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Abstract

The anodic oxidation of copper cyanide has been studied using a graphite rotating disc with reference to cyanide
concentration (0.05–4.00 M), CN:Cu mole ratio (3–12), temperature (25–60 �C) and hydroxide concentration (0.01–
0.25 M). Copper had a significant catalytic effect on cyanide oxidation. In the low polarization region (about 0.4 V
vs SCE or less), cuprous cyanide is oxidized to cupric cyanide complexes which further react to form cyanate. At a
CN:Cu ratio of 3 and [OH�] ¼ 0.25 M, the Tafel slope was about 0.12 V decade�1. Cu(CN)2�3 was discharged on
the electrode and the reaction order with respect to the predicted concentration of Cu(CN)2�3 is one. With increasing
CN:Cu mole ratio and decreasing pH, the dominant discharged species shifted to Cu(CN)3�4 . Under these
conditions, two Tafel slopes were observed with the first one being 0.060 V decade�1 and the second one 0.17–
0.20 V decade�1. In the high polarization region (about 0.4 V vs SCE or more), cuprous cyanide complexes were
oxidized to copper oxide and cyanate. Possible reaction mechanism was discussed.

1. Introduction

1.1. Oxidation of copper cyanide

1.1.1. Background
Much attention has been paid to the study of the
electrochemical oxidation of CN� to minimize the
destruction of cyanide in metal electrowinning from
cyanide solution or alternatively maximize the efficiency
of the destruction of cyanide in effluent streams to meet
environmental requirements [1–18]. Relatively less work
has been done on the anodic oxidation of copper
cyanide and the results are incomplete and conflicting. A
solvent extraction-electrowinning process has been de-
veloped at the University of British Columbia to recover
copper and cyanide from gold mining effluents [18]. In
summary, copper cyanide is solvent-extracted using a
guanidine-based extractant or a mixed strong base
amine (LIX 79, XI 7980, XI78 from Henkel Co.),
stripped with strong alkaline electrolyte and finally
electrolysed in a membrane cell to produce copper metal
and a bleed stream for cyanide recovery. The use of a
membrane (Nafion�) in the copper electrowinning cell is
necessary to prevent cyanide oxidation at the anode.
Unfortunately, the use of a membrane is expensive and
the membrane may be subject to mechanical damage by
the growing metal deposit. To eliminate the use of a
membrane, the possible inclusion of sulfite as a sacrifi-
cial species was tested in some proof-of-concept elec-
trowinning experiments and was shown to be promising

[19]. With sulfite addition, the cell chemistry becomes as
follows:

Na2CuðCNÞ3 þ 1
2Na2SO3 þNaOH

! Cuþ 3NaCNþ 1
2Na2SO4 þ 1

2H2O ð1Þ

Accordingly, the objective of the present research was to
understand the anodic oxidation of copper cyanide and
then limit the anodic consumption of cyanide by the use
of the sulfite sacrificial species during electrowinning.
This contribution summarizes the detailed study of the
anodic behaviour of copper cyanide solutions. A previ-
ous study [20] reported on the anodic oxidation of
sulphite. A final paper in this series will report on the
anodic chemistry of the Cu+–CN�–SO2�

3 –OH� system.

1.1.2. Literature review
The products and mechanism of cyanide oxidation
depend mainly on pH, potential and concentration. As a
pseudo-halogen, CN� can be oxidized to (CN)2:

2CN� ¼ ðCNÞ2 þ 2e� E� ¼ �0:176 V vs SHE ð2Þ

Under alkaline conditions, the reaction for the oxi-
dation of cyanide is cyanate [2, 3]:

CN� þ 2OH� ¼ CNO� þH2Oþ 2e�

E� ¼ �0:97 V vs SHE ð3Þ
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In neutral and weakly alkaline solutions (pH 7.0–
11.7), cyanogen is the main cyanide oxidation product
according to Reaction 2 [2, 7, 17]. Cyanogen can react
subsequently with hydroxide in solution to give cyanate
and cyanide:

