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Abstract

The anodic oxidation of sulphite ions in alkaline 1M Na2SO4 solution on graphite rotating disc electrodes has been
studied over the range from 25 to 60 �C. The reaction order with respect to sulphite ions is below 1 at low potentials
and 1 at high potentials. The reaction order with respect to hydroxide ions is close to zero. Two Tafel slopes were
observed, 0:060Vdecadeÿ1 at low potentials and 0:19±0:20Vdecadeÿ1 at high potentials. The reaction activation
energy was calculated at different potentials. The results obtained, using the potential sweep method, are consistent
with those realized using the rotating disc. A possible reaction mechanism has been proposed and the diffusion
coef®cients of sulphite ions and the diffusion activation energy have been calculated.

1. Introduction

1.1. Oxidation of sulphite

1.1.1. Background and objective of investigation
The electrochemical oxidation of sulphite has been
studied widely and tried as an anode depolarizer to
reduce the overall cell voltage in the production of
hydrogen and in copper electrowinning in acid sulphate
medium [1±6]. It has also been studied for the removal
of SO2 from waste water [7, 8]. However, there are few
reports on the electrochemical oxidation of sulphite in
alkaline solutions [9, 10]. There are no reports about the

anodic oxidation of sulphite ions as an alternative anode
reaction in alkaline solutions. The objective of this
research was to study the anodic oxidation of sulphite in
alkaline solutions and in subsequent work to apply the
results to the solvent extraction±electrowinning recovery
of copper and cyanide from gold mining ef¯uents. The
chemistry of the overall process has been discussed by
Dreisinger et al. [11]. In summary, copper cyanide is
extracted using a guanidine-based extractant, stripped
with strong alkaline electrolyte and ®nally electrolysed
in a membrane cell to produce copper metal and a bleed
stream for cyanide recovery. The use of a membrane
(Na®onâ) in the copper electrowinning cell is necessary
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to prevent cyanide oxidation at the anode. Unfortu-
nately, the use of a Na®on membrane in the copper
electrowinning cell is expensive and it is subject to
mechanical damage by the growing metal deposit.
Accordingly it was decided to begin to develop a process
that did not require the use of the membrane. The
possible inclusion of sulphite as a sacri®cial species was
tested in some proof-of-concept electrowinning experi-
ments and was shown to be promising [12]. With
sulphite addition, the cell chemistry would become as
follows:

Na2Cu�CN�3 � 1
2Na2SO3 �NaOH

! Cu� 3NaCN� 1
2Na2SO4 � 1

2H2O �1�

Accordingly, the objective of the present work was to
study the anodic oxidation of sulphite ions under
alkaline conditions.

1.1.2. Literature survey
In neutral and alkaline solutions, the anodic oxidation
of sulphite produces sulphate and dithionate and is
irreversible [9]. The amount of dithionate produced at
the anode surface is a function of the operating
conditions, namely anode materials, solution pH and
composition, current density [9, 13, 14]. Glasstone and
Hickling [13] reported that the optimal pH for the
formation of dithionate is in the range 7±9. The sulphite
concentration and the temperature have no effect on the
dithionate yield. The yield of dithionate on carbon
electrodes does not exceed 3% at pH 7.
Con¯icting results have been reported on the kinetics

and mechanism of the anodic oxidation of sulphite.
Klyanina and Shlygin [15] studied the oxidation of
sulphur dioxide and sulphite at a platinum electrode and
concluded that in acid solutions, only the SO2 molecule
undergoes anodic oxidation at low potentials (0.65±
1.2 V vs SHE) by an electron-radical mechanism. The
appearance of adsorbed oxygen can completely stop the
oxidation by an electron-radical mechanism at poten-
tials >1:2V vs SHE. In alkaline solutions, SO2ÿ

3 under-
goes anodic oxidation beginning at 1.2 V vs SHE. The
oxidation mechanism consists of the addition of an OHÿ

radical to the sulphite ion at relatively high potentials.
Tarasevich et al. [10, 16±18] studied the oxidation of
sulphite on platinum and carbon electrodes at 22 �C
over the pH range 0±14. The reaction order of the
electrochemical oxidation depends on the sulphite con-
centration, being in all cases less than 1. This behaviour
may be due to adsorption effects.
In alkaline solutions, sulphite seems to be adsorbed to

a lesser extent than in acid solution and the reaction
order is close to 1 for up to 0.1 M sulphite. The value of
@E=@pH for the oxidation of sulphite on both pyro-
graphite and activated carbon is close to )40mV per pH
unit in the range of pH 0±7 and becomes zero at higher
pH. In alkaline solutions the ®rst Tafel slope is
60±70mVdecadeÿ1. The dependence of the reaction

rate on pH is due to variations in the composition of the
species which are then subject to oxidation. The
adsorbed species undergo deprotonation at pH <7 and
then are subject to oxidation. The slow step involves the
transfer of a ®rst or a second electron from the adsorbed
species with the formation of the cation radical [10, 16].
The Tafel slope depends on whether the transfer of a
®rst or second electron is the slow step. In alkaline
solution, the existence of strongly bound oxygen groups
and the lower adsorbability of SO2ÿ

