery compounds, Electrochem.
Commun, (2002), 4, 11, pp. 933-937.

Weichun, He ., Jianming, W., Haibo, S., Jianqing
Zhang, and Chu-nan, Cao., Novel KOH Electrolyte
for One-Step Electrochemical Synthesis of High
Purity Solid K:FeOqs: Comparison with NaOH,
Electrochemistry Communications, (2005), Volume7,

Issue 6, pp- 607-611.
doi:10.1016/j.elecom.2005.04.011.
Zhihua, X, Jianming, W., Haibo, S., Zheng,

T., Jianqing, Z., Preliminary investigation on the
physicochemical properties of calcium ferrate (VI),
Electrochemistry Communications, (2007), 9, 3, pp.
371-377.

Hivesa, J., Benova, M., Bouzek, K., Sitek, J.,
Sharma, V.K., The cyclic voltammetric study of
ferrate (V1) formation in a molten Na/K hydroxide
mixture, Electrochimica Acta, (2008), Volume 54,
Issue 2, , pp. 203-208.

Wang, Y. L., Ye, S.H., Wang, Y.Y., Cao, J.S and
Wu, F., Structural and Electrochemical Properties of
a K>FeOq4 Cathode for Rechargeable Li lon Batteries,
Electrochimica Acta, (2009), 54 , 16, P. 41314135.
doi:10.1016/j.electacta.2009.02.053.

Li, C., Li, X. Z., Graham, N., 4 study of the
preparation and reactivity of potassium ferrate),
Chemosphere, 61 (2005), 537-543.

Kanari, N., Gaballah, 1., Evrard, O., Neveux, N.,
Process for the solid synthesis of alkali or alkaline

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

earth metal ferrates and ferrates thus obtained,
French patent, N0.9913389, filing date: October 22,
1999.

Thompson, J. A., Process for producing alkali metal
ferrates utilizing hematite and magnetite, US Patent,
No. 4545974, Application No.: 590567, Filing Date:
March 16, 1984, Publication Date: October 8, 1985.

Martinez — Tamayo, E., Beltran — porter, A., Beltran —
porter, D., Iron compounds in high oxidation states:
II. Reaction between Na:0: and FeSO.4, Therm. Acta,
97(1986), pp. 243-255.

Kisselev, Y.M., Kopelev, N.S., Zav’yalova, N.A.,
perfiliev, Y.D., Kazin, P.E., the preparation of alkali
metal ferrates VI, Russ. J. Inorg. Chem., 34(1989),
pp. 1250-1253.

Kopelev, N.S., Perfiliev, Y.D., Kiselev, Y.M.,
Mossbauer study of soduim ferrates (IV) and (VI), J.
Radioanal. Nucl. Chem., (1992), 162 (2), pp. 239 -
251.

Cici, M., Cuci, Y., production of some coagulant
materials from galvanizing workshop waste, Waste
manage, (1997), 17, 7, pp. 407 — 410.

Lee, Y. H., M. Cho., Kim, J.Y., Yoon, J., Chemistry
of ferrate Fe (VI) in aqueous solution and its
application as a green chemical, J. Ind. Eng. Chem.,
10 (2004), pp. 161-171.

Jiang, J.Q., Lioyd, B., Progress in the development
and use of ferrate VI salt as an oxidant and coagulant
for water and wastewater treatment, Water Research,
36 (2002), pp. 1397-1408,.

Tsapin, A. 1., Goldfeld, M. G., Mcdonald, G.D.,
Nealson, K. H., Moskovitz, B., Solheid, p., Klemner,
W., Kelly S.D.,, Orlandini K.A., iron (VI):
Hypothetical candidate for the Martian Oxidant,
Icarus 147 (2000), pp. 68-78.

Griffith, W; “Infrared Spectra of Tetrahedral
Oxyanions of the Transition Metals” Journal of the
Chemical Society A: Inorganic, Physical, Theoretical,
(1966), pp. 1467-1468.d0i:10.1039/j19660001467.

Tarte, P; and Nizet, G“Infrared Study of Some
Compounds of  the Dype  KxSOq and
BaSO., ’Spectrochimica Acta, (1964), Vol. 20, No. 3,
pp- 503-513. doi:10.1016/0371-1951(64).

Ito, A. and Ono, K;  “Mossbauer Study of Fe®" in
Potassium Ferrate, K2FeQOy,” Journal of the Physical

Society of Japan, 26 (1969), p. 1548.
doi:10.1143/JPSJ.26.1548
Shinjo, T., Ichida, T. And Takada, T. “Internal

Magnetic Field at Fe in 57 Hexavalent States,”
Journal of the Physical Society of Japan, 26 (1969), p.
1547. doi:10.1143/JPSJ.26.1547.

© 2023 NSP
Natural Sciences Publishing Cor.