ðCNÞ2 þ 2OH� ¼ CNO� þ CN� þH2O ð4Þ

There are some reports on the anodic oxidation of
copper cyanide, but most concern the products and
phenomena of the electrolytic oxidation and are incom-
plete [4, 7–9, 11–13]. According to Dart et al. [8], copper
deposition releases free cyanide at the cathode and the
free cyanide is oxidized to cyanate at the anode. Drogen
and Pasek [9] proposed a direct oxidation route (copper
cyanide complexes are directly oxidized to cyanate with
the release of cuprous ions). Tan et al. [11] reported that
copper cyanide complexes are first oxidized to cyanate
releasing cuprous ions, which are then oxidized to
copper hydroxide.
Yoshimura and Katagiri et al. [5–7] measured the

steady-state polarization curves at a platinum anode
in cyanide solutions containing a very small amount
of copper and found that the Tafel slope was about
0.158 V decade�1 in a low potential region, suggesting
that a simple one-electron reaction was occurring at the
electrode. It was assumed that all the copper exists in the
form of Cu(CN)3�4 but with no check on the distribution
of copper species. In fact, in the ranges of cyanide and
copper concentrations studied a significant amount of
copper exists in the form of Cu(CN)2�3 and so their
assumption was in error. The calculated reaction order
with respect to Cu(CN)3�4 was 0.9. It was thought that
Cu(CN)3�4 was oxidized to Cu(CN)2�4 . The following
mechanism was proposed [7]:

CuðCNÞ3�4 ! CuðCNÞ2�4 þ e� ð5Þ

2CuðCNÞ2�4 , Cu2ðCNÞ2�6 þ 2CN� ð6Þ

Cu2ðCNÞ2�6 ! 2CuðCNÞ�2 þ ðCNÞ2 ð7Þ

CuðCNÞ�2 þ 2CN� ! CuðCNÞ3�4 ð8Þ

ðCNÞ2 þ 2OH� ! CN� þOCN� þH2O ð9Þ

However, no kinetic data are given for alkaline copper
cyanide solutions. In alkaline solutions (pH 11.8–14),
the reaction can be expressed by Reaction 3 and cyanate
ion is not oxidized further.
Hine et al. [12] reported that copper exhibited a

catalytic effect on cyanide oxidation on a PbO2 coated
anode. The Tafel slope for the oxidation of a solution
containing 1 M NaCN and 0.3 M copper was 0.070–
0.110 V decade�1 in the current density range 0.05–
10 A dm�2. It was thought that the oxidation of
Cu(CN)2�3 to Cu(OH)2 and CN� was occurring.
Hwang et al. [13] studied the electrolytic oxidation of

copper cyanide solution with CN:Cu mole ratios of 2.8

to 20 and at different pHs using a platinum anode. In
strongly alkaline solution (pH > 12), they proposed the
reaction sequence:

CuðCNÞðn�1Þ�n þ 2nOH�

¼ Cuþ þ nCNO� þ nH2Oþ 2ne� ð10Þ

2Cuþ þ 2OH� ¼ Cu2OþH2O ð11Þ

Cu2Oþ 2OH� ¼ CuOþ 2H2Oþ 2e� ð12Þ

The authors postulated that in neutral or weakly
alkaline or acidic solutions, the complex first dissociates
to free cyanide and then cyanide ions are oxidized.
However, if the anode and the cathode are separated,
anodic oxidation will not occur because no free cyanide
released from the cathode comes to the anode. From the
above discussion, it is evident that there are incomplete
and conflicting results on the anodic oxidation of copper
cyanide in alkaline solution.

