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The kinetics of the electrolytic Fe?*/Fe®* oxidation, relevant to hydro-electrometallurgical
processing, have been studied on lead, platinum, ruthenium oxide, iridium oxide and
graphite anodes in ferrous sulfate-sulfuric acid solutions. The oxidation rate depends on
ferrous sulfate concentration, solution temperature and degree of agitation.
Potentiodynamic studies show that: a) the highest oxidation rate is obtained on platinum;
b) lead is unsuitable as anodic material for the said reaction; c) the remaining anode
materials show a similar and satisfactory performance.

Anode. Kinetics. Ferrous ion. Oxidation.

Cinética de la oxidacion electrolitica Fe2*/Fe3* sobre varios materiales anédicos

Resumen

Se ha estudiado la cinética de la oxidacién electrolitica Fe?*/Fe’* -relevante para el
procesamiento hidroelectrometaldrgico- sobre plomo, platino, 6xido de rutenio, éxido de
iridio y grafito en soluciones de sulfato ferroso en 4cido sulfdrico. La velocidad de oxidacién
depende de la concentracién de sulfato ferroso, la temperatura de la solucién y el grado de
agitacién. Estudios potenciodindmicos demuestran que: a) las mayores velocidades de
oxidacién se obtienen sobre platino; b) el plomo es inadecuado como material anédico para
la reaccién mencionada; c) los materiales anédicos restantes exhiben un desempefio similar

y satisfactorio.

Palabras clave

1. INTRODUCTION
1.1. Objective

This work aims to study the effectiveness of various
anode materials to sustain the electrolytic Fe?*/Fe’*
oxidation in ferrous sulfate - sulfuric acid solutions.
This  reaction is relevant to  hydro-
electrometallurgical processing and its study was
motivated by the development of a new copper
electrowinning cell which wuses ferrous ion

oxidation as anodic reactionl!).

1.2. Previous work

The limitations of conventional copper
electrowinning cells have been discussed by several
authors??!?l. One of these limitations is the high
energy requirement (about 2 kWh per kg of
produced copper), which is a result of an anodic
reaction (2 H;O — O, + 4 H" + 4e) which takes
place on a lead alloy. The standard equilibrium

Anodo. Cinética. lon ferroso. Oxidacién.

potential for this reaction is 0.89 V higher than the
corresponding value for the cathodic reaction
(Cu** + 2e — Cu); it also exhibits an anodic
overpotential close to 0.8 V. Additionally, this
reaction produces 'acid mist' (air contamination
with:sulfuric acid) in industrial plants

. Dew and others® & 13 and M have studied the
substitution of an energetically advantageous
anodic reaction. Several such reactions have been
considered”® ™ 7 but some of them involve toxic
reactants or products while others require
expensive chemicals. A less problematic reaction,
which has produced cell voltage reductions, is
Fe?* — Fe’* + e. It exhibits a standard equilibrium
potential 0.46 V lower. than that of the
conventional water decomposition reaction. In
addition, depending on the nature of the anode
material, it may also produce lower anodic
overpotentials. An added benefit from the
Fe*/Fe’* oxidation is that ferric ion can be used as
an oxidizing agent in combined leaching processes;
it may also produce ferric compounds of

()  Trabajo recibido el dia 21 de abril de 2003 y aceptado en su forma final el dia 6 de junio de 2003.
(*) Departamento de Ingenieria de Minas, Universidad de Chile, Tupper 2069, Santiago, Chile.
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commercial value. Lab and pilot plant scale tests
have shown that the cell voltage can be reduced
from 2 V (typical of conventional copper
clectrowinning cells) to about 1 V ! when
anolyte and catholyte are kept separate by an
appropriate membrane. Without such separation,
the presence of ferric ion has resulted in a drastic
decrease of the cathodic current efficiency due to
ferric to ferrous ion reduction on the cathode.
Materials other than lead have been proposed
as anodes: precious metal oxide coatings?® 4 4],
coke™ and mixtures of Ir, Sb and Sn oxides!*¢.
Other authors have studied the Fe?*/Fe**
oxidation"”?! and phenomena relevant to the
electrocatalysis and electrochemical behaviour of
anodes made of lead and other materials?**%. The
ferrous to ferric oxidation reaction was used in a
‘spouted bed’ electrowinning cell™ but the
resulting current efficiency was unsatisfactory.

