
Electro-oxidation of carbonate in aqueous solution on a platinum rotating ring disk

electrode

JIUJUN ZHANG1,* and COLIN W. OLOMAN2

1Institute for Fuel Cell Innovation, National Research Council Canada, Vancouver, B.C., V67 1W5, Canada
2Department of Chemical and Biological Engineering and Pulp & Paper Centre, University of British Columbia,
Vancouver, B.C., Canada V6T 1Z4,
(*author for correspondence, tel.: +1-604221-3087, fax: +1-604-221-3001, e-mail: jiujun.zhang@nrc.gc.ca)

Received 28 August 2004; accepted in revised form 13 April 2005

Key words: carbonate, electro-oxidation, electro-synthesis, hydrogen peroxide, kinetics, percarbonate, platinum,
rotating ring-disk electrode

Abstract

The kinetics of electro-oxidation of carbonate aqueous solution on a platinum electrode were examined by a
rotating ring (platinum) – disk (platinum) electrode in aqueous sodium carbonate/bicarbonate solutions (25 �C,
pH = 10.75) with the peroxide stabilizing additives sodium silicate, magnesium sulphate and sodium DTPA such as
are used in brightening mechanical wood pulp. A theoretical model based on the experimental data is proposed to
describe this electro-oxidation process. The model shows consistency between the experimental results and the
expectation from the proposed reaction sequence. The first-order rate constants at 25 �C, pH = 10.75 in 1.13 M
(Na2CO3 + NaHCO3) for carbonate electro-oxidation to percarbonate (a.k.a. peroxidicarbonate C2O

2�
6 ), per-

carbonate hydrolysis to hydrogen peroxide and hydrogen peroxide electro-oxidation to oxygen are estimated from
the experimental data, respectively, as (1.43±0.1) · 10)11cm s)1 (extrapolated to the equilibrium electrode potential
which is estimated as ca. 0.21 (vs SCE)), (1.1 ± 0.2) · 10)2 s)1 and (5.6±0.5) · 10)8cm s)1 (extrapolated to the
equilibrium electrode potential of )0.019 V (vs SCE)).

Nomenclature

ðCEÞanode anode current efficiency for percar-
bonate (=(ID ) IB)/ID)

CCO3
total concentration of carbonate
(mol dm)3)

D2�
C2O6

diffusion coefficient for C2O6
2) (cm2 s)1)

DH2O2
diffusion coefficient for H2O2 (cm

2 s)1)
E electrode potential (V (vs SCE))
EoðC2O6=CO3Þ equilibrium electrode potential for

reaction l (V (vs. SCE))
EoðH2O2=O2Þ equilibrium electrode potential for

reaction III (V (vs SCE))
EoðO2=H2OÞ equilibrium electrode potential for

reaction V (V (vs SCE))
F Faraday’s number (96480 C mol)1)
IB background current (mA)
ID disk current (mA)
I0D net disk current (=ID ) IB) (mA)
IR ring current (mA)
k1 potential-dependent rate constant for

reaction (VIII) (cm s)1)
k2 potential-dependent rate constant for

reaction (XII) (cm s)1)

k1� standard rate constant at equilibrium
electrode potential EoðC2O3=CO3Þ for re-
dox couple CO 2�

3 /C2O
2�
6 (cm s)1)

k2� standard rate constant at equilibrium
electrode potential EoðH2O2=O2Þ for re-
dox couple H2O2/O2 (cm s)1)

Ka1 first acidic dissociation constant for
H2CO3 (mol dm)3)

Ka2 secondary acidic dissociation constant
for H2CO3 (mol dm)3)

kd decomposition rate constant for reac-
tion (XIII) (cm s)1)

kh hydrolysis rate constant for reaction
(IX) (cm s)1)

kdb bulk solution decomposition rate con-
stant for reaction (XV) (s)1)

khb bulk solution hydrolysis rate constant
for reaction (XI) (s)1)

n1 electrochemical stoichiometry coeffi-
cient for carbonate electro-oxidation
(=2)

n2 electrochemical stoichiometry coeffi-
cient for hydrogen oxidation (=2)
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1. Introduction