1.2. Thermodynamics of copper cyanide

Copper cyanide species undergo the following successive
equilibrium steps:

Cuþ þ 2CN� ¼ CuCN�
2 log b2 ¼ 24 at 25 �C ½21


ð13Þ

CuðCNÞ�2 þ CN� ¼ CuðCNÞ2�3
log K2;3 ¼ 5:3 at 25 �C ½21
 ð14Þ

CuðCNÞ2�3 þ CN� ¼ CuðCNÞ3�4
log K3;4 ¼ 1:5 at 25 �C ½21
 ð15Þ

HCN ¼ Hþ þ CN�

log Ka ¼ 9:21 at 25 �C ½22
 ð16Þ

where b2, K2,3, K3,4, and Ka are the equilibrium
constants of Reactions 13–16, respectively.
Considering the above equilibrium reactions, the

distribution of these species depends on pH, tempera-
ture, the total concentrations of copper and cyanide and
the mass balances of cyanocuprate species described by
the following equations:

½Cu
Total ¼ ½Cuþ
 þ ½CuðCNÞ�2 
 þ ½CuðCNÞ2�3 

þ ½CuðCNÞ3�4 
 ð17Þ

½CN
Total ¼ ½CN�
 þ ½HCN
 þ 2½CuðCNÞ�2 

þ 3½CuðCNÞ2�3 
 þ 4½CuðCNÞ3�4 
 ð18Þ

The detailed discussion of the effects of pH, total copper
and cyanide, temperature will be published in another
paper [23]. At a CN:Cu mole ratio less than 3, the
distribution of cyanocuprate species depends mainly on
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the mole ratio of cyanide to copper. The dominant
species are tricyanide and dicyanide. At a CN:Cu mole
ratio of 3, almost all the copper exists in the form of
tricyanide. At CN:Cu mole ratios greater than 3, the
distribution of the copper-cyanide species depends not
only on the mole ratio of cyanide to copper but also on
the total copper concentration. At low total copper
concentration, copper tricyanide decreases slowly with
increasing CN:Cu mole ratio, but at high total copper
concentration, tricyanide decreases greatly with increas-
ing CN:Cu mole ratio. The free Cu+ concentration is
below about 10�20 M at a CN:Cu mole ratio > 3, so the
effect of free Cu+ on cyanide oxidation does not need to
be considered. In this study, the experiments were
conducted in a supporting electrolyte providing essen-
tially constant ionic strength, and the activity coeffi-
cients for all copper cyanide species could be considered
to be constant. It is reasonable to assume that the
equilibrium constants do not vary at constant ionic
strength. Using this approach, it is possible to predict
the solution speciation as a function of the CN:Cu mole
ratio, copper concentration and in electrochemical
oxidation studies, and to determine the reaction order
with respect to cyanocuprate species.

2. Experimental details

2.1. Equipment

Impregnated NE-150 graphite rod from National Elec-
tric Carbon Co. was used to make a graphite rotating
disc. The graphite was machined to 4 mm diameter and
surrounded tightly with a plastic shield with 10 mm
diameter. Another sample of graphite having 25 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 potentiostats
used were Solartron (model 1286) and PARC 273A
Electrochemical Interface. An EG&G water-jacketed
electrolytic cell was used. Argon gas was used to protect
copper cyanide species from possible oxidation by air. A
Cannon–Fenske routine viscometer (size 25) was used to
measure the kinematic viscosity of the solutions studied.
LeyboldMax 200XPS instrument was used to analyse the
anodic precipitate. Samples of the anodic precipitate for
the analysis of XPS were placed in a bottle that was filled
with argon gas to protect the sample from air oxidation.

2.2. Reagents

Reagent grade chemicals and ultrapure deionized water
were used throughout the investigation.

2.3. Experimental procedure

The electrolytic solution was prepared by dissolving
CuCN into NaCN + NaOH solution and then mixing