2. EXPERIMENTAL

A Solartron 1286 electrochemical interface was
used to perform potentiodynamic experiments in
order to characterize the kinetics of the electrolytic
Fe?*/Fe’* oxidation on various materials: lead sheet
(Pb), platinum sheet (Pt), platinum on titanium
mesh (Pt/Ti), ruthenium bioxide on titanium mesh
(RuO,/Ti), iridium bioxide on titanium mesh
(IrO,/Ti) and graphite.

A three-electrode glass cell with double jacket
was used in order to keep the temperature constant
at 25 or 50 °C. The working electrode was the
material to be studied. The counter electrode was
made of platinum and its surface area was 10
cm?.The reference electrode was Hg/HgSO, (0.648
V vs. SHE at 25 °C and 0.645 V at 50 °C). The
sweep rate was 0.5 mV/s. Electrolytes were agitated
by means of a Nova Il magnetic agitator.

The tested variables were: concentration of
anolyte (aqueous FeSO, + H;SO4) and catholyte
(aqueous CuSO4 + H;SO,), electrolyte temperature
and degree of agitation. Conditions are presented
in table 1. Agitation refers to the setting on the
Nova II magnetic agitator; setting 2 = 185 rpm;
setting 7 = 510 rpm; dimensions of stir bar: 50 mm
length, 9 mm diameter; mass = 15.1 g. The
temperature was controlled, in all cases, by means
of a Julabo thermostatic bath. Analytical purity
chemicals were used to prepare the synthetic
electrolytes.

Exchange current densities, limiting current
densities and charge transfer coefficients were
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Table 1. Experimental conditions for potentiodynamic
experiments

Tabla I. Condiciones experimentales para experimentos
potenciodinémicos

Condition [H,SO,] M [FeSO,] M Agitation Temperature °C

setting®
1 0.05 0.5 2 25
2 0.5 0.5 2 25
3 0.5 1.0 2 25
4 0.5 1.0 7 25
5 0.5 1.0 7 50

 Nova Il agitator setting.

setting 2 = 185 rpm

setting 7 =510 rpm

stir bar: 50 mm length, 9 mm diameter, mass = 15.1 g
# Posicién en agitador Nova Il.

posiciéon 2 =185 rpm

posicion 7 =510 rpm

agitador: 50 mm de largo, 9 mm de didmetro, masa = 15.1 g

obtained by fitting appropriate equations’ (see
below) to experimental results. '

The design of mesh anodes (Pt/Ti, RuO,/Ti,
[rO,/Ti) is shown in figure 1. The graphite
electrode was a solid cylinder, while the lead and
platinum electrodes were in sheet form. The
apparent anode surface area was 10 cm? in all cases.

A Tencor 500 Surface Profilometer with Alpha-
Step software was used to determine the effective
anode surface areas. Their values are in table II.

Figure 1. Mesh electrodes.

Figura 1. Electrodos de malla. "
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Table II. Effective anode surface areas

Tabla Il. Areas superficiales efectivas de énodos

Apparent anode Effective surface area, cm?
10

Anode material

Platinum sheet 10.0

Lead sheet 10.0

Graphite cylinder 126

Pt/Ti mesh 14.6

RuO,/Ti mesh 121

IrO,/Ti mesh 154

3. RESULTS

Figures 2 to 7 show the Fe?*/Fe’* oxidation
kinetics. There is one figure for each studied
material (six in total) and the curves represent the
five conditions presented in table I. All electrode
potentials are given against SHE.

It is clear from figures 2 to 6 that the oxidation
rate increases with ferrous sulfate concentration,
degree of agitation and temperature. The studied
agitation increase (from 185 to 510 rpm) and
temperature increase (from 25 °C to 50 °C) appear
to have more impact on the reaction rate than the
studied ferrous sulfate concentration increase

(from 0.5 M to 1.0 M). Not surprisingly, the-

highest oxidation rates were obtained at condition
5 (see Table I), which includes 510 rpm, 50 °C and
1.0 M FeSO,.

Figure 7 shows that lead is inadequate as anode
material for the studied reaction, as the reaction
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Figure 2. Current density versus electrode potential curves
for Fe?*/Fe®* oxidation on platinum anode. Agit = agitation
sefting on Nova Il magnetic agitator.

Figura 2. Curvas densidad de corriente versus potencial de
electrodo para la oxidacién Fe?*/Fe’* sobre énodo de
platino. Agit = posicién en la escala de agitacién del
agitador magnético Nova I,
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Figure 3. Current density versus electrode potential curves
for Fe?*/Fe®* oxidation on Pt/Ti anode. Agit = agitation
setting on Nova Il magnetic agitator.

Figura 3. Curvas densidad de corriente versus potencial de
electrodo para la oxidacién Fe?/Fe%* sobre énodo de
Pt/Ti. Agit = posicién en la escala de agitacién del agitador
magnético Nova Il.
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Figure 4. Current density versus electrode potential curves
for Fe?*/Fe®* oxidation on IrO,/Ti anode. Agit = agitation
setting on Nova Il magnetic agitator.

Figura 4. Curvas densidad de corriente versus potencial de
electrodo para la oxidacién Fe**/Fe’* sobre énodo de
IrO,/Ti. Agit = posicién en la escala de agitacién del
agitador magnético Nova .
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Figure 5. Current density versus electrode potential curves
for Fe?*/Fe®* oxidation on RuO,/Ti anode. Agit = agitation
setting on Nova Il magnetic agitator.

Figura 5. Curvas densidad de corriente versus potencial de
electrodo para la oxidacién Fe?*/Fe** sobre énodo de
RuO,/Ti. Agit = posicién en la escala de agitacién del
agitador magnético Nova .
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Figure 6. Current density versus electrode potential curves
for Fe?*/Fe®* oxidation on graphite anode. Agit = agitation
sefting on Nova Il magnetic agitator.

Figura 6. Curvas densidad de corriente versus potencial de
electrodo para la oxidacién Fe?*/Fe%* sobre édnodo de
grafito. Agit = posicién en la escala de agitacién del
agitador magnético Nova Il.
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Figure 7. Current density versus electrode potential curves
for Fe?*/Fe** oxidation on Lead anode. Agit = agitation
setting on Nova |l magnetic agitator

Figura 7. Curvas densidad de corriente versus potencial de
electrodo para la oxidacién Fe?*/Fe%* sobre énodo de
plomo. Agit = posicién en la escala de agitacién del
agitador magnético Nova Il

rate is practically negligible throughout the
relevant potential range. On the other hand, the
curve shows that lead is a good catalyst for anodic
decomposition of water.

The data in figures 2 to 7 also allow comparison
of the kinetics on various anodes for each one of
the studied conditions. As an example, figure 8
depicts the kinetics of ferrous to ferric ion
oxidation at condition 5 on Pt, Pb, Pt/Ti, IrO,/Ti,
RuO,/Ti and graphite. It can be concluded that the
highest oxidation rates are achieved on Pt sheet
and the lowest, on Pb sheet. Figure 8 also makes it
clear that the reaction rates on the remaining four
materials are remarkably similar.

Values for if, i, and o, were determined from
the above curves. To this end, experimental results
were used to fit mixed-control equations using
Excel Solver software. The equations were derived
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Figure 8. Current density versus electrode potential curves
for Fe?*/Fe** oxidation on various anode materials at
condition 5 ([H;SO,] = 0.5 M, [FeSO,] = 1.0 M, T = 50 °C
and agitator setting = 7).

Figura 8. Curvas densidad de corriente versus potencial
para la oxidacién Fe?*/Fe’* sobre varios materiales
anédicos en la condicién 5 ([H,SO,] = 0.5 M, [FeSO,] =
1.O0M, T = 50°C y posicién de agitador = 7).

from Fick’s law for mass transfer control, Butler-
Volmer equation for charge transfer control and a
relationship which links them both!!? 231,

1 _ 1,1 (1)

Mc  lcte M

The resulting expressions are, for an anodic
reaction:

04lLa (2)
. . o F
lO,a +lL,a €xp 77

IMc =

RT

and, for a cathodic reaction:

iO,c iL,c
(aCF (3)
eX
P RT n

Table III gives the limiting current density for
the electrolytic Fe**/Fe’* oxidation on each of five
materials (lead was excluded) and for each of five
conditions.

Table IV shows exchange current densities and
charge transfer coefficients for ferrous ion
oxidation on each of five materials (Pt, Pt/Ti,
RuO,/Ti, IrO,/Ti and graphite) obtained at
conditions 4 and 5 (see Table I), which produced
the highest reaction rates. Calculation of these
parameters requires knowledge of the equilibrium
potential for the electrolytic Fe?*/Fe’* oxidation.
This was achieved by measuring the rest potential
on a platinum electrode for the studied electrolytes

IIMCI:

oot ilL,c
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Table IIl. Limiting current densities (in A m™) for various
anode materials and experimental conditions®

Tabla lll. Densidades de corriente limite (en A m) para
varios materiales anédicos y condiciones experimentales®

Condition Pt Pt/Ti  IrO,/Ti RuO,/Ti Graphite

1 - NOP NO NO 133
2 - 154 165 193 153
3 320 240 221 248 260
4 720 648 441 573 519
5 1560  NO NO NO 832

3Conditions are defined in table I.
BNO = not observed
3Las condiciones estan definidas en la tabla I.

BNO = no se observa.

Table IV. Kinetic parameters for Fe2*/Fe3* oxidation on
various anode materials and two experimental conditions®

Tabla IV. Parémetros cinéticos para la oxidacién Fe2*/Fe>*
sobre varios materiales anédicos y dos condiciones

experimentales®

Material Condition 4 Condition 5
io, A/m? O, io, A/m? Oy
Pt 57.2 0.15 108.4 0.14
Pt/Ti 43.8 0.11 89.1 0.08
RuO,/Ti 23.2 0.12 754 0.09
IrO,/Ti 18.7 0.10 63.7 0.08
Graphite 314 0.15 51.2 0.12

3Conditions are defined in table I.

3Las condiciones estan definidas en la tabla I.

at condition 4 (0.507 V) and condition 5 (0.501
V).

Table V shows calculated values for the
overpotential of the anodic reaction at condition 5
with three applied current densities.

A ranking of the catalytic capacities of the
studied anode materials can be obtained from these
data.

4. DISCUSSION
4.1. Agitation

The Fe?*/Fe’* oxidation rate increased with the
degree of forced convection caused by mechanical
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Table V. Overpotentials (in V) for Fe?*/Fe** oxidation at
three applied current densities (condition 59

Tabla V. Sobrepotenciales (en V) para la oxidacién Fe**/Fe’*
a fres densidades de corriente aplicadas (condicién 5°)

icens A/M? 200 250 400
Material
Pt 0.17 0.20 0.29
Pt/Ti 0.25 0.32 0.53
RuO,/Ti 0.26 033 0.57
IrO,/Ti 0.32 0.41 0.65
graphite 0.31 0.38 0.58

3 Condition 5 is defined in table I.

3 La condicién 5 esta definida en la tabla I.

agitation of the electrolyte. This is to be expected as
the thickness of the diffusion layer (), which forms
next to the electrode surface, diminishes with
increasing agitation, so that the limiting current
density (if ) increases according to Fick’s law:

CFe“

i, =zFD = szcFe:+ 4)

Mesh electrodes (Pt/Ti, RuO,/Ti, IrO,/Ti) act as
turbulence promoters, causing high levels of local
mass transport, which, in turn, generate a marked
increase in i values (see Figs. 3, 4 and 5). These i
values are not reached before the onset of oxygen
evolution, therefore the curves do not exhibit a
plateau characteristic of mass transfer control. This
seems to be confirmed by figures 2 (platinum sheet)
and 6 (graphite rod). In these cases, where the
electrodes are not in mesh form, a plateau is
observed.

4.2. Sulfuric acid concentration

Experiments performed with 0.05 M and 0.5 M
sulfuric acid show that the effect of this variable on
the electrolytic Fe?*/Fe’* oxidation is very slight
for all anode materials (Figs. 3, 4, 5 and 6). For
0.05M H;SOy the anodic reaction, independently
of anodic potential, does not show a mass transfer
control range on mesh anodes (Figs. 3, 4 and 5).
On graphite, the oxygen evolution reaction is least
favoured, i.e., it becomes noticeable in the
potentiodynamic plot at higher anodic potentials.
For instance, in figure 6, the curve for condition 4
(second curve from the top) appears to reach its
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limiting current density at about 1.8 V, before
water decomposition takes over.

Further tests were carried out with 0.5 M
sulfuric acid in the anolyte in order to provide
better electrical conductivity and, therefore, a
lower cell voltage.

4.3. Ferrous sulfate concentration

Experiments performed at 0.5 M and 1 M ferrous
sulfate show that the limiting current density (i} )
for ferrous ion oxidation increases with ferrous
sulfate concentration, which is predicted by Fick's
law (eq. 4). However, the ij increase with ferrous
concentration is less than expected, i.e., doubling
the concentration does not lead to doubling the
limiting current density value. This can be
explained as follows: the mass transfer coefficient
(k) is not constant, but it depends on temperature,
agitation, viscosity and density of the solution. At
constant agitation, the diffusion layer thickness (J)
is constant, but an increasing concentration of
ferrous sulfate causes an increase in the viscosity of
the solution, which, in turn, forces a decrease in
the value of the ferrous ion diffusivity (D), mass
transfer coefficient and limiting current density.
The decrease in the value of k partially offsets the
increase in ferrous sulfate concentration.

Cooke (1989) stated that there is a 0.2 M
threshold ferrous ion concentration beyond which
the limiting current density for Fe?*/Fe** oxidation
increases less steeply than it does at lower
concentrations. Values for the mass transfer
coefficient of ferrous ion during Fe?*/Fe’*
oxidation on platinum (Fig. 2) range from 3.10°
m/s (agitation setting = 2; T = 25 °C) to 16.10°
m/s (agitation setting = 7; T = 50 °C).

4.4. Temperature

The effect of increasing temperature is to increase
the oxidation rate, as can be clearly seen in figures
1 to 7 from a comparison between curves at 25 °C
and 50 °C. Temperature acts in a similar fashion to
ferrous ion concentration, as it also affects the
value of the limiting current density. Temperature
does so by increasing ion mobilities and
diffusivities.

4.5. Anodic catalysis

Table IV shows the calculated kinetic parameters
for ferrous ion oxidation at conditions 4 and 5, as
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described in table I. There is a relative error of up
to 5 % associated to these parameters, which
originates in the fact that they were obtained from
experimental curves.

Values for the anodic charge transfer coefficient
(or,) are fairly similar for all materials, which
indicates that the anodic reaction mechanism
does not change by changing the anode
composition. This is consistent with other
published work!3 15 and 32}

It is clear, from the potentiodynamic plot (Fig.
7) that ferrous ion oxidation on lead is very slow
throughout the studied potential range, hence, the
use of a lead anode for this reaction, in the studied
conditions, should be ruled out.

For a reaction which takes place under charge
transfer or mixed control, the value of its exchange
current density (ig) on various electrode materials
can be taken as a measure of the catalytic
capacities of such materials, i.e. the higher the ig,
the better the catalyst. Results in table IV show
that, in decreasing order of exchange current
densities, the studied materials rank as follows:

Condition 4:

10,pc > 10,y > 10,gr > 10,RUO2/T > 10,O2/Th

Condition 5:

10,p: > 10,PyTi > 10,RuO2/T > 10,1:02/T > 10,gr

which means that, for the studied reaction in the
studied conditions, Pt is a better catalyst than Pt/Ti
and the latter is better than the remaining three
materials.

The overpotential of the anodic reaction (1,)
can be taken as a second measure of the catalytic
capacity of the studied materials. In this case, the
higher the anodic overpotential for Fe?*/Fe’*
oxidation on a given anode, the worse its catalytic
properties. In table V, the anodic overpotentials
were calculated for condition 5 and for three
current densities.

In increasing order of anodic overpotential, the
anode materials rank as follows:

Na,pe < Na,PyTi < Na,Ru02/T < Nagr < NalrO2/Ti

From all three rankings and the results in table
V, it is possible to conclude that Pt is the best
catalyst for the studied reaction and conditions,
while the performances of the remaining anode
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materials are not widely different. This result is
economically relevant, as the cost of Pt/Ti,
RuO,/Ti, IrO,/Ti and graphite anodes varies over a
wide range; this means that a relatively low cost
alternative can be chosen for an industrial
application without significant loss of efficiency.

5. CONCLUSIONS

— The electrolytic Fe’*/Fe’* oxidation rate in
aqueous FeSO, — H,SO, solutions depends on
ferrous ion concentration, electrolyte
temperature and degree of agitation. Sulfuric
acid concentration does not significantly affect
the reaction rate.

—~ From potentiodynamic experiments, it was
shown that, in the studied conditions, the
anodic reaction is fastest on Pt and slowest on
Pb, which is ruled out as anode material for this
reaction. The performances of the remaining
anode materials (Pt/Ti, RuO,/Ti, ItO,/Ti and
graphite) are satisfactory and not widely
different.

— The use of Fe?*/Fe’* as anodic reaction in new
copper electrowining cells can be further
explored, as these results show that anode
materials of relatively low cost can be used
without significant loss of efficiency.
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List of Symbols

c concentration, mol L™

D diffusivity, m? s™!

F Faraday's constant, C eq’!

gr graphite

imc current density under mixed control,
A m?

icTe current density under charge transfer

control, A m™
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iMTC current density under mass transfer
control, A m™

i, i i limiting current density, anodic and
cathodic, A m™

ip, o loe exchange current density, anodic and
cathodic, A m™

k mass transfer coefficient, m s’

R Gas constant, ] mol! K!

t time of operation, s

T temperature, K

2 charge number

oy, Ol anodic, cathodic charge transfer
coefficients

) thickness of the diffusion layer, m

N, Ma Me  Overpotential, anodic and cathodic, V
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