3 anions make a
direct electron transfer from the SO2ÿ

3 species more
likely. In this case the slow stage is one without the
participation of OHÿ ions.
Hunger et al. [7, 8] studied the electrochemical oxi-

dation of sulphite on a graphite anode at pH 9 and
25 �C. They reported that the anodic oxidation of
sulphite begins at 0.2 V vs SCE with a poorly de®ned
current density plateau being observed in the range of
0.5±0.7 V vs SCE. Based on the Koutecky±Levich
equation, they obtained reaction rate constants, reaction
orders of 0.68 and 1.34, and charge transfer coef®cients
of 0.058 and 0.048, respectively, for natural graphite and
graphite impregnated with phenol.
Brevett and Johnson [14] studied the anodic oxidation

of sulphite on pure and doped PbO2 ®lm electrodes at 25
and 65 �C in a NaHCO3=Na2CO3 buffer (pH 10). They
obtained a reaction order of ÿ0:2 using the same
method as Hunger et al. [7, 8]. Stankovic et al. [19]
studied the anodic oxidation of sulphite on glassy
carbon and reported that the concentration of sulphite
ions and temperature greatly in¯uence the reaction rate
and the number of transferred electrons for the slow step
was close to unity.
The anodic oxidation of sulphite in alkaline solu-

tions has not been investigated thoroughly and the
published results are inconsistent. For the purpose of
using sulphite oxidation as an alternative anodic
reaction in copper cyanide electrowinning, the avail-
able information is inadequate and further studies on
the anodic oxidation of sulphite in alkaline solution
are needed.

1.2. Formula derivation

The rotating disc electrode is one of the best tools for
studying electrode kinetics and its major advantage lies
in the uniform diffusion layer, the thickness of which
can be calculated. When the migration of the reactant is
negligible, the limiting current density (il) equals the
diffusion current density (id) and can be expressed by the
Levich equation:

il � id � 0:62 nF D2=3mÿ1=6x1=2Cb �2�

where n is the number of electrons transferred, D the
diffusion coef®cient, m the kinematic viscosity, x the
rotational speed and Cb the bulk solution concentration.
The diffusion coef®cients of the sulphite ion can be
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calculated from the slopes of the straight lines for the
plot of il against x1=2. The current density for mixed
kinetics at a rotating disc electrode is determined by the
heterogeneous reaction rate and the diffusion of the
reactant to the disc surface. The rate of the heteroge-
neous reaction is equal to the diffusion rate under
steady-state conditions. Therefore, when the charge
transfer coef®cient is independent of the reactant con-
centration and the reverse reaction is negligible, the
current density for a simple redox reaction (O� ne � R)
can be expressed as [20]

i � nF k�Cs�nr �3�

i � nF D
dC
dx

� �
surface

� nF D
Cb ÿ Cs

dd
� il 1ÿ Cs

Cb

� �
�4�

where i is the current density, k the reaction rate
constant, Cs the electrode surface concentration, Cb the
bulk solution concentration, D the diffusion coef®cient,
dd the diffusion layer thickness and il the diffusion
limiting current (nF DCb=dd). From Equations 3 and 4,
we have the following equations:

Cs � Cb 1ÿ i
il

� �
�5�

i � nF kCnr
b 1ÿ i

il

� �nr

� ik 1ÿ i
il

� �nr

�6�

log i � log ik � nr log 1ÿ i
il

� �
�7�

where ik � nFkCnr
b is the kinetically controlled current.

The reaction order can be calculated from the plot of
log i against log�1ÿ i=il) and the kinetically controlled
current can be obtained from the intercept on the
ordinate. This method is better than the conventional
methods based on two points or the plot of the current
density against (rotational speed)1=2 which are discussed
in monographs by Pleskov and Filinovskii [20] and
Opekar and Beran [21]. The reaction order is obtained at
constant ionic strength. Furthermore, in this method it
is not necessary to know the concentration of the
reactant. The exchange current and Tafel slope can be
obtained from the plot of ik against overpotential. If
nr � 1 (®rst order), we can obtain the Koutecky±Levich
equation from Equation 6:

1

i
� 1

ik
� 1

il
� �8�

Equations 3, 7 and 8 are also valid for redox reactions
such as O�X� ne � R when the reaction order with
respect to X is zero or the concentration of X is kept at
an elevated level so that there is no difference between
the surface and the bulk concentration. In these cases,
the kinetic expression can be reduced to Equation 3.