with Na2SO4 solution to make the final solution.
100 cm3 of the solution of the required composition
were added to the electrolytic cell. The experiments were
carried out under an argon atmosphere. The ohmic drop
between the working electrode and the reference elec-
trode was compensated by the current interruption
technique. For each experiment, the electrode surface
was first renewed using 600 grit sandpaper, polished
with 4000 grit silicon carbide sandpaper and then soft
tissue paper. Finally the disc surface was checked under
a microscope for smoothness. To obtain a stable
electrode condition and reproducible results, the elec-
trode was first treated by cyclic voltammetry between 0
and 0.60 V vs SCE at 100 mV s�1 for 0.5 h and
polarized repeatedly at 1 mV s�1 in the solution con-
taining 0.25 M NaOH and 1 M Na2SO4 until the
electrode reached a stable condition. The copper oxide
film was deposited on the electrode by controlling the
potential for a certain time. The time for the deposition
of copper oxide depended on the particular equipment.
10 min was needed for studying the effect of copper
oxide, 30 min for XPS and over 60 min for X-ray
diffraction. The liquid junction potential was calculated
by the Henderson equation [24] and the thermal liquid
junction potential was measured using two calomel
reference electrodes.

2.4. Chemical analysis

The total cyanide concentration was determined using
the following distillation–absorption–titration proce-
dure: (i) distillation of cyanide as HCN at a mildly acid
pH of 4 in the presence of EDTA, (ii) absorption of
HCN in 0.25 M NaOH solution, (iii) titration with silver
nitrate. The copper concentration of copper cyanide
solution was measured by oxidizing copper cyanide to
cupric nitrate using concentrated nitric acid and titra-
tion with by EDTA. The amount of the copper in the
copper oxide precipitated on the anode was measured by
dissolving copper oxide into sulfuric acid and titration
with EDTA. The anodic current efficiency of cyanide
was determined by the change in the solution cyanide
concentration using the above distillation–absorption–
titration method. The anodic current efficiency for Cu(I)
was determined by both measuring the initial and final
concentrations in the solution after the electrolysis and
measuring the amount of copper in the copper oxide
precipitated during the coulometric measurements.

3. Results and discussion

3.1. Polarization measurements and identification of the
anodic precipitate

Polarization measurements were conducted at 25, 40, 50
and 60 �C in alkaline solution with 1 M Na2SO4

supporting electrolyte and different concentrations of
cyanide, copper and sodium hydroxide. As copper oxide

1121



and hydroxide were precipitated on the electrode surface
during the polarization measurements, the electrode
surface was repolished after every polarization to ensure
reproducible results. The polarization curves for 0.05 M

cyanide and a CN:Cu mole ratio of 3 at 25, 40, 50 and
60 �C are shown in Figure 1. The anodic oxidation of
copper cyanide can be divided into three reaction
regions. In the first region (about 0–0.4 V vs SCE), no
anodic precipitate was formed on the electrode. In the
second stage (about 0.4–0.6 V vs SCE), the anodic
precipitate was formed on the electrode surface and the
current increased sharply with increasing potential.
After the formation of the anodic precipitate, the
current against potential was dependent on the temper-
ature and the rotational speed. At 25 �C and 100 rpm,
the current reached a limiting value and slightly changed
with increasing potential. However, at a rotational speed
P400 rpm, the current reached a maximum value and
then decreased with increasing potential. At 40 �C and a
rotational speed O1600 rpm and less, after the current
reached a limiting value, it increased with increasing
potential to some extent. At a rotational speed
P2500 rpm, the current increased to a limiting value
and decreased with increasing potential. At 50 and
60 �C, the current did not decrease with increasing

potential. XPS analysis of the precipitate indicated that
the precipitate was a combination of copper oxide and
hydroxide. The content of CuO in the precipitate
increased from about 50% at 25 �C to about 70% at
60 �C. The X-ray diffraction pattern of the precipitate
was consistent with the XPS results. The increase in the
content of CuO may be a cause for the change of the
anodic behaviour of copper cyanide with temperature.
From the cyclic voltammetry (Figure 2), the effect of the
precipitation of copper oxide was also dependent on
the potential applied. At 25 �C and 100 rpm, when the
potential was swept from 0 to 0.55 V vs SCE and then
back to 0 V vs SCE, the current for the negative-going
sweep was larger than that for the positive-going sweep,
meaning that the precipitate had a catalytic effect on the
anodic oxidation of copper cyanide. When the potential
was swept from 0 to 0.60 V vs SCE and then back to 0 V
vs SCE, the current for the negative-going sweep was
smaller than that for the positive-going sweep, meaning
that the precipitate had a passivating effect on the
anodic oxidation of copper cyanide. The change in the
catalytic properties of copper oxide may be caused by
the adsorption of oxygen. Figure 3 compares the rate of
oxidation on either graphite or graphite coated with
copper oxide. Figure 3 also provides a comparison

