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Influence of anode material on current yield during
ferrate(vi) production by anodic iron dissolution
Part III: Current efficiency during anodic dissolution
of pure iron to ferrate(vi) in concentrated alkali
hydroxide solutions
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The dependence of the current efficiency for the oxidation of a pure iron (99.95%) anode to ferrate(vr)
ions in 14 M NaOH was measured in the region of bubble induced convection for the temperature
range 20 to 50 °C. The highest current yield obtained after 180 min electrolysis was 60% at a current
density of 2.3mA cm 2 and a temperature of 30°C. The same current yield was found at a current
density of 4.5mA cm 2 and a temperature of 40 °C. The dependence of the ferrate(vi) current yields
on the NaOH concentration in the electrolyte solution was studied in the range 12 to 17M. The
optimum concentration was found to be 16 M. The quasistationary anodic polarization curve of pure
iron in the transpassive potential region was measured. Apparent oxygen evolution starts at a po-

tential 110 mV higher than for white and grey cast iron anodes.

1. Introduction

In the first two parts of this series grey [1] and white [2]
cast iron were used as anode material. These materials
contain part of their carbon as graphite and part as
iron carbide or as iron carbide (Fe;C) only, respec-
tively. The current yields obtained for these two ma-
terials differed considerably.

The literature review [3-9] was provided in [1]. Most
recently the electrochemically ferrate(vi) production
was studied by Denvir and Pletcher [10] using a three-
dimensional anode. These authors also studied the in-
fluence of anode composition on electrochemical ferr-
ate(vi) generation [11]. They found that increasing
carbon content in the anode material in the range 0.08 to
0.9 wt % has a positive influence on the yield obtained.

There are two possible reasons for the differences
between current yields found by different authors
[1-9]. These are the differences in the anode material
composition and the analytical method used for the
estimation of ferrate(vi) content in the anolyte [2]. The
use of a pure iron anode (99.95%) represents one lim-
iting material composition; these new experiments to-
gether with the previously obtained results for grey [1]
and white [2] cast iron may clarify the influence of the
material composition on the ferrate(vi) current yield.

2. Experimental details

Chemicals, analytical methods, as well as the appa-
ratus are described elsewhere [1]. The anolyte volume
was 90 ml. The anode material was Fe of 99.95 wt %
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purity containing less than 0.005 wt % C, 0.0048 wt %
Ni and 0.0003wt% Mn. All carbon in the anode
material was in the form of iron carbide Fe;C. The
anode was activated by cathodic prepolarization for
30 min at a current density (c.d.) of 20mA cm™ be-
fore the start of the experiment. (For details, see [9])

3. Results

3.1. Influence of electrolyte concentration
on the ferrate(vi) current yield

The concentration of the NaOH in the electrolyte was
varied in the range 12 to 17 M. The current yield was
measured using an anodic c.d. of 4.4mAcm ? and
temperatures of 20 and 40°C. In Fig. 1 the depen-
dence of the ferrate(vr) current yield on the electrolyte
concentration after 180 min of electrolysis is given,
showing a maximum yield, for both studied tem-
peratures at 16 M NaOH, of 28% and 63% at 20 and
40 °C, respectively.

The ratio of the total iron to Fe®* concentration in
the anolyte shown in Fig. 2 decreases progressively
over the whole NaOH concentration range studied at
20°C. At 40°C the ratio exhibits a flat minimum at a
NaOH concentration of 15 M.

3.2. Dependence of ferrate(vi) current yield on
electrolyte temperature and anodic current density

The temperature of the electrolyte was varied be-
tween 20 and 50 °C and the anodic c.d. was varied in

679



680

K. BOUZEK AND I. ROUSAR

M ——————

T 1
a0 l:,/" K =

50 -
2 <
- . @’/ 1
= 40, g
. i
=
= i
'1 -
OE 3 | ________4::-)— — i
= A
b //' 4
20 - ,_..—9/ 7]
I (3'";-(
10 ]
0 [ N . N | L 1 L L | L P
10 12 14 16 L]

Llectrolyte concentration / M NaOH

Fig. 1. Dependence of ferrate(vi) current yield on electrolyte con-
centration at c.d. 4.4mA cm™. Duration of electrolysis: 180 min;
temperature: (O) 20°C and (O) 40 °C.
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Fig. 2. Dependence of ratio of total iron to Fe®* content in anolyte
on electrolyte concentration at c.d. 4.4mAcm 2. Duration of
electrolysis: 180 min; temperature: (O) 20 °C and ((J) 40 °C.

the range 0.8 to 66.1 mA cm 2. The results are shown
in Fig. 3. The optimum electrolyte temperature was
between 30 and 40 °C.

The location of the maximum current yield de-
pends on the temperature. The maximum current
yield was 39% for 20°C at 0.8mAcm % 60% for
30°C at 2.3mA cm 2, 60% for 40°C at 4.5mA cm™>
and 52% for 50°C at 6.5mA cm 2.

The ferrate(vi) current yield does not differ con-
siderably when comparing 16 m and 14 M NaOH. The
shape of the dependence of the current yield on the
c.d. is the same for both concentrations. There is an
increase in the current yield of about 4% for 16 m
NaOH in comparison with 14 M NaOH. This differ-
ence remains nearly constant throughout whole c.d.
range studied.
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Fig. 3. Dependence of ferrate(vi) current yield on anodic c.d.
Duration of electrolysis: 180min; temperature: (O) 20°C, (O0)
30°C, (A) 40°C and (V) 50 °C; open symbols correspond to 14 m,
filled to 16 m NaOH.

The dependence of the ratio of the total iron to
Fe®* concentration in the anolyte after electrolysis at
c.d.s corresponding to Fig. 3 is shown in Fig. 4(a).
This dependence exhibits a global minimum of 1.07 at
30°C and 4.5mA cm >, close to the highest ferrate(vi)
current yield. At 20°C the ratio of the total iron to
Fe®* shows a decreasing trend over the whole c.d.
range studied. With increasing temperature the
minimum value appears at conditions corresponding
to the maximum in the ferrate(vi) yields.

The difference between the total iron and Fe®*
concentration (concentration of iron in oxidation
states lower than Fe®") in the anolyte after electro-
lysis shown in Fig. 4(b) tends to reach a limiting
value increasing with the temperature. At 50 °C the
difference increased over the whole c.d. range stu-
died. The differences found using a 16 m NaOH so-
lution were generally higher than in the case of 14m
NaOH, but the shape of the dependence on the c.d.
did not differ.

3.3. Dependence of ferrate(vi) current yield
on electrolysis duration

From the dependence of ferrate(vi) current yield on
electrolysis duration for temperatures of 20 to 50 °C
and current densities of 4.4 and 44.0 mA cm > shown
in Fig. 5 it follows that the time at which the max-
imum yield was found generally decreased with in-
creasing temperature. On the other hand the current
yield peak value increased with increasing tempera-
ture in the temperature range studied. Using 16 M
NaOH the dependence of ferrate(vi) current yield on
electrolysis duration follows almost the same curve as
for 14m NaOH.

From the dependence of the ratio of total iron to
Fe®" content in the anolyte shown in Fig. 6(a) it
follows that the electrolysis duration after which the
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Fig. 4. (a) Dependence of ratio of total iron to Fe®" content in the
anolyte on anodic c.d.; (b) dependence of difference between total
iron and Fe®" content in the anolyte on anodic c.d. Duration of the
electrolysis (in both cases): 180 min; temperature: (O) 20°C, ()
30°C, (A) 40°C and (V) 50°C; open symbols correspond to 14 m,
filled to 16 M NaOH.
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Fig. 5. Dependence of ferrate(vi) current yield on electrolysis
duration in 14m NaOH, temperature: (O) 20°C, (O) 30°C, (A)
40°C and (V) 50°C; open symbols refer to c.d. 4.4 mA cm2, filled
symbols refer to the c.d. 44.0mA cm 2.

minimum ratio value was observed decreased with
increasing temperature and c.d. At 20°C the ratio
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Fig. 6. (a) Dependence of ratio of total iron to Fe®* content in the
anolyte on electrolysis duration; (b) dependence of difference be-
tween total iron and Fe®" content in the anolyte on electrolysis
duration. Electrolyte (both cases): 14M NaOH; temperature (O)
20°C, (O) 30°C, (A) 40°C and (V) 50°C; open symbols refer to
c.d. 44mA cm 2, filled symbols refer to c.d. 44.0mA cm 2.

decreased with increasing time of electrolysis over the
whole time interval studied. At 50°C the minimum
was reached after 120 and 60 min of electrolysis at
current densities of 4.4 and 44.0mA cm ™, respec-
tively.

In Fig. 6(b) the dependence of the difference be-
tween the total iron and Fe®" concentration after
electrolysis is shown. This shows for 14m NaOH at
20°C and both current densities (4.4 and
44.0mA cm™) a trend to a limiting difference value.
After a certain time of electrolysis is exceeded, a
strong increase in the difference values starts. The
time interval after which the increase in the difference
value starts increases with decreasing temperature
and c.d.. At 20°C an increase was not observed, even
after 360 min of electrolysis for both studied c.d. On
the other hand, at 50 °C and a c.d. of 4.4 mA cm 2 the
increase starts after 120 min of electrolysis and at
44.0 mA cm the initial trend to a limiting difference
value is almost impossible to observe.

Using 16 M NaOH the values of the difference in
concentrations were generally higher compared to the
14M NaOH solution, but the dependence again fol-
lowed the same shape.
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3.4. Quasisteady state polarization curves
in the transpassive potential region

Polarization curves were measured galvanostatically
using the procedure described in [1]. The typical po-
tential-charge curves for grey and white cast iron and
for the case of the pure iron are shown in Fig. 7. The
values of the quasisteady state anode potentials for
all studied current densities correspond to the same
charge passed, namely 0.4 +0.1 Ccm 2. This charge
corresponds, within inherent error, to the first max-
imum on the potential-charge curve [1, 2, 9], shown
in Fig. 7, for all studied current densities. The re-
sulting polarization curve is shown in Fig. 8. The
quasisteady state anodic polarization curve is shifted
by about 110mV to more anodic potentials when
compared to the polarization curves measured for
grey and white cast iron [1, 2].

4. Discussion

Figure 1 shows that the maximum ferrate(vi) current
yield was reached for 16 M NaOH. The optimum
concentration of NaOH is higher compared to the
previously found optimum of 14 m for white cast iron
[2, 6]. On the other hand this value is in agreement
with the results obtained in [3-5], where no definition
of the anode material was given. In [2] it was sug-
gested that the reasons for the differences in the
current yields obtained by different authors studying
the influence of electrolysis parameters (e.g. c.d.,
electrolyte concentration and temperature) may be
the different anode composition, especially the con-
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Fig. 7. Dependence of anode potential on charge passed after
cathodic prepolarization Temperature: 20°C, electrolyte con-
centration: 14M NaOH: (——) white cast iron anode at c.d.
04mAcm?> (- - - -) grey cast iron anode at c.d. 0.3mA em 2 and
(G ) pure iron anode at ¢.d. 0.4mA cm 2. The inserted plots show
the first maximum on the charge—potential plot: this potential was
used as the potential corresponding to the studied c.d. in the
quasisteady state polarization curve. W means white cast iron, G
means grey cast iron and P means pure iron, the axis of plots are
identical with corresponding axes of main plot.
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Fig. 8. Quasisteady state polarization curve. Temperature: 20 °C,
14m NaOH: (O) white cast iron, () grey cast iron and (A) pure
iron anode.

tent and form of carbon in the anode material used,
or the analytical method used for the estimation of
the ferrate(vi) content. The results obtained in the
present study and in [1, 2] support both these the-
ories.

The main differences between published data [1-9]
are caused by the different anode material composi-
tion. Both this study and [2] show that the optimum
NaOH concentration in the anolyte decreases with
increasing iron carbide (Fe;C) content in the anode
material. The reasons for this behaviour are the dif-
ferent properties (porosity, compactness etc.) of the
oxy-hydroxide layer covering the electrode surface
during ferrate(vi) synthesis for anode materials with
different iron carbide content. It was shown in [2] that
the iron carbide particles suppress the passivating
properties of the oxy-hydroxide layer, probably
through local disintegration of this surface layer, thus
enabling the anode material to be continuously dis-
solved and oxidized. If the iron carbide content is
low, the surface layer is more compact and a higher
NaOH concentration is necessary to break down the
more compact surface oxy-hydroxide layer and to
allow the anode dissolution.

The same reason applies to the different tempera-
tures providing the highest ferrate(vi) yields found in
the present study and in [2, 6, 9] using anode mat-
erials with different composition. Using the anode
material with low iron carbide content (pure iron,
present study) the optimum temperature was found
to vary between 30 and 40 °C. Using an anode with
high iron carbide content (white cast iron [2]) the
temperature of 20 °C provided the highest ferrate(vi)
yield after 180 min electrolysis. This difference is also
explained by the increasing OH™ ion activity with
increasing electrolyte temperature. The more com-
pact oxy-hydroxide surface layer formed with de-
creasing iron carbide content in the anode material
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requires higher hydroxide solution temperature to
break down its passivity. This theory agrees well with
the experimental results of the present study and in
[2, 6, 9] showing a decrease in the optimum electrolyte
temperature with increasing iron carbide content in
the anode material.

The different stability of the oxy-hydroxide surface
layer buildup on the material with different iron
carbide content also explains the difference in the
ferrate(vi) yield against current density found for
pure iron, see Fig. 3, and white cast iron [2]. The
lower current density providing highest ferrate(vi)
yield in the case of pure iron, as well as the sharper
decrease in the yield for greater current densities are
explained by the buildup of the thinner, more com-
pact passive layer on the pure iron anode surface
when compared to the white cast iron anode.

As a second reason for differences in the optimum
electrolysis temperature found by different authors
(e.g. present study and [3, 4]) the ferrate(vi) analysis
method used was mentioned above. The total iron
analysis used in [3, 4] does not distinguish between
the oxidation stages of the iron in the anolyte solu-
tion. It follows from Figs 3 and 4 that, upon re-
calculating the total iron to Fe®" concentration, the
current yield for pure iron increased with temperature
within the experimental error. For example, at the
c.d. of 4.4mA cm ? using ferrate(vi) analysis we ob-
tained the following current yields: 16, 43, 60 and
50% for 20, 30, 40 and 50 °C, respectively. Using the
assumption that all iron in the anolyte is present in
the oxidation stage Fe®" the following current yields
were obtained: 20, 46, 68 and 69% for the respective
temperatures. The total iron analysis leads to over-
estimation of the ferrate(vi) current yields by ap-
proximately 7 to 15%. Also the temperature providing
the highest ferrate(vi) current yield is shifted to higher
values. Using the Fe®" analysis the optimum tem-
perature was found to be 40°C. Using total iron
analysis an optimum temperature of 50 °C was found.
This is explained by the more intensive dissolution of
the oxy-hydroxide layer on the anode surface at
higher temperature which results in higher total iron
concentration. The increasing temperature also en-
hances the rate of a proposed chemical step in the
ferrate(vi) formation mechanism [9]. On the other
hand, the increasing temperature also increases the
ferrate(vi) decomposition rate [12]. But the decom-
position can not be identified by the total iron ana-
lysis. This is the reason for the high optimum c.d.
(13 mA cm 2 at 60 °C) reported by Grube and Gmelin
[5] and the optimum temperature of 70 °C reported
by Pick [4]. Comparing the current yield obtained by
Haber [3] and Pick [4] and the yield obtained in this
study, it is possible to conclude that both Haber and
Pick used a relatively pure iron.

The dependence of current yield on electrolysis
duration shown in Fig. 5 also supports the sugges-
tions introduced in the previous paragraphs. From
Fig. 5 it follows that an increase in temperature en-
hances the current yield at the beginning of the

electrolysis. With increasing temperature, the time of
electrolysis after which ferrate(vi) decomposition
prevails over the positive influence of the increasing
temperature decreases. The ratio, see Fig. 6(a), and the
difference, see Fig. 6(b), of the total iron and Fe®*
content in the anolyte indicates enhancement of the
ferrate(vi) decomposition by an apparent increase at
higher temperatures and electrolysis duration over 60
to 180 min. The increasing anodic current density
supports the tendency to passivation of the anode
surface and enhances oxygen evolution. Therefore, at
the higher c.d. (44.0mA cm ?) the ferrate(vi) current
yield is lower compared to the lower c.d. (4.4 mA cm2)
and decreases throughout the time of electrolysis
studied and no maximum current yield is observed.

The suggestion that the differences in ferrate(vi)
yield between the pure iron, mild steel and white cast
iron are caused by different iron carbide contents
resulting in disintegration of the surface passive oxy-
hydroxide layer agrees well with the three stage
ferrate(vi) formation mechanism introduced in [9].
The charge used during the initial period after fin-
ishing cathodic prepolarization for the intermediate
product formation corresponds to the charge neces-
sary for reaching the first maximum on the plot of
anode potential against charge passed (Fig. 7). As
shown in Table 1, this charge increases with in-
creasing iron carbide content in the anode material,
which indicates the formation of a thicker, more
porous and less protective surface oxy-hydroxide
layer.

This theory also explains the differences on the
plots of anode potential against charge passed shown
in Fig. 7. Formation of the thin, compact surface
oxy-hydroxide layer on the pure iron anode requires
a relatively small charge; therefore the oxidation steps
on the potential against charge plot corresponding to
this process (E = -850mV and E = -530mV) are
almost not apparent at pure iron when compared to
the white cast iron anode. The fast passivation is also
the reason for the shift of the pure iron quasi-steady
state polarization curve by 110mV to a more positive
potential compared to the white cast iron (Fig. 8).
This is supported by the limiting concentration of
iron in the oxidation state lower than Fe®" in the
anolyte, which was found to be 0.8 gdm™ (for white
cast iron at 20 °C) [2] and 0.08 gdm * (for pure iron at
the same temperature) (Fig. 4(b)).

Table 1. Charge necessary to reach this first potential maximum after
cathodic prepolarization at 20°C

Anode material
carbon content

First potential
maximum charge

Reference

Iwt.% /Cem™

pure iron 0.4+0.1 present study
<0.005

mild steel 1.8£0.2 5

0.08

white cast iron 2.1+0.6 2

3.16
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After finishing of the primary surface layer for-
mation a second period of ferrate(vi) production
starts. During the second period ferrate(vi) produc-
tion, together with anode surface passivation, takes
place. With increasing Fe;C content in the anode the
passivation process is decelerated and the second
period lasts longer. This is apparent from the com-
parison of Fig. 5 in the present study and in [2].
During this period the concentration of iron in oxi-
dation states lower than Fe®" in the anolyte remains
nearly constant.

The third ferrate(vi) production period is char-
acterized by the passivated anode surface at which
ferrate(vi) production almost ceases and only oxygen
is evolved. This results in a decrease in the ferrate(v)
yield. During the second and third ferrate(vi) for-
mation periods ferrate(vi) decomposition proceeds
simultaneously with the electrode reactions.

A very important condition is the presence of all
carbon in the electrode material in the form of iron
carbide. If a part of the carbon is present in the form
of graphite, which forms a separate phase, the be-
haviour of the anode changes radically (grey cast iron
[1]). In the presence of ferrate ions oxygen evolution
on the graphite particles has a lower overvoltage
compared to the pure iron passivated surface. This
leads to a shift of the quasisteady state polarization
curve to less positive potentials when compared to
pure iron and to a decrease in the ferrate(vi) yields by
enhancement of the parasitic oxygen evolution reac-
tion. The same shift to less anodic potentials was
observed using white cast iron. In this case the shift is
caused by the oxy-hydroxide layer covering the anode
surface, which has poor protecting properties, high
porosity and a greater specific electrode surface,
which results in higher ferrate(vi) yields. This ex-
planation is in agreement with the theory introduced
in [1, 2].

5. Conclusion

The results of this study together with [1] and [2] lead
to the following conclusions for the case of pure iron,
mild steel and white cast iron as anode materials in
ferrate(vi) production. The difference between these
materials is in the passivating properties of the oxy-
hydroxide layer covering the anode surface. A com-
pact and stable surface layer is almost insoluble, that
means, it protects the anode material against further
dissolution. The tendency to form such a compact
layer is highest for pure iron. Higher temperature (30
to 50 °C depending on the electrolysis conditions) or
higher electrolyte concentration is necessary to sup-
port dissolution in this case. With increasing iron
carbide (Fe;C) content in the anode material the
porosity and local faults in the surface layer increase.
For a high iron carbide content a relatively high
current yield during a long electrolysis time can be
expected, even at a low temperature (20°C). If the
carbon is present partially in the form of graphite in
the anode material (grey cast iron), the enhancement
of the anodic oxygen evolution side reaction on the
graphite particles present at the anode surface is
dominant and the current yield decreases dramati-
cally at all temperatures.
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