Hunger et al. [7, 8] and Brevett and Johnson [17]
calculated ik using Equation 8 and obtained exchange
currents at different sulphite concentrations and, ®nally,
the reaction order of sulphite oxidation using i0 � k0Cnr

b .
It should be noted that Equation 8 is valid only for a
®rst order reaction.

1.3. Thermodynamics of the anodic oxidation of sulphite

In solution, sulphite exists in the form of SO2 (aq),
HSOÿ3 and SO2ÿ

3 with the following equilibria between
these species [22]:

SO2�aq� �H2O � HSOÿ3 �Hÿ

K1 � 1:6� 10ÿ2 �25 �C� �9�
HSOÿ3 �H2O � SO2ÿ

3 �H�

K2 � 1:0� 10ÿ7 �25 �C� �10�

SO2 (aq), HSOÿ3 and SO2ÿ
3 species are predicted to

predominate over the pH ranges <1:8; 1:8±7 and >7,
respectively. At pH >12, the dominant species in solu-
tion is SO2ÿ

3 . The anodic oxidation of sulphite in
alkaline solution on graphite can be expressed by the
following equations:

SO2ÿ
3 � 2OHÿ � SO2ÿ

4 �H2O� 2 eÿ �11�

2 SO2ÿ
3 � S2O

2ÿ
6 � 2 eÿ �12�

The production of dithionate on graphite (Equation 12)
can be neglected according to the literature [13]. The
standard equilibrium potentials for Equation 11 are
ÿ0:936, ÿ0:957, ÿ0:971, ÿ0:985V vs SHE at 25, 40, 50
and 60 �C, respectively, obtained by calculation using
reliable thermodynamics data [23, 24]. The Nernst
equation for the equilibrium potential for Equation 9
is expressed as

E � E� � RT
2F

ln
aSO2ÿ

4
aH2O

aSO2ÿ
3

a2
OHÿ

 !
�13�

The concentration is expressed in molality and so the
activity of species i, is ai � mici. Pitzer's ion±ion interac-
tion model [25, 26] can be used to calculate the activity
coef®cients of single ion species for multicomponent
strong electrolyte solutions and has been used to calcu-
late the activity coef®cients of water and hydroxide ions.
The interaction of SO2ÿ

3 with Na� and OHÿ is roughly
similar to that of SO2ÿ

4 [26] and the activity coef®cients of
SO2ÿ

3 and SO2ÿ
4 are close [27]. Therefore, the activity

coef®cient of SO2ÿ
3 is assumed to equal to that of SO2ÿ

4 .

2. Experimental details

2.1. Equipment and materials

An impregnated NE-150 graphite rod from National
Electric Carbon Co. was used to make a graphite
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rotating disc. The graphite was machined to 4 mm and
tightly surrounded with a plastic shield. The graphite
having a 12 mm diameter was fashioned as a rotating
disc for the coulometric measurements.
The rotating disc electrode system was an EG&G

PARC (model 636) electrode rotator. The potentiostat
was a Solartron 1286 electrochemical interface. An
EG&G water-jacketed electrolytic cell was used. Argon
gas was used to protect sulphite from oxidation by air. A
Cannon±Fenske routine viscometer (size 25) was used to
measure the kinematic viscosity of the solutions studied.
Reagent grade chemicals were used throughout the

investigation.

2.2. Procedure

100 ml of solution of the required composition were
added to the electrolytic cell. The experiments were
carried out under an argon atmosphere to protect the
sulphite from oxidation by air. The ohmic drop between
the working electrode and the reference electrode was
compensated by the current interruption technique. The
electrode surface was ®rst renewed using 600-grit
sandpaper, polished with 4000-grit silicon carbide sand-
paper and then soft tissue paper. Finally, the surface was
checked under a microscope for surface smoothness. To
ensure reproducible results, the electrode was ®rst
treated by cyclic voltammetry between 0 and 0.75 V vs
SCE at 100mV sÿ1 for 30 min and polarized at 1mV sÿ1

until the electrode reached a stable condition. The
concentration of sulphite was measured by adding an
excess of standard iodine solution followed by back
titration with standard thiosulphate solution. The liquid
junction potential was calculated by the Henderson
equation [28] and the thermal liquid junction potential
was measured using two calomel reference electrodes.