Fig. 1. Polarization curves for the anodic oxidaton of copper cyanide using a graphite rotating disc at (a) 25, (b) 40, (c) 50 and (d) 60 �C.
Electrolyte: 0.05 M CN�, CN:Cu ¼ 3, 0.25 M NaOH, 1 M Na2SO4. Key: (1) 100, (2) 400, (3) 900, (4) 1600, (5) 2500, (6) 3600 and (7) 4900 rpm.
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between cyanide oxidation on graphite without copper
in solution. The graphite anode coated with copper
oxide apparently was the most catalytic system followed
by graphite anode in a copper cyanide solution. Finally
the graphite electrode immersed in a copper-free solu-
tion showed the slowest reaction. The precipitation of
copper oxide and hydroxide suggests that copper
cyanide can be oxidized to copper oxide and cyanate.
Cyanide oxidation could be catalysed by the formation
of cupric cyanide and cupric oxide.
The onset of the precipitation of copper oxide

depends on the CN:Cu mole ratio and potential as
discussed in Section 3.3. At a low rotational speed, the
onset of the precipitation of copper oxide appeared at a
lower potential than at high rotational, leading to a
higher current, since copper oxide has a catalytic effect

on cyanide. At a constant potential, the CN:Cu mole
ratio at the electrode surface for a low rotational speed
is lower than that at high rotational. The lowly co-
ordinated copper cyanide complexes are less stable than
the highly coordinated complexes and are easier to
oxidize to copper oxide and cyanate. This results in the
positive shift in the anodic curves with increasing
rotational speed.
In the third region (potentials > about 0.6 V vs

SCE), a gas was evolved, which could be oxygen or
nitrogen due to the further oxidation of cyanate. In the
absence of copper cyanide, the polarization curves on
the electrode with precipitated copper oxide for the
solution containing cyanate were almost the same as
those without cyanate, suggesting that the evolution of
oxygen was dominant.

3.2. Coulometric measurement

Controlled potential coulometry was used to determine
the stoichiometry of the anodic oxidation of copper
cyanide per faraday. The large rotating disc was used as
an anode and the potential was controlled at values to
minimize the rates of side reactions such as oxygen
evolution. The working electrode (anode) was separated
from the counter electrode (the cathode) to prevent the
change of CN:Cu mole ratio due to copper deposition at
the cathode. The results are listed in Table 1. Tests 1–4
show the amount of oxidized cyanide and copper(I) per
faraday electricity at 0.05 M CN�, a CN:Cu mole ratio
of 3, 0.25 M NaOH and 1 M Na2SO4. If the reaction of
the anodic oxidation proceeded according to the fol-
lowing reaction:

CuðCNÞ2�3 þ 8OH�

¼ 3CNO� þ CuðOHÞ2 þ 3H2Oþ 7e� ð19Þ

The amounts of oxidized cyanide and Cu(I) ion per
faraday electricity are 0.429 and 0.143 mole, respecti-
vely. The corresponding values are close to the above
values confirming the stoichiometry of Reaction 19. The
current efficiencies for this reaction are 99.8, 102, 103,
105%, respectively, at 25, 40, 50 and 60 �C. Tests 5–9
show the amount of oxidized cyanide to copper per
Faraday electricity at 0.05 M CN�, a CN:Cu mole ratio
of 4, 0.25 M NaOH and 1 M Na2SO4. Tests 5–8 were
conducted at the potential where the current reached the
limiting current at 100 rpm. Under the condition of tests
5–8, the reaction of the anodic oxidation approximately
proceeds as the following reaction:

CuðCNÞ3�4 þ 10OH�

¼ 4CNO� þ CuðOHÞ2 þ 4H2Oþ 9e� ð20Þ

When the potential was controlled at a potential where
no copper oxide formed (test 9), the amount of oxidized
cyanide was 0.505 mol per faraday. The reaction can be
expressed by the following reaction:

Fig. 2. Effect of the precipitated copper oxide on the oxidation of

copper cyanide at 100 rpm and 25 �C: Electrolyte: 0.05 M CN�,

CN:Cu ¼ 3, 0.25 M NaOH and 1 M Na2SO4. Key: (––) 0–0.55 and

(- - -) 0–0.60 V vs SCE.

Fig. 3. Comparison of the effects of the precipitated copper oxide and

copper ions on the anodic oxidation of cyanide on a graphite rotating

disc at 100 rpm and 25 �C. Electrolyte: 0.25 M NaOH and 1 M

Na2SO4. Key: (1) CuO coated graphite (0.05 M CN�), (2) graphite

(0.05 M CN� and CN:Cu ¼ 3) and (3) graphite (0.05 M CN�).
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CN� þ 2OH� ¼ CNO� þH2Oþ 2e� ð21Þ

Tests 10–13 show the amount of oxidized cyanide to
copper per faraday at 0.05 M CN�, a CN:Cu mole ratio
of 12, 0.25 M NaOH and 1 M Na2SO4. The amount of
oxidized cyanide is very close to 0.5 mol per faraday
(i.e., cyanide is oxidized to cyanate). When the concen-
tration of hydroxide was 0.01 M NaOH, the amount of
oxidized cyanide is still close to 0.5 mol per faraday
(tests 14–17). Therefore, the stoichiometry of the anodic
oxidation of copper cyanide mainly depends on the
solution composition and potential.

3.3. Effect of CN:Cu mole ratio

The polarization curves for the anodic oxidation of
copper cyanide with different CN:Cu mole ratios are
given in Figure 4, showing that copper had a significant
catalytic effect on cyanide oxidation. At a CN:Cu mole
ratio of 3 and [CN�] ¼ 0.05 M, the anodic oxidation of
copper cyanide began at 0.090, 0.045, 0.016 and 0.00 V
vs SCE, respectively, for 25, 40, 50 and 60 �C. At a
CN:Cu mole ratio P 4 and [CN�] ¼ 0.05 M, the anodic
oxidation of copper cyanide began at 0.170, 0.145,
0.115, 0.085 V vs SCE respectively for 25, 40, 50 and
60 �C. The lower the mole ratio of cyanide to copper,
the lower the potential for the onset of the formation of
copper oxide. At a CN:Cu mole ratio of 3 and
[OH�] > 0.05 M, a small amount of copper oxide was
even precipitated on the outer insulator. At a CN:Cu
mole ratio greater than 3.5, there is no oxide precipitat-
ed on the outer insulator presumably due to copper(II)
reduction in the cyanide-rich environment. When the
CN:Cu mole ratio exceeded 6, no well-defined limiting
current was obtained because oxygen was evolved
before the current reached a limiting value.

The plot of the potential against log current density at
4900 rpm is shown in Figure 5. Although no correction
for the difference in the concentration between the bulk
solution and the surface was made, at low potentials,
the current was much lower than 10% of the limiting
current. Thus the concentration difference can be
neglected. When the concentration difference became
significant, the formation of copper oxide began. At a
CN:Cu mole ratio of 3, the Tafel slope was about
0.12 V decade�1. At a CN:Cu mole ratio P 4, two Tafel
slope ranges appear with the first Tafel slope being
about 0.060 V decade�1 and the second one about
0.18 V decade�1. On a pyrolytic graphite rotating disc,
there is only one well-defined Tafel slope at a CN:Cu
mole ratio P 4 and the current for a CN:Cu mole ratio

Table 1. Amount of oxidized cyanide and copper(I) per faraday at different CN:Cu mole ratio, hydroxide concentration and potentials

No. Composition of solution Temperature

/ �C
Potential vs SCE

/ V

Oxidized cyanide

/ mol F�1
Oxidized copper

/ mol F�1

1 0.05 M CN�, 25 0.5 0.435 0.126

2 0.01667 M Cu+ 40 0.5 0.443 0.136

3 CN:Cu = 3 50 0.48 0.445 0.139

4 0.25 M NaOH 60 0.46 0.439 0.159

5 0.05 M CN�, 25 0.5 0.447 0.102

6 0.0125 M Cu+ 40 0.5 0.449 0.106

7 CN:Cu = 4 50 0.48 0.467 0.110

8 0.25 M NaOH 60 0.46 0.470 0.110

9 25 0.3 0.505 0

10 0.05 M CN�, 25 0.45 0.508 0

11 0.00417 M Cu+ 40 0.45 0.509 0

12 CN:Cu = 12 50 0.45 0.510 0

13 0.25 M NaOH 60 0.45 0.512 0

14 0.05 M CN�, 25 0.6 0.510 0

15 0.00417 M Cu+ 40 0.6 0.511 0

16 CN:Cu = 12 50 0.6 0.512 0

17 0.01 M NaOH 60 0.6 0.515 0

Fig. 4. Effect of copper ions on the anodic oxidation of cyanide.

Current against potential on a graphite rotating disc at 4900 rpm and

60 �C. Electrolyte: 0.05 M CN� with different CN:Cu mole ratios, 1 M

Na2SO4 and 0.25 M NaOH. Key: (¤) CN:Cu ¼ 3, (h) CN:Cu ¼ 4,

(m) CN:Cu ¼ 6, (·) CN:Cu ¼ 12 and ( ) no Cu.
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of 3 is larger than those with higher mole ratios of
cyanide to copper. Therefore the anodic behaviour of
copper cyanide is dependent on the anode materials.
From Figure 5, at [CN�] ¼ 0.05 M, the current for a
CN:Cu mole ratio of 4 (0.0125 M Cu+) is even lower
than that for a CN:Cu mole ratio of 6 (0.008 33 M

Cu+), but higher than that for a CN:Cu mole ratio of 12
(0.00467 M Cu+). This is related to the change in the
concentration of the discharged species (further dis-
cussed in the later section).
From Figure 6, at [Cu+] ¼ 0.008 33 M, when the

cyanide concentrations increased from 0.025 to 0.4 M,
the anodic behaviour of copper cyanide changed with
cyanide concentration. At [CN�] ¼ 0.025 M (i.e., with a

CN:Cu mole ratio of 3), the plot of the potential against
log (current density) is a straight line. At [CN�] P 0.05 M

(i.e., CN:Cu mole ratio P 6), there are two Tafel slopes
in the plots of the potential against log (current density).
With increasing cyanide concentration, the curves for the
plots of the potential against log (current density) are
parallel to each other, but do not shift uniformly.

3.4. Effect of pH

From Figure 7, pH had a significant effect on the anodic
oxidation of cyanide. At a CN:Cu mole ratio of 3, pH
greatly affects the anodic oxidation of cyanide both at
low and high potentials. At a low potential, the Tafel
slope decreased from 0.130 to 0.060 V decade�1 and the
current decreased with decreasing pH at a constant
potential. This suggests that the rate-controlling step
changed or the mechanism changed. At a high potential,
copper cyanide was oxidized to copper oxide and
cyanate and the current was sensitive to the hydroxide
concentration and the current did not reach a well-
defined limiting value at low hydroxide concentration.

Fig. 5. Effect of copper on the anodic oxidation of cyanide. Potential

against log (current density) on a graphite rotating disc at 4900 rpm

and 60 �C. Electrolyte: 0.05 M CN� with different CN:Cu mole ratios,

1 M Na2SO4 and 0.25 M NaOH. Key: (¤) CN:Cu ¼ 3, (h) CN:Cu ¼
4, (·) CN:Cu ¼ 6, (m) CN:Cu ¼ 12 and ( ) no Cu.

Fig. 6. Effect of copper on the anodic oxidation of cyanide. (a)

Potential against log (current density) at 4900 rpm and 60 �C.
Electrolyte: 0.008 33 M Cu with different CN� concentrations, 1 M

Na2SO4 and 0.25 M NaOH. Key: (¤) 0.025, (h) 0.05, (m) 0.1, (·) 0.2
and ( ) 0.4 M CN�.

Fig. 7. Effect of pH on the anodic oxidation of cyanide. (a) Current

density against potential and (b) potential against log (current density)

on a graphite rotating disc at 4900 rpm and 60 �C. Electrolyte: 0.05 M

CN�, CN:Cu ¼ 3 and 1 M Na2SO4. Key: (¤) 0.25, (h) 0.125, (m)

0.05, (·) 0.025 and ( ) 0.01 M OH�.
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This means that hydroxide ions were involved in the
rate-controlling step. Similar results were obtained on
pyrographite and Pt rotating discs. At a CN:Cu mole
ratio of 4 (Figure 8), at low potentials, the pH had little
effect on the anodic oxidation of cyanide and the Tafel
slope was independent of pH and the current decreased
slightly with decreasing pH. This means that hydroxide
was not involved in the rate-controlling step. At high
potentials, copper cyanide was oxidized to copper oxide
and cyanate and the current depends greatly on the
hydroxide concentration. The higher the CN:Cu mole
ratio, the less dependent was the current on the
hydroxide concentration and the less copper oxide was
formed. At a CN:Cu mole ratio of 12, and 0.01 M

OH�1, almost no copper oxide was precipitated on the
electrode surface. Therefore the anodic oxidation of
copper cyanide is a function of the CN:Cu mole ratio,
cyanide concentration and pH.

3.5. Reaction order

To determine which of the copper cyanide species is
discharged at the electrode surface, the reaction order

with respect to various copper cyanide species was
calculated by changing the copper cyanide concentra-
tion and the mole ratio of cyanide to copper and
measuring the current against predicted concentration
of copper cyanide species at a constant potential. The
concentrations of copper cyanide species (Cu(CN)�2 ,
Cu(CN)2�3 and Cu(CN)3�4 ) were calculated by solving
the mass balance equations (Equations 17 and 18)
related to Reactions 13–16. At a CN:Cu mole ratio of 3,
the polarization curves were measured over the cyanide
concentration range 0.025–0.2 M and the temperature
range 25–60 �C. The current increased uniformly with
increasing concentration of copper cyanide and the
Tafel slope remained at about 0.120 V decade�1. About
97% of the copper exists in the form of Cu(CN)2�3 and
its concentration is proportional to the concentration of
the total copper cyanide. The concentrations of CN�,
Cu(CN)�2 and Cu(CN)2�4 are very low and do not
increase uniformly with increasing concentration of the
total copper cyanide. The plots of log (current) against
log([Cu(CN)2�3 ]) at constant potentials gave straight
lines having slopes 0.97–0.99 (Figure 9). This suggests
that the reaction order with respect to tricyanide is one.
Therefore Cu(CN)2�3 could be discharged at the elec-
trode forming Cu(CN)�3 . The same results were obtained
on a pyrolytic graphite electrode. At 40, 50 and 60 �C,
the same conclusions were reached.
From Figure 6, when the copper concentration was

kept constant and the cyanide concentration increased
from 0.05 to 0.4 M, the polarization curves shifted and
were almost parallel to each other. This shift could be
due to a change in the concentration of some copper
cyanide species. The current at a constant potential was
almost proportional to the concentration of Cu(CN)3�4
but not the other copper cyanide species. The plots of log
(current) against log([Cu(CN)3�4 ]) at 0.2 and 0.4 V vs
SCE give straight lines having slopes of 0.96 and 1.1,
respectively. The same results have been obtained when

Fig. 8. Effect of pH on the anodic oxidation of cyanide. (a) