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Abstract The anolyte composition and process temper-
ature could improve the kinetics of iron anode dissolution
and subsequent ferrate(VI) production significantly. This
also holds for the anode composition. Silicon-rich steel
(SRS) was employed as the anode material to produce
ferrate(VI), and the characteristics observed were com-
pared with those of the pure iron anode obtained during our
previous study. Using anolytes 14 M NaOH, 14 M KOH
and mixtures thereof, the systems were studied by means of
potentiodynamic methods, electrochemical impedance
spectroscopy and batch electrolysis experiments. In addi-
tion, scanning electron microscopy and metallographic
images of the material surface were taken to identify
changes in the phase composition of the material, caused
by anodic polarization in strongly alkaline solutions. The
dissolution kinetics increases with increasing temperature
and, at 60 °C, also with increasing K" content in the an-
olyte. Compared to iron, SRS easily dissolves into fer-
rate(VI), even at 20 °C in pure NaOH, indicating the lower
inferior protective properties of oxy-hydroxide surface
layers. The current efficiency achieved was almost 55%
under these conditions. In the other anolytes, a maximum
current efficiency of ca. 40% was obtained at 60 °C. The
authors conclude that, at 60 °C, the efficiency is lowered
by intensified oxygen evolution. This causes intensive
solution convection, disturbing the surface conditions
supporting ferrate(VI) formation.
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1 Introduction

This article focuses on the electrochemical synthesis of a
ferrate (ferrate means ferrate(VI) throughout this text), a
compound of iron in the oxidation state +VI. Lacking six
electrons in the valence shell, ferrate represents one of the
strongest oxidants. Owing to its high oxidation power, it
could be used in several industrial applications, especially
in drinking and/or waste water treatment technology [1].
The low stability of ferrate in an aqueous environment
still complicates the production of pure ferrate in sufficient
amounts and at a reasonable cost. There are several ways of
synthesizing ferrate, some of them have been known for
more than two centuries [2]. Of these, only the electro-
chemical method is an easy-to-operate procedure, provid-
ing a product of high purity. A recently published review
article [2] summarized the current state-of-the-art of this
method, including its advantages and limitations. A fol-
lowing article brought the results of our first attempt to find
the optimum conditions for ferrate synthesis from the point
of view of the cation composition of the electrolyte and the
process temperature [3]. Pure iron served as the anode in
this case. This article puts forward the electrode compo-
sition as a third parameter in the search for an optimum
synthesis process. Several authors have addressed this
aspect of the ferrate synthesis process. Lescuras-Darrou
et al. [4] showed that, when present in the anode material,
silicon positively influences ferrate production. Lapicque
et al. [5] then reported the mixing of KOH with a basic
NaOH electrolyte to improve the performance of a silicon-
rich steel (SRS) anode. Unfortunately, this study did not
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involve an accurate adjustment of the temperature and the
molar concentration of the OH™ ion. Regarding the results
of these investigations [4, 5], the mechanism of the dis-
solution of an SRS material seems to differ from that of
pure iron. In [6], it was stated that in the white cast iron
anode the Fe;C phase dissolves readily even at lower
temperatures compared with the rest of the anode material.
This leads to the continuous exposure of new/fresh anode
material. Thus, at low temperatures (20 °C) white cast iron
anode dissolves faster than a pure iron one. One theory
suggested here is that silicon may depress the inhibition of
surface dissolution in the same way as Fe;C. This article
results from an attempt to verify this theory. In addition,
the authors aimed to define the optimum conditions, i.e.
temperature, current density and electrolyte composition,
for ferrate synthesis with an SRS anode.

The potentiodynamic voltammetric (PV) experiments,
electrochemical impedance spectroscopy (EIS) measure-
ments and batch electrolyses enabled us to interpret the
dissolution mechanism of SRS. The investigations were
conducted in electrolytes similar to those identified in [3],
and similar conditions were applied. This made it possible
to compare the characteristics obtained with SRS and
pure iron. Furthermore, SEM images and metallographic
analysis were used to detect changes in the surface state.

The kinetics of the electrochemical step in the ferrate
formation mechanism is faster when SRS is employed as
the anode. This anode already dissolves readily at 20 °C
with sufficient current efficiency compared with iron which
showed a partial inhibition of the surface. The metallo-
graphic analysis and SEM images prove that the presence
of silicon inclusions in the SRS structure significantly
reduces inhibition of the surface.

2 Experimental

A detailed description of the chemicals, apparatus and
procedures used can be found in [3]. The following infor-
mation is supplementary. The PV and EIS experiments
were performed in a classical three-electrode arrangement.
The working electrode had an active surface of 0.196 cm?
and contained 3.17 wt% Si and the following impurities:
047 wt% Cu, 023 wt% Mn and 0.03 wt% Ni (AISI
M-27). The results are related to an HgO/Hg reference
electrode with 14 M NaOH as the internal electrolyte.
The counter-electrode was a platinum plate with an active
surface area of 0.84 cm”®. The working electrode was
cathodically pre-polarized at 20 mA cm™? for 5 min
before each experiment. In the case of the PV experiments,
a recording of the polarization curve at the studied sweep
rate (5-500 mVs~') immediately followed pre-polariza-
tion. In the case of the EIS experiments, the electrode
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potential was held at a required value for 10 min, and then
an impedance spectrum was recorded in the frequency
range of 60 kHz-10 mHz. An ac signal amplitude of
10 mV was used. All the experiments were performed
under nitrogen atmosphere.

The batch electrolyses were carried out in galvanostatic
mode in a cell with a PVC diaphragm separating the anode
and cathode compartments. The active surface area of the
anode was 51.6 cmz, the anolyte volume comprised 70 cm’.
The galvanostatic experiment was carried out for 180 min
after 30 min cathodic pre-polarization at 20 mA cm™*

Before a metallographic analysis, the sample of anode
material was polished with P4000 emery paper (Buehler,
USA). The sample was then etched in a 2% HNOj; solution
in ethanol for approximately 2 min at room temperature.

Before SEM analysis, the following procedure was
applied: the electrode surface was cathodically pre-
polarized at a current density of 20 mA cm ™2 for 5 min.
The polarization was then immediately switched to anodic
and a current density of 15 mA cm™2 was applied for
15 min. After polarization, the electrode was rinsed with
distilled water, dried in hot air and analysed immediately.
During this SEM study, 14 M KOH or 14 M NaOH was
used as electrolyte at temperatures of 20 or 60 °C.

3 Results and discussion
3.1 Voltammetric experiments

The current peaks observed on the polarization curve of
SRS in the two electrolyte solutions at 20 °C (Fig. 1) can
be ascribed to reactions similar to those for an iron elec-
trode in [3]

Peak AI: oxidation of metallic Fe to Fe(Il), Eq. 1 in [3]

Peak AII: oxidation of Fe(Il) to Fe(IIl), Eq. 2A-2C in [3]

Peak AIII: the restructuring of the anode surface layer

Peak AIV: reactions related to ferrate formationm, Eq. 6
in [3]

Peak CIII: ferrate reduction to Fe(III)

Peak CII: reduction of the surface layer from Fe(II)
back to Fe(II)

Peak CI: subsequent reduction to Fe(0)

Compared to the iron electrode, several differences
were observed. Firstly, the current density increased in the
passivity region (—0.1 to 0.48 V at 20 °C, NaOH), forming
a new current density peak AIIIB. With increasing
temperature, this peak was shifted to more cathodic
potentials. Secondly, new peaks were found in the potential
region of cathodic reduction (<0.65 V). In both the cases,
the new peaks are most probably related to the phase
structure change of the SRS electrode.
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Comparing the polarization curves for the individual
electrolytes in Fig. 1, KOH showed a higher current
density at 20 °C. However, increasing temperature also
resulted in a significant increase in current density in
NaOH, especially in the potential region of the AIIIB peak.

On all polarization curves, a significant hysteresis was
observed in the region of anodic switch potential. This
should be attributed to a considerable diminution in the
inhibition of the electrode surface most probably caused by
intensive oxygen evolution.

The higher current density response in KOH in the
potential region of peaks CI-CIII can be explained by the
higher amount of reducible products, mainly ferrate,
deposited on the electrode surface under the experimental
conditions. Owing to the relatively low current density
values in the potential region of —0.1 to 0.4 V in the
reverse sweep, it is possible that these products are
deposited in solid form.

The subsequent addition of K* ion to the basic NaOH
electrolyte (not documented here) caused a gradual potential
shift of both the initiation of the transpassive region
(peak AIV) and the peak CIII position to more cathodic
values. This proves the gradual passivation of the electrode
surface towards the chemical dissolution in the potential
region of —0.4 to 0.2 V. The gradual increase in current
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Fig. 1 The polarization curves of the SRS electrode in NaOH (black)
and KOH (grey) at a potential sweep rate of 5 mVs~". The temperature
is indicated on the graphs; arrows indicate the sweep direction

density of peak CIII may be ascribed to the higher amount
of solid product depositing on the electrode surface.

An analysis of the Tafel slope of pseudo-stationary
polarization curves taken at a potential sweep rate of
5mV s~ is in good agreement with the iron electrode
results [3]. This corresponds to the theory that the elec-
trochemical reaction connected with the current density
increase in the potential region of peak AIV is due to a one-
electron transition. This indicates that the material itself
does not influence the mechanism of ferrate formation.

The influence of the potential sweep rate on the
characteristics of peaks AIV and CIII was studied in the
next step. The current density value at a potential corre-
sponding to peak AIV increased with the potential sweep
rate under all conditions being studied (electrolyte com-
position; temperature) (Fig. 2). However, after reaching a
certain maximum at ca. 100-200 mV s™', the increasing
potential sweep rate led to a decrease in current density.
This might be associated with a chemical step preceding
the electrochemical one in the reaction mechanism [3]. The
chemical step seems to become rate determining when the
potential sweep rate exceeds ca. 100 mV s

The current density values increased with increasing
temperature, thus documenting an enhancement of the
electrochemical reaction kinetics. At the same time, the

Bt
F20°C ., o ]
8 6 e O L) ]
€ L * o]
o + 8 4
< 4F n -
E : QD 0 0 &1
— 2__88D Et
0
L wf C ]
et . ]
§ | ]
< [ ge 8 § ]
E1o—88. u A
—  [og ]
g ¢
L
sl 60°C o i
R L g J
£ a ¥ 1 g
o | ]
< r - ]
Eor g8 o]
— _80. l
_.. 4
Olllllwllllwwlllllllll
5 10 15 20

V1/2 / (mv S-1)1/2

Fig. 2 The dependence of the current density in the potential region
of peak AIV on the potential sweep rate. Electrolyte composition:
filled circle NaOH, open circle Na":K" = 3:1, rhombus Na™:K" =
1:1, open square Na™:K" = 1:3, filled square KOH, the temperature
is indicated
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Fig. 3 The dependence of the reciprocal value of the current density
read at one potential in the peak AIV potential region on square root
of the rotational speed. Electrode: SRS; electrolyte composition: filled
circle NaOH, open circle Nat:K* = 3:1, rhombus Na™:K" = 1:1,
open square Nat: K+ = 1:3, filled square KOH; the temperature is
indicated in the graphs

role of the individual cations (K and Na™) in the product
formation mechanism obviously changed. At 20 °C, the
highest current density was attained in NaOH. At 60 °C, it
was similarly high for all mixed solutions and NaOH. This
was caused by the changing the solubility of the reaction
intermediates and products.

The current density value of peak CIII increased with
increasing potential sweep rate in the entire temperature
range being studied (not shown here). This increase cor-
responds to the diffusion of the ferrate product originating
at the electrode (at the potential of peak AIV) from the
surface to the bulk of the electrolyte. The increase is not so
steep for electrolytes with a high K* content, again docu-
menting the effect of changing ferrate solubility. The cur-
rent density of peak CIII also increased with increasing
temperature. In NaOH at 60 °C, however, ferrate reduction
is observed only at a high potential sweep rate, since the

product decomposes rapidly under these conditions. In
comparison with the pure iron electrode [3], the current
density of CIII was higher in the case of the SRS electrode.

In the next step, the influence of mass transport on the
system behaviour was studied by means of a rotating disc
electrode. The polarization curve changed only slightly
with an increasing electrode rotation rate. Firstly, the cur-
rent density values increased in the passivity potential
region. This indicates that the process taking place in the
passivity region depends on the mass transport to or from
the electrode surface. In agreement with Zou and Chin [7],
it can be concluded that in this potential range the electrode
dissolution products precipitate on the electrode surface in
the form of a salt layer. Secondly, the current density of
peaks AIV (Fig. 3) and CIHI decreased with increasing
electrode rotation rate. This corresponds to the fact that the
reactants and products were drawn away from the electrode
vicinity and, therefore, could not participate in the elec-
trode processes. Thirdly, the hysteresis of the polarization
curves in the transpassive potential region was more pro-
nounced at a higher rotation speed. This constitutes evi-
dence of lower electrode passivation due to higher
electrolyte convection. It leads to the intensive transport of
precipitating salts to the electrolyte bulk, and more inten-
sive oxygen evolution.

The data from Fig. 3 were processed by Koutecky—
Levich analysis, the method being described in detail in
[3], and the values of kinetic current density were calcu-
lated (Table 1).

The data in Table 1 show that temperature is essential to
the increase in electrode reaction kinetics in all the anolyte
solutions studied. The presence of a second cation (K™) in
the electrolyte exhibited a positive influence at elevated
temperatures, since the highest values of kinetic current
density were observed in all mixed solutions at 40 and
60 °C.

3.2 EIS experiments

An example of the impedance spectra obtained for the SRS
electrode is given in Fig. 4. Similar to the iron electrode
[3, 8], the process exhibits two kinetic constants at the SRS
electrode. Therefore, the physical model of two macro
homogeneous surface layers was applied in this case, too.

Table 1 The values of kinetic current density (mA cm™?) of the SRS electrode at the temperatures studied in 14 M OH™ solutions of various

Nat:K* ratios

Solution °C NaOH Nat:Kt = 3:1 Nat:K* = 1:1 Nat™:Kt = 1:3 KOH

jK 20 23+0.2 22+0.3 1.9 +£0.2 1.3+£0.3 2.0+ 0.3
40 72 +£0.5 83+ 0.5 6.7 £ 0.7 83+ 09 6.5+ 1.0
60 27.7 £ 3.8 29.1 £22 299 £ 32 30.6 + 3.0 258 £ 44
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The theory of the duplex sandwich assembly of the pas-
sivating layers was taken into account similarly as was done
in [9], and similar to that article the “passive pit” model
[10] was then used for data processing. An equivalent
circuit expressing this model consists of two parallel
R-CPE elements and one resistance element connected in
series (see Fig. 5 in [3] for a detailed description). The
solid lines in Fig. 4a represent the data calculated on the
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basis of an equivalent circuit using the parameters opti-
mized from the experimental data. They also confirm that
the proposed model agrees well with the experimental data.

The optimized parameters were further processed, as
shown, for example, in Fig. 5 for NaOH. The resistance
values of the inner layer were approximately constant up to
an electrode potential of 500 mV, and slowly decreased
with a further increase in potential. The resistance of the
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Fig. 5 The fitted values of the equivalent circuit elements: resistance
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dependence on the anodic polarization potential of the SRS electrode
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grey, and 60 °C black symbols
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outer layer continuously decreased with increasing poten-
tial at 20 and 40 °C. At 60 °C, this resistance dropped
drastically to almost zero at 525 mV and remained constant
at higher potential values. This indicates the total disap-
pearance of the layer from the electrode surface. The
increasing temperature caused a gradual decrease in the
resistance of both the inner and the outer layer.

The two-layer capacities increased with temperature.
The inner-layer capacity, C, increased with applied
potential up to a certain limit (675 mV at 20 and 40 °C;
550 mV at 60 °C), and then remained almost constant.
This indicates a decrease in the thickness of the inner layer
or an increase in real surface, and thus its protective
capacity gradually declined. This is further documented by
a gradual decrease in the parameter ¢. The capacity of the
outer layer also increased slightly with the applied poten-
tial, indicating its increasing porosity. Its values, however,
became very scattered (which also holds for the parameter,
¢). It can be assumed that the outer layer disintegrates at
a high temperature and potential and does not represent
a significant barrier for the electrochemical reactions to
take place at the electrode surface.

A comparison of the fitted values for the individual
electrolytes (Fig. 6) shows dependencies on the increasing
K content similar to the iron electrode [3]. The inner-layer
resistance decreased dramatically with the first addition of
K" to a basic NaOH solution and then remained almost
constant. At temperatures of 20 and 40 °C (denoted as
(a) and (b) in Fig. 6, respectively), a similar drop was
observed in the resistance of the outer layer. At 60 °C

(denoted as (c) in Fig. 6), the resistance of the outer layer
gradually increased with the K* content up to a ratio of
Na™:K* = 1:3 and again dropped significantly in KOH.

The maximum capacitance of the inner layer was
achieved in the solution Na™:K™ = 1:1 at 20 and 40 °C. At
60 °C, the capacitance gradually decreased with increasing
K™ content. The resistance of the outer layer progressively
increased with K+ content up to a solution composition of
Nat:K* = 1:3 at 20 °C. By contrast, its values continu-
ously decreased at a higher temperature.

Comparing the behaviour observed for the iron electrode,
the layers covering the SRS electrode surface are less
stable. The outer layer lost its protective properties
entirely (a resistance value lower than 1 Q) under far
milder conditions than in the case of pure iron. The inner
layer also became porous at a high temperature and
potential, and its resistance dropped to units of Ohms.
The drop in the resistance of the layers was generally
further accentuated by the presence of K™ in the solution.
On the other hand, this most probably led to marked stabil-
ization in the case of the outer layer as the parameter
C decreased with increasing content of K*. Here, two
counteracting factors should be considered. On the one
hand, the more aggressive character of the electrolyte
with higher K* content causes intensive layer disinte-
gration. On the other hand, the lower solubility of the
dissolution products (K,FeO, or potassium salts of the
intermediate products) leads to their precipitation into
the pores of the outer layer, causing the subsequent
stabilization of the layer.

Fig. 6 The fitted values of 15 T T T _ T T T
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(right) values obtained for the 10 ‘\-‘E 40 E 3
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3.3 Batch electrolyses

The current efficiency of the batch electrolyses was
calculated with respect to the ferrate concentration in the
anolyte, resulting from 3-hours electrolysis (Fig. 7). At
20 °C, the highest current efficiency of about 53% was
achieved with NaOH as the electrolyte. The mixed elec-
trolytes showed higher current efficiency (by 10-15%)
than pure KOH. This documents the positive effect of the
addition of Na™ ion to enhance electrode dissolution. With
a temperature increase, the current efficiency gradually
decreased in NaOH. At 40 °C, the maximum efficiency
values of around 35% were achieved with a solution of
Na™:K* = 3:1, but the efficiency values were well com-
parable in all the solutions used.

In general, the efficiency decreased with increasing
current density at temperatures of 20 and 40 °C. However,
this is not the case with a temperature of 60 °C, where
the efficiency is nearly constant for the solutions KOH,
Nat:K* = 1:3 and Na™:K" = 1:1 (around 35%) even at
high current density.

Similar to the pure iron study [3], the current efficiency
gradually decreased with temperature, when using the NaOH
electrolyte. Rapid product decomposition is responsible for
the efficiency decrease in NaOH in the case of the pure iron
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Fig. 7 Dependence of current efficiency of ferrate formation after
180 min of batch electrolysis on anodic current density at various
temperatures obtained for the individual electrolytes used: filled circle
NaOH, filled square KOH, open circle Na™:K* = 3:1, rhombus
Na™:K" = 1:1, open square Na™:K™ = 1:3; electrodes: SRS

electrode. In the case of the SRS electrode, another process
affects the current efficiency value at higher temperatures.
The data in Fig. 8 describe how the iron content in oxidation
states lower than +VI in the solution developed with
increasing current density. At 20 °C, the current efficiency
is reduced by the product decomposition in NaOH. Yet,
the low current efficiency is caused by the parasitic reaction
of oxygen evolution, rather than ferrate decomposition at
higher temperatures. This follows from the concentration
dependency of iron in an oxidation state lower than VI+ in
the solution, which does not increase substantially with
current density. Ferrate decomposition caused lower effi-
ciency only in Na™:K™ = 3:1 solution at 60 °C. The use of
other solutions led to a more stable product.

The results reveal that the kinetics of individual reac-
tions has a significant effect on the dissolution of the
material. The composition of the anode material is mainly
essential for fast dissolution at low temperatures, at which
the dissolution of pure iron is very slow. This statement is
especially valid for NaOH as an anolyte. The solubility of
the product in solutions containing K™ is low, and there-
fore, it leads to a surface blockage to further dissolution.
At higher temperatures, the dissolution yielded to oxygen
evolution in NaOH. In the other solutions, the stability of
the product was still sufficient; the arising solid salts of
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total iron and FeOj contained in the electrolyte on completion of
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NaOH, filled square KOH, open circle Na™:K* = 3:1, rhombus
Na™:K" = 1:1, open square Na™:K™ = 1:3; electrodes: SRS
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Fig. 9 Metallography of SRS after etching in 2% nital for 5 min

product did not block the electrode surface to such an
extent.

On the basis of the batch electrolysis results, the most
efficient process conditions were determined to be NaOH
solution at 20 °C at a current density of approximately
5 mA cm™ 2. Other conditions could be recommended for
the industrial application of electrochemical ferrate syn-
thesis: at 60 °C, the synthesis could be operated at high
current densities (up to 30 mA cm %) without loss of
efficiency due to ferrate decomposition.

3.4 Metallography and SEM analysis

A metallographic image of the SRS material is shown in
Fig. 9. The material is constituted of individual grains of
ferrite with homogeneously dissolved silicon; the silicate
inclusions originating from steel production are confirmed
by well-detectable black dots on the material surface.

The SEM images of the SRS anode surface taken after
15 min of polarization at 20 °C are given in Fig. 10.

In NaOH, SRS dissolves most intensively at the grain
boundaries; thus the porosity of the material increases. The
segregated silicon most probably accumulates at the grain
boundaries where it induces anodic dissolution. It was also
observed that the dissolution proceeded intensively in the
surface area of the silicate inclusions (Fig. 10, on the left).
This supports the theory of limitation of the electrode
surface, caused by the passivity of the electrode surface due
to silicon dissolution from its structure. The dissolution is
then less selective in KOH. Compared with NaOH, the sili-
cate inclusions seemed to be inert towards the dissolution in
KOH. This finding is in agreement both with the voltamme-
try and the batch experiment results. While the voltammetric
experiments showed the anodic peak in the transpassivity
potential region corresponding to the exposure of the fresh
electrode surface, the batch electrolyses showed the highest
efficiency under these conditions.

The SEM images of SRS, taken after polarization at
60 °C, show more intensive dissolution of the material in
both electrolytes (Fig. 11). A detailed analysis of these
photographs is complicated by the fact that the bare surface
of the material is not visible. It could be assumed that the
mode of dissolution is the same as at 20 °C. In the case of
dissolution in NaOH solution, the surface is covered by
a strongly hydrated layer that flaked from the surface after
drying (see Fig. 11 on the left). In the electrolytes con-
taining K™, the surface irregularities indicate that the sili-
cate inclusions probably fall out of the material as a whole
during dissolution and reveal the new electrode surface for
the electrolytic action. This promotes the continuous acti-
vation of the electrode surface.

4 Conclusion

The SRS material was found to be a suitable anode material
for electrochemical ferrate synthesis. The surface of an iron

4,4E002x

— 60 pm — 44E002x

— 80 pm —

Fig. 10 SEM images of SRS after 15 min anodic polarization at 20 mA cm~ 2 in NaOH (on the left) and KOH (on the right), temperature 20 °C
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Fig. 11 SEM images of SRS after 15 min anodic polarization at 20 mA cm ™2 in NaOH (on the left) and KOH (on the right), temperature 60 °C

material alloyed with silicon dissolves rapidly even at
20 °C in pure NaOH. This is caused by less protective
surface layers and by favorable dissolution of the silicate
phase from the material’s structure. Since the solubility
of ferrate is lower in solutions containing K, KOH and
mixed solutions are preferred as anolytes at higher tem-
peratures because the ferrate formed is stabilized in a solid
form. At 60 °C, the ferrate formation process is disrupted
by intensive oxygen evolution. However, using the SRS
anode, the authors did not observe the inhibition that is
usual for a pure iron anode at high current density.

The authors therefore conclude that the most efficient
process conditions appear to be NaOH solution at 20 °C

and a current density value of 5 mA cm ™.
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