3. Results and discussion

3.1. Polarization measurements

The polarization measurements were carried out at 25,
40, 50 and 60 �C in 1 M Na2SO4 solution and at
concentrations of sulphite in the range 0.025 to 0.5 M. If
the applied potential was larger than about 1.0 V vs
SCE, the surface of the electrode was corroded and
became rough, affecting the current measurements (e.g.,
the limiting current became much lower and the current
against potential was nonreproducible). Therefore, the
electrode surface was renewed for every polarization
measurement to ensure reproducible results. Typical
polarization curves for 0.1 M Na2SO3 at 25 and 60 �C
are shown in Figure 1. The polarization curves for the
other sulphite concentrations were similar. The anodic
oxidation of sulphite began at 0.16, 0.12, 0.08 and
0.04 V vs SCE for 25, 40, 50 and 60 �C, respectively.
Due to the presence of sulphite ions, oxygen evolution
was suppressed and the corrosion of the electrode was

diminished. The higher the concentration of sulphite,
the greater were these effects. The limiting current is
proportional to the square root of the rotational speed.
At a temperature above 50 �C (Figure 1(b)), after the
current reached a limiting value and increased further
with increasing potential. Gas bubbles formed on the
electrode surface due to the evolution of oxygen and
possibly the oxidation of graphite. At 100 rpm, the
current ®rst decreased a little with increasing potential
after the current reached a limiting value because the
bubbles formed on the electrode surface were not
removed ef®ciently and the oxygen evolution diminished
the oxidation of sulphite. The current ®nally increased
slightly again with increasing potential accompanied by
the massive evolution of oxygen. Therefore, the back-
ground current in the presence of sulphite could be
much smaller than that measured in the absence of
sulphite and would make a negligible contribution to the
total current. The background current in the absence of
sulphite was almost independent of the rotational speed
and was not used to correct the current for the sulphite
oxidation due to oxygen evolution at high potentials.
The condition of the surface of the graphite electrode
varied after the electrode surface was renewed each time.
Therefore, after the same treatment of the electrode, the
values of current against potential scattered to some

Fig. 1. Polarization curves of sulphite oxidation using a graphite

rotating disc at (a) 25 and (b) 60 �C. Electrolyte: 0.1 M Na2SO4, 1 M

Na2SO4 and 0.25 M NaOH. Key: (r) 4900, (n) 3600, (m) 2500, (´)
1600, (*) 900, (d) 400 and (+) 100 rpm.
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extent (�15%). However, the limiting currents scattered
less (�2%).

3.2. Coulometric measurements

Controlled potential coulometry was used to determine
the number of the electrons transferred (n) for the
anodic oxidation of sulphite ion. The electrode poten-
tials were controlled at 0.6 and 0.9 V vs SCE to avoid
oxygen evolution and corrosion of the graphite. The
results are given in Table 1. In all cases, the number of
the electrons transferred per one sulphite ion ranges
from 1.92 to 1.98. This means that almost all of the
sulphite was oxidized to sulphate in the two-electron
reaction. Hence, the oxidation of sulphite to dithionate
can be neglected. Potential and temperature had almost
no effect on the products of the anodic oxidation of
sulphite. These results are in agreement with those
reported by Glasstone and Hickling [13].

3.3. Reaction order

For the anodic oxidation of sulphite, the concentrations
of sulphite and hydroxide could affect the reaction rate.
Therefore the kinetics were ®rst studied by changing the
concentration of one species while the potential and the
concentrations of the other species were maintained
constant. When the potential and pH were maintained
constant, the current increased with increasing sulphite
concentration, indicating the rate controlling step in-
volved sulphite ions. However, when the potential and
sulphite concentration were maintained constant, the
current was independent of pH, suggesting that the
reaction order with respect to hydroxide is zero.
Therefore, only sulphite affects the rate of the sulphite
oxidation and the kinetic expression for the anodic
oxidation of sulphite ions can be reduced to Equation 3
over the pH range studied. In the mixed control region,
Equation 7 can be applied to calculate the reaction order
with respect to sulphite. From the plot of log i against
log �1ÿ i=il), the slope of the line (i.e., the reaction
order) and the intercepts on the log i axis (log ik) can be
calculated.
As has been mentioned, the condition of the surface of

the graphite electrode varied after the electrochemical
conditioning. The data (current against potential) scat-
tered to some extent due to the inherent surface

variability. The data in Figure 1 were generated with
different surfaces and therefore cannot be used directly
to calculate the reaction order. The data for the reaction
order calculation (e.g., Figure 2) were generated on a
single stable surface. The stability was maintained by
limiting the potential range of the experiments ( 0±0.7 V
vs SCE). A higher potential could change the condition
of the electrode surface, making it dif®cult to obtain
reproducible results. From Figure 2, the plot of log i
against log�1ÿ i=il) at 25 �C is a straight line. The slope
of the line (i.e., the reaction order) and the intercepts on
the log i axis (log ik) were calculated by least squares-
®tting and are given in Table 2. The reaction order with
respect to sulphite is 1. For the ®rst order reaction,
Equation 8 can be applied and the plot of 1=i against
1=il is a straight line and the intercept on the 1=i axis is
1=ik. From Figure 3, the plots of 1=i against 1=il are
linear and the slopes are 1. The intercepts of the plot of
log i against log�1ÿ i=il) are the same as ÿ log of the
intercepts of the plots of 1=i against 1=il at the same
potential (Table 2). This means that the reaction order
is 1 and therefore the two methods match very well.
At 40, 50 and 60 �C, the same results were obtained.

When the concentration of sulphite was 0.2 M and
0.4 M, the reaction order with respect to sulphite ions
was still 1. In the low polarization region, the current is
small and therefore the concentrations at the electrode
and in the bulk are the same. In this case, only Equation
3 is needed to analyse the kinetics. Equation 7 is not
required because the mass transfer is not important.
Therefore the reaction order was not calculated using
the slope of the plot of log i against log�1ÿ i=il), rather
it was calculated from the plot of log i as a function of
the sulphite concentration. The plots of log(i) against
log�SO2ÿ

3 ] at 0.2 and 0.4 V vs SCE at 25 �C are shown in
Figure 4. At 0.4 V vs SCE, the reaction order was 0.95.
At 0.2 V vs SCE, the reaction order was below 1 and
appeared to be nonlinear with increasing reactant
concentration. The reason for this nonlinearity could
be caused by the variable adsorption of sulphite ions.

Table 1. Number of the electrons transferred for the anodic oxidation

of sulphite

Concentration

of sulphite

/mol dm)3

Potential

vs SCE

/V

Temperature

/°C
Number of electrons

transferred (n) per

sulphite ion

0.1 0.6 25 1.94 � 0.03

0.1 0.9 25 1.98 � 0.02

0.1 0.6 60 1.93 � 0.03

0.1 0.9 60 1.97 � 0.03

0.4 0.6 25 1.92 � 0.04

Fig. 2. Log i against log(1ÿ i=il) at constant potential and at 25 �C.
Electrolyte: 0.1 M Na2SO3, 1 M Na2SO4 and 0.25 M NaOH. Key: (r)

0.70, (n) 0.65, (m) 0.60, (´) 0.55 and (*) 0.50 V vs SCE.
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If the reaction order is 1, the plot of log �i=�1ÿ i=il))
(corrected for the difference in concentration of sulphite
between the bulk electrolyte and that at the electrode
surface) against potential should be a straight line. At
low current, �1ÿ i=il) is close to 1 and the concentration
difference can be neglected. The plots of log �i=�1ÿ i=il))
against potential at 25, 40, 50 and 60 �C are shown in
Figure 5. The corrected current �i=�1ÿ i=il)) is the same
as the kinetic current (ik) calculated using the above
methods (Table 2).
There are two Tafel slopes. The ®rst Tafel slope at low

potentials was 0:059±0:066Vdecadeÿ1 and the charge
transfer coef®cient is about 1 and the second Tafel slope
at high potentials was 0.19±0.22 V decadeÿ1 with the
charge transfer coef®cient being in the range of 0.29±

0.31. The Tafel slopes for the different potentials ranges
and temperatures are listed in Table 3. The ®rst Tafel
slope (0.060 V decadeÿ1) corresponds to the nonlinear
reaction order (less than 1) at low potential (0.16±0.25 V
vs SCE) and the second Tafel slope corresponds to the
®rst order region at high potentials (0.4±0.7 V vs SCE)
at 25 �C. This information suggests that there are two
reaction mechanisms. The change in Tafel slope, hence
in the mechanism was not due to the potential-depen-
dent change in the nature of electrode surface because
after the electrochemical conditioning, the electrode
surface was stable over the potential range 0±0.7 V vs
SCE. For example, at 25 �C, the background current
was almost constant over the potential range
0±0.6 V vs SCE, but the change in the Tafel slope
happened between 0.3±0.4 V vs SCE (Figure 5). The
Tafel slope change could be due to: at low potential, the
oxidation of the adsorbed sulphite was dominant and at
high potential, the oxidation of unadsorbed sulphite was
dominant. Tarasevich et al. [10, 18] reported that the
®rst Tafel slope was 0.060±0.070 V decadeÿ1 and the
reaction order obtained by the change of sulphite
concentration was close to 1. These authors did not
report a second Tafel slope.

3.4. Effect of pH

The effect of pH was studied by changing the sodium
hydroxide concentration in the electrolyte containing
1 M Na2SO4. However, the electrolyte contained 1 M

Na2SO4 and the pH measurement was not accurate

Table 2. Reaction order and the kinetic current calculated using di�erent methods

Potential V vs SCE/V 0.50 0.55 0.60 0.65 0.70

Slope of log i vs log(1 ) i/il) 1.05 1.01 1.01 1.01 0.99

Intercepts of log i vs log(1 ) i/il) (i.e., ik/A m)2) 2.08 2.35 2.62 2.90 3.14

Slope of plot of 1/i vs 1/il 1.04 1.01 1.00 1.01 1.00

)Log(intercepts of plot of 1/i vs 1/il) (i.e., ik/A m)2) 2.08 2.35 2.62 2.90 3.14

Log(i/(1 ) i/il)) (i.e., ik/A m)2) 2.06 2.33 2.61 2.89 3.15

Fig. 3. 1/i against 1=il at constant potential (V vs SCE) and at 25 �C.
Electrolyte: 0.1 M Na2SO3, 1 M Na2SO4 and 0.25 M NaOH. Key: (r)

0.50, (n) 0.55, (m) 0.60, (´) 0.65 and (*) 0.70 V.

Fig. 4. Log i against log [SO2ÿ
3 ] at 25 �C and 4900 rpm. Electrolyte:

1 M Na2SO4 and 0.25 M NaOH. Key: (r) 0.2 and (n) 0.4 V vs SCE.

Fig. 5. Potential against log ((i=�1ÿ i=il)) at di�erent temperatures.

Electrolyte: 0.1 M Na2SO4, 1 M Na2SO4 and 0.25 M NaOH. Key: (e)

25, (n) 40, (s) 50 and (d) 60 �C.
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because the electrolyte had a large background concen-
tration of Na2SO4. Therefore, the activity coef®cient of
OHÿ was calculated by Pitzer's model [25, 26]. The
value of the activity coef®cient of OHÿ is 0.48. From
Figure 6, the current at a constant potential appears to
be almost independent of pH. Therefore the reaction
order with respect to OHÿ is almost zero. This result is
consistent with those reported by Tarasevich et al. [10,
18] and means that the rate-controlling step does not
involve OHÿ.

3.5. Calculation of activation energy

At a constant potential, the following equation can be
written:

Log ik � constant � Ua
�
�
�E�

2:303RT

� constant � U�
�
ÿ aaFE

2:303RT
�14�

Where Ua
�
�
�E� is the activation energy at potential E, U�

�

the activation energy at potential = 0, aa the anodic
charge transfer coef®cient and R the gas constant. The
activation energy can be calculated from the slope of the
plot of log ik against 1=T (Figure 7). The slopes of these
linear plots were calculated by least-squares ®tting. The
activation energy decreases quickly with increasing
potential at low potentials and ®nally behaves linearly
with potential at potentials >0.4 V vs SCE. This is due
to a change in the reaction mechanism which results in a
change in the charge transfer coef®cient.

3.6. Diffusion coef®cient estimation

The plots of diffusion current against rotational speed
at different temperatures are shown in Figure 8. These
plots permit the calculation of the diffusion coef®cients
using the slopes of the lines and Equation 2. The
slopes were calculated using least-squares ®tting. The
diffusion coef®cients at 25, 40, 50 and 60 �C are 5.6,
8.6, 9.99 and 12:4� 10ÿ10 m2 sÿ1, respectively. The
diffusion coef®cient obtained at 25 �C (5:6� 10ÿ10

m2 sÿ1) is much lower than the value at in®nite dilution
(1:06� 10ÿ9 m2 sÿ1) [29]. This difference could be
caused by the high ionic strength (above 3.1 M) where
the ion±ion interaction is signi®cant and the kinematic
viscosity is 35% greater than that for water, decreasing
the diffusion coef®cient. The diffusion coef®cient at
25 �C is close to the values (6±7� 10ÿ10 m2 sÿ1 in 0.5 M

Na2SO4) reported by Hunger et al. [7]. The diffusion
coef®cient has the following temperature dependence:

LogD � constantÿ Ea

2:303RT
�15�

where D is the diffusion coef®cient, Ea the diffusion
activation energy, R the gas constant, T the absolute
temperature.
The diffusion activation energy calculated from the

slope of the log plot of diffusion coef®cient against 1=T
(Figure 9) is 18 kJmolÿ1.

3.7. Potential sweep study

The potential sweep method was used to study the
anodic oxidation of sulphite. Figure 10 shows the cyclic

Table 3. Tafel slopes for the di�erent potential ranges at 25, 40, 50 and 60 °C

Temperature 25 °C 40 °C 50 °C 60 °C

Low potential range (V vs SCE) 0.16±0.25 0.11±0.22 0.08±0.18 0.04±0.15

Tafel slopes for low potential range /V decade)1 0.059 0.061 0.064 0.066

High potential range (V vs SCE) 0.4±0.7 0.38±0.66 0.38±0.64 0.36±0.64

Tafel slopes for high potential range /V decade)1 0.19 0.20 0.21 0.22

Fig. 6. E�ect of pH on sulphite oxidation at di�erent potentials and at

25 �C. Electrolyte: 0.1 M Na2SO3, 1 M Na2SO4 at variable pH

(calculated using Pitzer's model).
Fig. 7. Log ik against 1=T at di�erent potentials (V vs SCE).

Electrolyte: 0.1 M Na2SO3, 1 M Na2SO4 and 0.25 M NaOH.
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voltammograms after subtraction of the background
current for different scan rates. There is no negative
current corresponding to the reduction of the oxidized
products (or intermediates) and the oxidation of sulphite
is irreversible. The peak current density (ip) is given by
the following equation for the irreversible reaction [30]:

ip � �2:99� 105�n�a�1=2CbD1=2v1=2 � Bv1=2 �16�

where n is the number of transferred electrons, a the
rate-controlling step charge transfer coef®cient, Cb the
bulk reactant concentration, D the diffusion coef®cient,
v the potential scan rate and B � �2:99� 105��
n�a�1=2CbD1=2. The peak current is proportional to the
square root of the potential scan rate. The plot of ip
against v1=2 gave a linear relationship (Figure 11). The
slope (B) was calculated by least-squares ®tting. The
following relationship obtains:

jEp ÿ Ep=2j � 1:875RT
aF

�17�

where Ep is the peak potential and Ep=2 the potential
when i � ip=2.

From the above equation we obtain an apparent
charge transfer coef®cient of 0.33 which is close to that
(0.30±0.31) calculated using the Tafel slope at high
potentials. The total number of the electrons transferred
is 1.98, 1.98, 2.00, 1.98 by combination of B, Cb, aa, D at
25, 40, 50 and 60 �C, respectively. This number corre-
sponds to the stoichiometry indicated by Equation 11.
From Figure 11 there were no prewaves or postwaves

for the positive-going sweep, meaning the reactant and
products did not adsorb or adsorbed only weakly on the
electrode surface.

3.8. Possible reaction mechanism

From Figure 5, there are two Tafel regions. The ®rst one
is 0:059±0:066 Vdecadeÿ1 from 25 to 60 �C at low
potentials and the second is 0:19±0:22Vdecadeÿ1 at
higher potentials. The corresponding charge transfer
coef®cients are 1 and 0.3, respectively. These values
suggest a change in the reaction mechanism or in the
rate-controlling step. The reaction order at low poten-
tials is below 1 and nonlinear, and decreases slightly with
increasing sulphite concentration indicating that the
adsorbed sulphite could begin to be oxidized at low
potentials. There are no peaks corresponding to the

Fig. 8. Di�usion current density against (rotational speed)1=2 at

di�erent temperatures. Electrolyte: 0.05 M Na2SO3, 1 M Na2SO4,

0.25 M NaOH. Key: (r) 25, (n) 40, (m) 50 and (´) 60 �C.

Fig. 9. Log plot of di�usion coe�cient against 1=T.

Fig. 10. Voltammograms at di�erent scan rates at 25 �C. Electrolyte:
0.1 M Na2SO3, 1 M Na2SO4, 0.25 M NaOH. Key: (Ð) 320, (± ±) 160,

(- - - -) 80, (± - ±) 40 and (± - -) 20 (mV)ÿ1.

Fig. 11. Peak current against the potential scan rate at 25 �C.
Electrolyte: 0.1 M Na2SO3, 1 M Na2SO4 and 0.25 M NaOH.
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adsorption in the voltammograms. This means that
sulphite adsorbs weakly on the electrode surface. Tara-
sevich et al. [17] studied the adsorption and electroox-
idation of sulphite on platinum using radioactive tracers
and found that SO2ÿ

3 was weakly adsorbed on the
surface and the amount of adsorbed SO2ÿ

3 did not
change over the potential range ÿ0:24±0:26V vs SCE
and decreased to zero with increasing potential from 0.26
to 0.56 V vs SCE at 22 �C. In this study, SO2ÿ

3 begins to
be oxidized on a graphite anode at 0.16 V vs SCE at
25 �C and the Tafel slope was maintained at a constant
value of 0.060 V decadeÿ1 over the potential range 0.16±
0.25 V vs SCE. With further increase in potential, the
Tafel slope increased with increasing potential and when
the potential exceeded 0.4 V vs SCE, the Tafel slope
remained at 0.19 V decadeÿ1 and was independent of the
potential. The above phenomenon can be explained by:
(i) at 0.16±0.25 V vs SCE, the adsorbed SO2ÿ

3 is oxidized
and the coverage of adsorbed SO2ÿ

3 was independent of
potential and therefore the Tafel slope (0.060 V de-
cade ÿ1) is independent of the potential and the reaction
order with respect to SO2ÿ

3 was below 1 and nonlinear;
(ii) at 0.25±0.4 V vs SCE, the coverage of adsorbed SO2ÿ

3

decreases with increasing potential. Therefore, the Tafel
slope increased with increasing potential; (iii) at poten-
tial >0:4V, the amount of adsorbed SO2ÿ

3 is negligible
and the direct oxidation of unadsorbed SO2ÿ

3 dominates.
Thus the Tafel slope became independent of the poten-
tial and the reaction order with respect to SO2ÿ

3 became
unity. The reaction order with respect to OHÿ ions is
almost zero. This means that the rate-controlling steps
for the two Tafel slope regions do not involve OHÿ.
There are numerous carbon oxide surface groups on
graphite [10, 31] and sulphur could be bound to these
surface groups during the adsorption. In accordance
with the these phenomena, the following reaction mech-
anism is proposed.
At low potentials (<0:25V vs SCE), sulphite ®rst

adsorbs on the graphite, then loses the ®rst electron, and
®nally undergoes oxygen transfer and loses the second
electron. For example,
Step 1

SO2ÿ
3 , SO2ÿ

3 �ad�

Step 2

SO2ÿ
3 �ad� , SOÿá3 �ad� � eÿ

Step 3

SOÿá3 �ad� ! SOÿá3

Step 4

SOÿá3 � 2OHÿ ! SO2ÿ
4 �H2O� eÿ

Considering the theory of multistep electrode reactions
[32, 33], if step 1 is the rate-controlling step, the current

should be independent of potential. If step 2 is the rate-
controlling step, the Tafel slope should be around
0.12 V decadeÿ1. If step 4 is the rate-controlling step,
the Tafel slope should be around 0.040 V decadeÿ1 and
the reaction order with respect to OHÿ ions should be 1
or more. If step 3 is the rate-controlling step, the Tafel
slope is 0.060 V decadeÿ1. The reaction order with
respect to OHÿ ions could be zero. Looking at the
experimental results, step 3 could be the rate-controlling
step. In addition, step 4 could consist of several steps.
At high potentials (>0:4V vs SCE), sulphite ®rst loses

one electron, subsequently undergoes oxygen transfer
and loses the second electron.
Step 1

SO2ÿ
3 ! SOÿá3 � eÿ

Step 2

SOÿá3 � 2OHÿ ! SO2ÿ
4 �H2O� eÿ

The charge transfer coef®cient is only about 0.3,
suggesting that the loss of the ®rst electron is the rate-
controlling step. This is in agreement with the reaction
order with respect to sulphite ions. The reaction order
with respect to hydroxide ions is zero, suggesting that
the rate-controlling step does not involve hydroxide
ions. Therefore, step 1 could be the rate-controlling step
at high potentials. It should be noted that a small
amount of SOÿá3 could combine to form dithionate and
therefore the number of the electrons transferred is
slightly below 2.

4. Conclusions

(i) A modi®ed rotating disc electrode method can be
used to calculate the reaction order and the kinetic
current for the oxidation of sulphite ions.

(ii) At low potentials (e.g., <0:25V vs SCE at 25 �C),
the reaction order for the oxidation of sulphite is
below 1 and decreases with increasing concentra-
tion. The Tafel slope is 0.060±0.065 V decacdeÿ1.
At high potentials (>0:4V vs SCE), the reaction
order with respect to sulphite ions is 1 up to 0.4 M

and the Tafel slope is 0.19±0.21 V decadeÿ1.
(iii) The reaction order with respect to hydroxide ions is

close to zero.
(iv) The diffusion coef®cients of sulphite ions were ob-

tained and shown to have an activation energy of
18 kJ molÿ1.

(v) Sulphite oxidation in alkaline solution appears to
undergo a radical-electron mechanism. At low
potentials, the adsorbed sulphite oxidation is
dominant and at high potentials, the sulphite ions
are oxidized directly on the electrode surface. The
loss of the ®rst electron from sulphite ions ap-
pears to be the rate-controlling step at high po-
tentials.
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