The electrochemical oxidation of carbonate in aqueous
solution on a platinum electrode has been employed by
previous workers to synthesize oxidizing bleaching solu-
tions derived from percarbonate (C2O

2�
6 , also called

electroytic percarbonate, peroxydicarbonate, peroxocar-
bonate or peroxycarbonate) [1–3]. Fundamental studies on
this electro-oxidation process have been carried out over
many years by various methods such as polarographic,
steady polarization, electrolysis, isotope-exchange, chemi-
cal titration, and rotating electrode techniques [1–20].
It has been shown that there are two kinds of

‘‘percarbonate’’, one is the electrolytic percarbonate and
the other is the chemical percarbonate. The electrolytic
percarbonate is a true percarbonate produced by anode
oxidation of cold (e.g. )10 �C) carbonate solution on a
noble metal electrode such as platinum [1–20] to give a
sodium (or potassium) salt with the proposed formula
Na2C2O6, and the corresponding chemical structure
shown in Figure 1(a) [21–23]. The chemical sodium (or
potassium) ‘‘percarbonate’’ is a commercial product
obtained by simply mixing H2O2 and Na2CO3 in an

alkaline solution. The chemical percarbonate salt, written
as 2Na2CO3Æ3H2O2, is considered to be a hydrogen
bonded adduct between H2O2 and Na2CO3 with a
chemical structure as shown in Figure 1(b) [24, 25].
It has been recognized from chemical and electro-

chemical measurements that the percarbonate ion
produced by electro-oxidation of carbonate in aqueous
solution (Reaction I) is hydrolysed to peroxide accord-
ing to reaction II, in a pseudo-first order reaction with
excess solvent and a half-life estimated as 1–2 min at
15 �C, pH 10 [7, 12, 13].

C2O
2�
6 þ 2e� $ 2CO2�

3 EoðC2O6=CO3Þca. 0:21

V (vs SCE) at 25 �C; pH 10:75½7� ðIÞ

C2O
2�
6 þ 2H2O$ H2O2 þ 2HCO3

� ðIIÞ

The peroxide from reaction II can be further oxidized
on the electrode (reaction III) in the potential range of
carbonate oxidation or can disproportionate to water
(reaction IV), thus decreasing the current efficiency for
active oxygen generation [12, 13]:

O2 þ 2Hþþ2e�$H2O2 EoðH2O2=O2Þ

¼ � 0:19V (vs SCE) at 25 �C, pH 10:75 ½32� ðIIIÞ

H2O2 ! 1=2O2 þH2O ðIVÞ
On the other hand, the parasitic oxidation of solvent
H2O (reaction V) also reduces the current efficiency for
percarbonate formation:

O2 þ 4Hþ þ 4e� $ 2H2O EoðO2=H2OÞ

¼ 0:35V(vs SCE) at 25 �C; pH10:75 ½32� ðVÞ

The electrochemical/chemical processes of carbonate
oxidation are complicated and, although some
pioneering information has been reported [1–20], the
mechanism and kinetics of this process have not been
well-explored. The detailed molecular level reaction
mechanism should involve processes such as the
electrode surface adsorption and the formation of
short-lived intermediates or radicals. However, due to
the limitations of our objective and the capability of

Fig. 1. Proposed structures for sodium percarbonate [21–23]: (a)

Electrolytic percarbonate, (b) Chemical percarbonate [24–25].

na1 controlling-step electron transfer
number for carbonate electro-oxida-
tion (assumed = 1)

na2 controlling-step electron transfer
number for hydrogen peroxide electro-
oxidation (assumed = 1)

N� standard ring electrode collection efficiency
r1 diffusion rate constant for equation

(X) ð¼ 0:201ðD2�
C2O6
Þ2=3m�1=6; cm s�1=2Þ

r2 diffusion rate constant for equation (XIV)
(¼ 0:201 ðDH2O2

Þ2=3 m�1=6, cm s)1/2)
R gas constant (8.314 J K)1 mol)1)

T temperature (K)
w1 diffusion layer constant for

C2O
2�
6 ¼ 4:98ðDC2O6

Þ1=3m1=6; cm s�1=2Þ
w2 diffusion layer constant for H2O2

ð¼ 4:98ðDH2O2
Þ1=3m1=6; cm s�1=2Þ

a1 electron transfer coefficient for car-
bonate electro-oxidation

a2 electron transfer coefficient for perox-
ide electro-oxidation

x electrode rotation rate (rpm)
m kinematic viscosity of aqueous solution

(0.012 cm2 s)1)
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instrumental analysis in our facility, the reaction
mechanism for carbonate electro-oxidation at such
detail level will not be examined in this paper. The
work described in this paper, done at the U.B.C. Pulp
and Paper Centre, was aimed at the development of a
quantitative kinetic model and measurement method for
the electro-oxidation of carbonate to support our work
on in-situ brightening of mechanical pulp by electrolysis
of sodium carbonate solutions [3].
A rotating ring (platinum) – disk (platinum) elec-

trode was employed in this work to obtain the
electrochemical data for carbonate oxidation, based
on which a kinetic model was developed according to a
proposed reaction sequence. The agreement between
the experimental results and theoretical expectation
allows the estimation of rate constants of the electro-
oxidation of carbonate to percarbonate, the hydrolysis
of percarbonate to hydrogen peroxide, and the further
oxidation and/or disproportionation of H2O2 to O2

2. Experimental

2.1. Chemicals and solutions

The reagent-grade sodium carbonate (Na2CO3), sodium
bicarbonate (NaHCO3), hydrogen peroxide (H2O2, 30%
in water), sodium silicate (Na2SO3Æ5H2O), magnesium
sulfate (MgSO4Æ7H2O), and sodium Perchlorate
(NaClO4 ) were purchased from Fisher Scientific and
used without further purification. Diethylenetriamine-
pentaacetic acid, sodium salt (40% in water, abbreviated
as DTPA, Acros Organics) was used as received. Water
which was used to prepare the solutions was purified by
double distillation with KMnO4. The pH of the solution
was controlled with the Na2CO3/NaHCO3 ratio. In the
experiments determining the effect of supporting
electrolyte, 0.1–1.0 mol dm)3 NaClO4 was added to
the testing solutions as a supporting electrolyte. In the
test solutions, 0.03 mol dm)3 Na2SiO3+ 8 ·
10)5 mol dm)3 DTPA + 3 · 10)4 mol dm)3 MgSO4

were added for peroxide stabilizing and for simulating
the real situation of a wood pulp brightening liquor.
Solutions were de-aerated prior to the tests by sparging
with argon gas (99.9 % vol).

2.2. Electrode preparation

A ring (platinum) – disk (platinum) electrode purchased
from Pine Instruments was used as received. The elec-
trode was polished using 0.3 lm alumina powder, son-
icated for 5 min in water and rinsed with acetone and
water before each experiment. The disk electrode area,
0.16 cm2, and the ring electrode collection efficiency (N�),
0.223, were calibrated using a solution of 0.01 mol dm)3

[Fe(CN)6]
3). The counter electrode was a platinum wire,

and a saturated calomel electrode (SCE) was employed as
reference electrode. All potentials reported in this paper
are quoted with respect to the SCE.

2.3. Apparatus and procedures

A conventional three-compartment cell was used to
perform the electrochemical measurements. An RDE3
potentiostat, a MSRX rotator (Pine Instruments), and
an X–Y recorder were employed to record the current–
potential data.
All experiments were carried out at ambient laboratory

temperature (25 ± 2 �C) and pressure (1 atm absolute).

3. Results and discussion

3.1. Experiment results

Figure 2 shows the current–potential curves for solutions
with various concentrations of carbonate/bicarbonate,
containing the pulp brightening (a.k.a. peroxide stabilizing)
additives Na2SiO3, MgSO4, and DTPA, recorded on a
platinum disk electrode rotated at 3600 rpm, The marked
number on the left side of each curve in Figure 2 is the
total concentration of carbonate and bicarbonate (defi-
ned as CCO3

, i.e, CCO3
¼ ½CO2�

3 � þ ½HCO�3 � þ ½H2CO3�).
For a solution at high pH such as 10.75, the concen-
tration of H2CO3 is negligible, therefore, CCO3

is
actually the sum of ½CO2�

3 � þ ½HCO�3 �. The solution
pH in each concentration was adjusted to 10.75 by
adding an extra small amount of 1.0 mol dm)3 Na2CO3

or NaHCO3. It was found that the ionic migration effect
[26] in these solutions could be neglected because the

Fig. 2. Electro-oxidation of carbonate on a rotating platinum disk elec-

trode (3600 rpm) in a solution (0.03 mol dm)3 Na2SiO3 + 8 · 10)5 mol

dm)3 DTPA + 3 · 10)4 mol dm)3 MgSO4, pH 10.75) containing vari-

ous concentrations of sodium carbonate + sodium bicarbonate as

marked at left-side of the curves. Potential scan rate: 20 mV s)1. The

potential is for disk electrode.
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data of Figure 2 were not affected by adding 0.1–
1.0 mol dm)3 NaClO4 supporting electrolyte. The
increase in the oxidation current with carbonate con-
centration clearly indicates the occurrence of carbonate
electro-oxidation (reaction I). A background current–
voltage at zero concentration of carbonate in the same
supporting electrolyte was also recorded for the purpose
of comparison. It was observed that the current,
presumably from electro-oxidation of water to O2 in
this condition, was much smaller than those at non-zero
carbonate concentrations.
In a subsequent experiment the current–potential

curve was examined over a range of electrode rotation
rate from 400 to 3600 rpm in 1.13 M carbonate. The
results of this experiment (reported below in Figure 4)
show that the disk current (ID) was essentially indepen-
dent of electrode rotation rate, suggesting that the
diffusion of electro-active species (CO2�

3 þHCO�3 ) is not a
rate-determining step in these solutions, and that the
electro-oxidation of carbonate is under kinetic control.
The linear relationship between oxidation current and

carbonate concentration (Figure 3) indicates that the
order of the primary electrode reaction (reaction I) is
one, in other words, the reaction order for carbonate
concentration is one. However, as written in the reaction
I or VIII, the reaction order for carbonate ion should be
two. This contradiction can be rationalized through a
reaction mechanism that involves a unimolecular rate
controlling step, such as the charge transfer to CO2�

3

followed by the fast dimerization of the subsequent
carbonate radical to form C2O

2�
6 [5, 10]. As mentioned

in the ‘‘Introduction’’ of this paper, such details of the
reaction mechanism will not be pursued here. A reaction
order of one for carbonate ion will be used in the kinetic
calculations of the following section.
The intercept of each line in Figure 3 can be

approximated to the background current (IB) from

water electro-oxidation to O2 (reaction IV) at the
corresponding electrode potential. The slope of each
line and the net disk current (I0D) for carbonate
oxidation at each electrode potential, obtained by
subtracting the corresponding background current
from the measured current (ie. I0D= ID ) IB), are
used in the following theoretical treatment. During the
electro-oxidation of carbonate on the disk electrode,
the ring electrode is controlled at a potential (i.e.,

Fig. 3. Plots of disk current in Figure 2 vs the concentration of carbonate at various disk electrode potentials as marked at the right-side of

the plots.

Fig. 4. Platinum ring currents vs disk potential at various rotation

rates as marked at the left-side of the curves. During the recording,

the platinum disk electrode was cycled from 1.00 to 1.80 V and at

the same time, the ring potential was fixed at 1.01 V. The solution

(as in Figure 2, pH 10.75) contains 1.13 M of (Na2CO3 +

NaHCO3). Potential scan rate: 50 mV s)1.
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1.01 V) to oxidize H2O2 which comes from the
hydrolysis of percarbonate (reaction II) produced on
the disk. Figure 4 shows the ring currents at a ring
potential of 1.00 V, recorded when the disk was
scanned from 1.00 to 1.80 V at various rotation rates
in a solution containing 1.13 M total carbonate
(CO2�

3 þHCO�3 ). The direction of the ring current
(anodic direction) suggests that the current is not from
the reduction of percarbonate, but from the oxidation
of H2O2. In Figure 4, the ring current decreases with
increasing rotation rate. Since the primary disk
current is independent of rotation rate, the decreasing
ring current provides information on the rate of
percarbonate hydrolysis to H2O2 in reaction II
[26–31]. A quantitative treatment of these data will
be given later in this paper.
When the disk potential is more positive than about

1.7 V, the ring currents in Figure 4 decrease in the
magnitude, due to the blocking-effect of gas (O2)
bubbles from the background reaction V. This block-
ing-effect of O2 is seen in the noise on the current–
potential curves (Figure 2). In the potential range of
1.40–1.60 V, no significant gas bubbles were observed
on the electrode surface, and this range is used for
quantitative treatment of carbonate electro-oxidation
kinetics.
The stabilizer (Na2SiO3 + DTPA + MgSO4) was

used in our pulp brightening solution to suppress the
decomposition of H2O2 [3]. This mixture of pulp
brightening additives was also found necessary in the
present tests to prevent both disk and ring current
noise, without affecting the magnitude of the cur-
rents. The stabilizer appears only to increase the
overpotential of background H2O oxidation to O2

and not to change the electrochemical behavior of
carbonate oxidation. In any case the low concentra-
tions of the stabilizer species impose a mass transport
limiting current density for their possible reaction far
below the current density of the primary anode
reaction I.

3.2. A proposed model for carbonate electro-oxidation
kinetics

For the electro-oxidation of carbonate in aqueous solu-
tions [1–20], the overall reactions on a rotating platinum
ring-disk electrode can be summarized as follows:

H2CO3 !
Ka1

HCO�3 þHþ

(Near disk electrode surface) ðVIÞ

HCO3
� !Ka2

CO2�
3 þHþ

(Near disk electrode surface) ðVIIÞ

2CO2�
3 �!

k1
C2O

2�
6 þ 2e� (On disk electrode) ðVIIIÞ

C2O
2�
6 þ 2H2O�!

kh
H2O2 þ 2HCO�3

(On disk electrode surface) ðIXÞ

C2O
2�
6 �!

r1x1=2

C2O
2�
6

(Diffusion from disk surface to the bulk solution)

ðXÞ

C2O
2�
6 þ 2H2O �!W1x�1=2khb

H2O2 þ 2HCO3
�

(Inside the diffusion layer) ðXIÞ

H2O2�!
k2

O2 þ 2Hþ þ 2e� (On disk electrode)

ðXIIÞ

H2O2�!
kd

1=2O2 þH2O (On disk electrode surface)

ðXIIIÞ

H2O2 �!
r2x1=2

H2O2ð Diffusion from near the disk

surface and detected by the ring electrode on

which the oxidation is as reaction (XII)Þ ðXIVÞ

H2O2 �!W2x�1=2kdb
1=2O2 þH2O

(Inside the diffusion layer) (XV)

The equilibrium reactions (VI) and (VII) with reaction
equilibrium constant Ka1 and Ka2 are assumed fast so
that their kinetics are not considered here. Equation
(VIII) represents the electro-oxidation of carbonate to
percarbonate on the platinum rotating disk electrode,
with a potential-dependent (pseudo) first-order rate
constant k1. Equation (IX) represents the hydrolysis of
percarbonate to hydrogen peroxide on the electrode
surface with a pseudo first-order rate constant kh. The
diffusion rate constant of Equation (X) can be consid-
ered as r1x1=2, where r1 ¼ 0:201ðD2�

C2O6
Þ2=3m�1=6ðD2�

C2O6
Þ is

the diffusion coefficient of percarbonate, m is the
kinematic viscosity of aqueous solutions [32], and x is
the electrode rotation rate. During the diffusion process,
the C2O

2�
6 can also react inside the diffusion layer as

expressed as Equation (XI) with a rate constant of
w1x�1=2khb; where w1x�1=2 is the diffusion layer thick-
ness for C2O

2�
6 ðw1 ¼ 4:98ðDC2O6

Þ1=3m1=6Þ and khb is the
bulk solution dissociation constant Equation (XII)
represents the electro-oxidation of hydrogen peroxide
from the reaction (IX), and k2 is its potential dependent
rate constant. Reaction (XIII) is the disproportionation
of H2O2 occurring on the electrode surface with a rate
constant of kd. Another sink for H2O2, described by
Equation (XIV), is diffusion into the bulk solution,
which subsequently produces the ring currents of
Figure 4. The diffusion rate constant, r2x1=2, is defined
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in the same way as that of diffusion process (X), where
r2 ¼ 0:201ðDH2O2

Þ2=3m�1=6ðDH2O2
is the diffusion coeffici-

ent of H2O2Þ. The disproportionation of H2O2 inside
the diffusion layer is expressed as Equation (XV) with a
rate constant of w2x�1=2kdb, where w2x�1=2 is the
diffusion layer thickness for H2O2w2 ¼
4:98ðDH2O2

Þ1=3m1=6Þ, and khb is the bulk solution disso-
ciation constant of H2O2.
Assuming steady-state in the diffusion layer. The

material balance for C2O
2�
6 is:

k1½CO2�
3 � ¼kh½C2O

2�
6 � þ r1x

�1=2½C2O
2�
6 �

þ w1x
1=2khb½C2O

2�
6 � ð1Þ

where ½CO2�
3 � is expressed as Equation (2) according to

reactions (VI) and (VII):

½CO2�
3 � ¼ CCO3

Ka1Ka2=ð½Hþ�2 þ Ka1[H]þ þ Ka1Ka2Þ
ð2Þ

Therefore, Equation (1) becomes Equation (3):

k1CCO3
Ka1Ka2=ð½Hþ�2þKa1½Hþ� þKa1Ka2Þ

¼ kh½C2O
2�
6 �þr1x1=2½C2O

2�
6 � þw1x

�1=2khb½C2O
2�
6 �
ð3Þ

Note that the reaction order for CO2�
3 is 1 as proven in

Figure 2.
Similarly the material balance for H2O2 in the

diffusion layer is

kh½C2O
2�
6 � þ w1x

�1=2khb½C2O
2�
6 �

¼ k2½H2O2� þ kd½H2O2� þ r2x
1=2½H2O2�

þ w2x
�1=2kdb½H2O2�:

ð4Þ

From Equation (3), the steady concentration of
C2O

2�
6 in the diffusion layer can be obtained, that is:

½C2O
2�
6 � ¼ k1ðCCO3

Ka1Ka2=ð½Hþ�2 þ Ka1½Hþ�
þ Ka1Ka2ÞÞ=ðkh þ r1x

1=2 þ w1x
�1=2khbÞ;

ð5Þ

and the corresponding steady concentration of H2O2 is
derived from Equations (4) and (5):

½H2O2� ¼ðKh þ w1x
�1=2khbÞk1ðCCO3

Ka1Ka2=ð½Hþ�2

þ Ka1½Hþ� þ Ka1Ka2ÞÞ=ððkh þ r1x
1=2

þ w1x
�1=2khbÞðk2 þ kd þ r2x

1=2

þw2x
�1=2kdbÞÞ ð6Þ

Assuming that CO2�
3 and H2O2 are the electro-active

species the disk current is expressed as:

ID
0 ¼n1FAk1ðCCO3

Ka1Ka2=ð½Hþ�2 þ Ka1½Hþ�
þ Ka1Ka2ÞÞ þ n2FAk2½H2O2�

ð7Þ

where n1ð¼ 2Þ and n2ð¼ 2Þ are the electron stoichiom-
etry coefficients for reactions (VIII) and (XII), respec-
tively, F is Faraday’s constant and A is the disk
electrode area (cm2). The replacement of ½H2O2� in
Equation (7) by Equation (6) gives an Equation (8):

ID
0 ¼ 2FAk1ðCCO3

Ka1Ka2=ð½Hþ�2þKa1½Hþ�
þKa1Ka2ÞÞf1þk2ðkhþw1x

�1=2khbÞ=ððkhþ r1x
1=2

þw1x
�1=2khbÞðk2þkdþ r2x

1=2þw2x
�1=2kdbÞÞg:

ð8Þ

According to rotating ring disk theory [27, 28], the
ring current for peroxide oxidation can be described as
Equation (9):

IR ¼ n2FAr2x
1=2½H2O2�N � ð9Þ

where N � is the ring collection efficiency. Substituting
Equation (6) into Equation (9) gives Equation (10):

IR¼2FAr2x1=2k1ðkhþw1x
�1=2khbÞN�CCO3

Ka1Ka2=

ð½Hþ�2þKa1½Hþ�þKa1Ka2Þ=ððkhþr1x1=2w1x
�1=2khbÞ

ðk2þkdþr2x1=2þw2x
�1=2kdbÞÞ: ð10Þ

The combination of Equations (8) and (10) leads to an
expression (Equation (11)) from which the kinetics rate
constants are evaluated:

ðID0=IRÞN � ¼f1=½r2x1=2ðkh þ w1x
�1=2khbÞ�g

� ½ðkh þ r1x
1=2 þ w1x

�1=2khbÞ
ðk2 þ kd þ r2x

1=2 þ w2x
�1=2kdbÞ

þ k2ðkh þ w1x
�1=2khbÞ�

ð11Þ

As an approximation, it is assumed that
D2�

C2O6
¼ DH2O2

¼ 1:0� 10�5 cm2 s)1 at room tempera-
ture ð25 �CÞ ½33�;w1 ¼ w2 ¼ 5:13� 10�2 cm s)1/2, and
r1 ¼ r2 ¼ 2:0� 10�4 cm s)1/2. Based on the experimen-
tal data, Equation (11) can be employed to estimate the
reaction rate constants.
In the measurements (Figures 2 and 4), ðID0=IRÞN � in

Equation (11) can be obtained at various electrode
rotation rates, then the plots of ðID0=IRÞN � vs x1=2 at
various potentials allows the estimation of the rate
constants, such as kh; k2; kd; khb, and kdb. The data from
Figures 2 and 4 were simulated according to Equation
(11) as shown in Figure 5. From Figure 5, it can be seen
that the simulated lines are in good agreement with the
values obtained by experiment.
In the simulation, the values of kd and kdb were

adopted from references as, respectively ð1:6� 0:3Þ�
10�4 cm s)1 [31], and ð6:0� 1:0Þ � 10�5 s)1 [34]. The
other two potential-independent constants obtained by
this simulation are: kh ¼ ð2:0� 0:3Þ � 10�4 cm s)1, and
khb ¼ ð1:1� 0:2Þ � 10�2 s)1, respectively. For the H2O2

oxidation rate constant, k2, which is potential-dependent,
the simulated values are listed in Table 1.
The potential dependent constant k2 for H2O2 elect-

rooxidation on the platinum surface (reaction (VII)) is
shown in Figure 6. The linear relationship between the
log(k2) and electrode potential suggests that the behav-
ior could be expressed as a Tafel form:

logðk2Þ¼ logðk�2Þþða2na2F=2:303RTÞ
ðE�EoðH2O2=O2ÞÞ ð12Þ
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where k�2 is a standard rate constant at equilibrium potential
E�ðH2O2=O2Þ of the H2O2=O2 redox couple (Eo = )0.19 V
at pH 10.75 at 25 �C [32]), a2na2 is the product of electron
transfer coefficient (a2) and controlling-step electron trans-
fer, number ðna2Þ for the corresponding process, and E is
the electrode potential. The plot of logðk2Þ vs E in Figure 6
was used to estimate the values of k02 and a2na2. The value
of a2 is found to be 0.16 (assuming na2 ¼ 1) while k�2 is
ð5:6� 0:Þ � 10�8 cm s�1 On the other hand, the plot can
be employed to roughly estimate the rate constant at any
chosen potential in the experimental range.
The rate constant k1 was obtained from the experimental

data in Figure 3 and Equation (8). In Equation (8), the term
of k2ðkh þ w1x�1=2khbÞ=ððkh þ r1x1=2 þ w1x�1=2khbÞðk2

þkd þ r2x1=2 þ w2x�1=2khbÞÞ inside the parentheses is
much smaller than 1, therefore the equation can be
simplified as:

I0D ¼ 2FAk1Cco3Ka1Ka2=ð½Hþ�2 þ Ka1½Hþ� þ Ka1Ka2Þ
ð13Þ

that is, a linear relationship between the disk current and
concentration of carbonate. This linear relationship is
proven by the data of Figure 3 if the background current
is assumed to be a constant value at different concentra-
tions of carbonate. The slope of each line in Figure 3
gives a value of 2FAk1Ka1Ka2=ð½Hþ�2 þ Ka1½Hþ�þ
Ka1Ka2Þ, from which k1 was evaluated using the solution
pH (=10.75) and the known values of the acidic

Table 1. H2O2 oxidation kinetic constant k2 at various electrode potentials. 25� C, pH 10.75

Electrode potentials V (vs SCE) 1.40 1.45 1.50 1.55 1.60

k2104cm s)1 9.9±0.3 15.0±0.4 18.0±0.5 26.0±0.8 35.0±0.9

Fig. 5. Plots of (I0D=IRÞN � vs square root of electrode rotating rate (x1/2) at various disk potentials as marked at the right-side of the plots.

The data are from Figure 4. The solid lines are those simulated, and the points are those experimentally measured.

Fig. 6. Potential dependence of rate constant (k2) for H2O2 electrooxidation.
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equilibrium constants Ka1ð4:2� 10�7 mol dm�3Þ and
Ka2ð5:6�10�11 mol dm�3Þ [32].
Figure 7 displays a relationship between log(k1) and

electrode potential (E). Assuming Tafel kinetics the
potential dependence of k1 may be expressed as equation
(14):

1ogðk1Þ ¼1ogðk�1Þ þ ða1na1F=2:3RTÞ
ðE� E�ðC2O6=CO3ÞÞ

ð14Þ

from which a value of electron transfer coefficient (a1)
for carbon electro-oxidation was obtained, that is 0.27
(assuming na1=1). If the standard equilibrium elec-
trode potential ðE�ðC2O6=CO3ÞÞ of the couple CO2�

3 =C2O
2�
6

is presumed to be 0.21 V at 25 �C and pH 10.75 [7], and
the acidic association constants of H2CO3 are taken
as above, the standard rate constant for carbonate
oxidation at Eo (0.21 V) according to Figure 6 is
1.43 · 10)11 cm s)1.

4. Conclusion

The kinetic model developed here for carbonate
electro-oxidation on platinum gives a satisfactory fit
to the experimental results. For carbonate oxidation

near/in the potential range of H2O oxidation (i.e.
>1.7 V), the measurement accuracy of the rotating
ring-disk electrode is limited by the background
reaction that creates O2 bubbles on the electrode
surface (blocking-effect). Nevertheless, the data can
be used to model the carbonate/ percarbonate system
by selecting values in the potential range 1.40–160 V.
Rate constants for the reactions in the proposed
sequence were obtained from these data and are
summarized in Table 2.
The anode current efficiency (CE)anode for

electro-oxidation of carbonate to percarbonate at var-
ious CO2�

3 concentrations and electrode potentials may
be estimated from the data in Figure 3, as

ðCEÞanode ¼ ðID � IBÞ=ID
and this value ranges up to about 80% at an anode
potential of 2.0 V.
The reaction parameters found here are useful as a

starting point to describe the electro-oxidation of
carbonate and the electrochemical generation of per-
oxide for electro-brightening of pulp [3, 34]. However
substantially more data, over practical ranges of
composition and temperature, are needed for an
engineering model of this system.

Fig. 7. Potential dependence of logarithmic rate constant (k1) for carbonate electro-oxidation.

Table 2. Simulated reaction constants

Reaction I Reaction II Reaction III Reaction IV

ko1 a1na1 kh khb ko2 a2na2 k�d k��db
1011cm s)1 104 cm s�1 102 s�1 108cm s)1 104 cm s)1 105 s)1

1.430±0.1 0.27 2.0±0.3 1.1±0.2 5.6±0.5 0.16 1.6±0.3 6.0±1.0

* From Reference [31]

** From Reference [34]
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