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ABSTRACT

There are numerous methods used for wastewaters
treatment. The agents to be used in those methods should be
harmless and degraded to non-hazardous byproducts. Ferrate
(V1) has high oxidation capability and is reduced to a non-toxic
byproduct, Fe (I11), during the degradation of pollutants. Thus,
ferrate (V1) is one of the most influential and eco-friendly
chemical for water and wastewater treatment. This study aimed
to investigate electrochemical ferrate (V1) synthesis, using two
different reactor configurations using pure iron plates (R1) and
cast-iron flakes (R2) as electrode. In this study, the optimum
conditions have been determined experimentally for
electrochemical synthesis of ferrate (\V1). Ferrate (V1) yield and
current efficiency are leading parameters for this purpose. The
most appropriate electrolyte concentration is found as 16 M,
and the applied current of 1 A is the optimum value with the
highest determined current efficiency for both reactor
configurations. In comparison with reactor configurations, R2
with iron flakes provided higher ferrate (V1) yield and current
efficiency providing higher surface area and higher dissolution
rates.

Keywords: Ferrate (VI), reactor design, -electrochemical

synthesis method, optimum conditions.

Elektrokimyasal ferrat (V1) sentezi i¢in farkli
reaktor konfigiirasyonlarinin arastirilmast

0z

Atik sularin aritilmasinda kullanilan ¢ok sayida yontem
bulunmaktadir. Bu proseslerde kullanilan kimyasallarin zararsiz
olmas1 ve tehlikesiz {irlinlere parcalanmasi gerekmektedir.
Ferrat (VI), vyiiksek yiikseltgeyici yetenege sahiptir ve
kirleticilerin pargalanmasi sirasinda toksik olmayan bir yan
iirtine, Fe (III)’ e indirgenir. Bu sebeple, ferrat (VI) su ve atik
su aritim igin en etkili ve ¢evre dostu kimyasallarindan biridir.
Bu caligma elektrot olarak saf demir plaka (R1) ve sert 2) demir
pullar (R2) kullanarak elektrokimyasal ferrat (V1) sentezini
incelemeyi amaglamistir. Bu c¢aligmada, ferrat (VI)’m
elektrokimyasal sentezi i¢in optimum sartlar deneysel olarak
belirlenmistir. Ferrat (VI) verimi ve akim verimliligi bu amag
icin Onde gelen parametrelerdir. En uygun elektrolit
konsantrasyonu 16 M olarak bulunmustur ve uygulanan 1 A
akim, her iki reaktor konfigiirasyonu i¢in en yiiksek belirlenen
akim verimliligine sahip optimum degerdir. Reaktor
konfigiirasyonlarina kiyasla, demir pullu R2 daha yiiksek ferrat
(VI) verimi ve daha yiiksek yiizey alani ve ¢dziinme oranlari
saglayan akim verimliligi saglamistir.

Anahtar  Kelimeler:  Ferrat  (VI), reaktor
elektrokimyasal sentez metodu, optimum sartlar.

tasarimi,

1. INTRODUCTION

Iron has wide variety of valence states ranging from
2- to 8+. All those valence states have different electron
structures, co-ordination numbers and geometries.
However, apart from metallic iron, only two ions of iron
are stable in aqueous medium, namely, iron (II) and iron
(11). However, 6+ valence state of iron which is known
as ferrate (VI), is also stable at alkaline pH values.
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Ferrate (V1) with characteristic purple color is powerful
oxidant. At acidic conditions, its redox potential is more
than that of ozone (2.2 V). For this reason, the synthesis
of ferrate (V1) has been considered by many researchers
and ferrate has been used for water and wastewater
treatment agent for years.

Commonly, there are three ferrate (VI) synthesis
methods, i.e., (1) wet oxidation, by oxidizing a Fe (1)
salt at an extremely alkaline medium by hypochlorite or
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chlorine, (2) dry oxidation, by heating or melting several
iron-oxide-containing minerals at the conditions of
robust alkaline and oxygen flow, and (3) an
electrochemical method, by anodic oxidation of iron or
its alloys in strong alkaline media using NaOH or KOH
as electrolyte. Among those methods, electrochemical
method has numerous advantages for instance safety,
simplicity and cost-effectiveness.” The electrochemical
ferrate (VI) synthesis is noticeably affected by many
factors, mainly, the electrolyte typez’3 and its
concentration, current density4'5, temperatures, anode
type7 and anode structure.”

This study focuses on the determination of
optimum operating conditions for the electrochemical
ferrate (V1) synthesis using two different reactor
configurations. High purity iron plates and iron flakes as
anode were used for the first (R1) and second (R2)
reactor configuration, respectively. NaOH concentration
and applied current were considered as key parameters
that impact ferrate (V1) synthesis in each electrochemical
reactor. Current efficiency and ferrate (V1) yield were
considered for the determination of optimum conditions
for each reactor, and the comparison of reactor
configurations was presented in this paper.

2. MATERIALS AND METHODS
2.1. Materials

Potassium ferrate (K,FeOy, purity of 97%) and sodium
hydroxide (pellets, anhydrous, purity of > 98%) were
supplied from Sigma Aldrich. All solutions were
prepared with high quality pure water using Millipore
Water Purification System. High purity iron plate
electrodes with iron content of 99.195% and cast-iron
flakes were provided by Arti Makina, Turkey. The
electrodes were appropriate for the EN 10025-2
standards.

2.2. Experimental set-up

2.2.1. Reactor configuration using pure iron plates
(R1)

The electrochemical synthesis of ferrate (VI) was
conducted in an electrochemical cell made of plexiglass
material. The dimensions of the cell are 15.5 x 14 x 16
cm, and the wall thickness is 1 cm. Two anodes and two
cathodes (iron plates) were used and they were connected
by way of monopolar mode for each experiment.
Electrolyte solution was mixed using magnetic stirrer.
The experimental set-up for R1 can be seen in Figure 1.

2.2.2. Reactor configuration using iron flakes (R2)

The electrosynthesis was conducted in a plexiglass
electrochemical cell with the dimensions of 22 x 14 x 10 cm,

90

Barisci

E-ISSN:2602-277X

and the wall thickness is 0.4 cm. As seen in Figure 2, plexiglass
material with 20 holes which have 1 cm in diameter was placed
to the bottom of the reactor over 1 cm above. These holes
provided input of the electrolyte to the reactor. Then iron flakes
as anode were located on this perforated material. Pure iron
plate as cathode with the same shape and dimensions of
plexiglass material was situated to top part of the reactor, and
insulant plastic with the same dimensions was placed between
the cathode and iron flakes to prevent short circuit. To
allow stirring the electrolyte, air from air compressor was
provided with silicon pipe. The R2 set-up can be seen in
Figure 2.

Figure 2. Second reactor configuration with iron flakes (R2).

2.3. Methods

The concentration of ferrate (VI) was measured by
HACH DR-5000 UV/VIS Spectrophotometer at 505 nm
of wavelength. Calibration curves were prepared for each
NaOH concentration according to the experiments. For
this purpose, NaOH solutions at various concentrations
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(15 M, 16 M, 18 M and 20 M) were prepared, and
various amounts of potassium ferrate were added to each
solution. After that 0.10; 0.20; 0.25; 0.5; 1.0; 1.5; 2; 2.5
mM potassium ferrate solutions in NaOH were obtained.
The absorbance values were measured at A = 505 nm. R?
values of calibration curves were found more than 0.99.
The calibration curve and UV spectrum of ferrate (VI)
can be found in Figure 3.
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Figure 3. (a) Calibration curve for ferrat (V1) analysis and (b)

the wavelenght scan of ferrat (VI) at different NaOH
concentrations.

450 600

After reactor set-up, the procedure was followed:
before electrochemical synthesis, electrodes were washed
with 0.5 N H,SO, solution for 5 minutes and rinsed with
deionized water, then they were dehydrated in the oven
and located in a desiccator to turn cold. The same process
was applied after each experiment. At that point the
electrodes were weighed before and after the experiments
to notice total amount of dissolved iron experimentally.
As it is seen in Eg. (1), current efficiency (CE) was
determined considering the ratio of the experimental
ferrate (VI) concentration, [Fe (VI)]e to the amount of
ferrate(\V1) which was calculated theoretically, [Fe (V)]
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according to the Faraday’s Law in Eq. ( 2).

Current Efficiency (CE) (%) = [Fe (VD] / [Fe (VD]; x
100 1
)

Where M,, is the molecular weight of ferrate (V1) (120 g
mol™), i is applied current (A), t is electrolysis time (sec);
z is electron number in the reaction, F is a constant of
Faraday’s Law (96485 Coulomb/mol).

All experiments were conducted at room temperature.
Continual current (DC) was provided by GW Instek PSP-
405 Programmable power source. The electrolytic
voltage was noted through the electrolysis. Different
alkaline concentrations were used to evaluate the effect
of NaOH concentration on the ferrate (VI) synthesis
yield. Besides, different applied current values (1, 3 and
5 A) were applied to see the effect. Electrosynthesis
period was 3 hours for all applied current values.
Samples were analysed using UV-Vis spectrophotometer.
Measurements were repeated, and the average value was
presented. The optimum conditions were determined
considering ferrate (V1) yield and CE.

[Fe (VD]i=Myxixt/zxF

3. RESULTS AND DISCUSSION

3.1. Effect of parameters for reactor configuration-R1
(pure iron plates)

One of the key factors that affects the
electrochemical ferrate (VI) synthesis is the type of
electrolyte and its concentration.” The electrolyte type
determines the dissolution rate of iron anode and the
formation of oxo-hydroxide layers occurring on the
anode surface.” NaOH is the principal electrolyte for
electrochemical synthesis of ferrate (VI)."" Figure 4
presents the ferrate (VI) yield at different electrolyte
concentrations and applied current values.

As seen from Figure 4, the maximum ferrate (VI)
yield was obtained with 16 M NaOH media at applied
current of 5 A (1.28 g I"). 20 M NaOH media also
provided high ferrate (V1) yield (1.278 g I™%). It can be
said that increasing electrolyte concentration provided
higher ferrate (VI) vyield. Increasing electrolyte
concentration provides higher dissolution rates of iron
electrode and prevents formation of oxo-hydroxide layer
on the anode surface. Furthermore, increasing alkalinity
enhances produced ferrate (V1) stability. In other words,
ferrate (V1) stability decreases with decreasing NaOH
concentration. While ferrate (V1) formation takes place in
a reactor, it simultaneously reduces to Fe (IlI). In this
case, only 18 M NaOH media provided less ferrate (V1)
yield.
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Figure 4. Ferrate (V1) yield in terms of different applied current values and NaOH concentrations: a) 15 M, b) 16 M, c¢) 18 M and d)

20 M for reactor design, R1.

Applied current is another important parameter
which affects ferrate (V1) formation yield. As seen from
Figure 4, increasing applied current provided higher
ferrate (V1) concentration independent from NaOH
concentration. Figure 5 shows current efficiency values
in terms of applied current and NaOH concentrations. As
seen, current efficiencies were found as 71.5%, 55.9%
and 68.3% for applied current values of 1, 3 and 5 A at
16 M NaOH media, respectively. Similar trends were
observed at other mentioned NaOH concentrations. It can
be said that the lowest applied current value provided the
highest current efficiency. This may be due to the
competition between produced ferrate (V1) and oxygen
evolution on the anode surface. Increasing current and
potential causes more participation of this adverse
reaction to the mechanism and this lowers current
efficiency.12 Besides, the formation of H, gas on the
cathode side increases with increasing current and this
may lower electron transfer area due to hydrogen
bubbles.* Consequently, in the case of reactor design-
R1, applied current of 1 A can be chosen for optimal
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point providing the highest current efficiency and
reasonable ferrate (V1) yield (1.14 g I).
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Figure 5. Current efficiencies and in terms of applied current
and NaOH concentration for reactor design, R1.
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3.2. Effect of parameters for the second reactor configuration-R2 (iron flakes)

To determine the effect of anode type and reactor
configuration on the electrochemical ferrate (VI)
synthesis, the experiments was conducted at the same
electrolyte concentrations and applied current values and
Figure 6 represents ferrate (VI) yields at those
conditions. As seen from Figure 6, the highest ferrate
(V1) yield was gained under the applied current of 5 A
with 16 M NaOH media (2.28 g I™) after 3 h. This is
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similar with the results for R1. While ferrate (VI) yield
increased with increasing NaOH concentration from 15
M to 16 M, further increase in NaOH concentration did
not provide higher ferrate (V1) yield. Also, increasing
applied current provided higher efficiency for all NaOH
concentration except 20 M NaOH media. Beyond applied
current of 3 A, ferrate (V1) yield significantly reduced in
20 M NaOH media.
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Figure 6. Ferrate (V1) yield in terms of different applied current values and NaOH concentrations: a) 15 M, b) 16 M, c) 18 M and d)

20 M for reactor design, R2.

When current efficiencies are considered (see Figure 7),
the highest efficiency was observed with applied current
of 1 A, and the efficiency reduced with increasing
applied current values for all NaOH concentrations.
Increasing applied current provides higher dissolution of
iron anode. However, oxygen evolution also increases
with increasing applied current which may affects ferrate
(V1) yield negatively. When ferrate (V1) starts to form in
the anode surface with dissolving iron anode, oxygen
evolution also participates to the mechanism as
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mentioned above. Besides, electrical energy affects the
electrochemical reactions by the generation of H, gas.
The domination of these situations determines ferrate
(V1) yield. In this case, applied current of 5 A provided
the highest yield. However, current efficiency was the
lowest. Consequently, in this case, applied current of 1 A
can be chosen for optimal condition with 1.73 g I"* ferrate
(V1) yield and 169.9% current efficiency in16 M NaOH
media. In the overall assessment, where the most suitable
electrolyte concentration was 16 M, applied current of 1
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A was the optimum value with the highest provided
current efficiency for both reactor configurations.
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Figure 7. Current efficiencies in terms of applied current and
NaOH concentration for reactor design, R2.

When reactor configurations were compared, R2 with
iron flakes provided higher ferrate (V1) yield and current
efficiency. This may be due to higher surface area of iron
flakes and high dissolution rates.

4. CONCLUSIONS

Ferrate (VI) was produced using different reactor
configurations with iron plates and cast-iron flakes in this
study. Optimum conditions such as electrolyte
concentration and applied current were determined for
both reactor configurations considering the ferrate (V1)
yield and the highest current efficiency. Using cast-iron
flakes with high surface area provided higher ferrate (V1)
yields with the highest current efficiency.
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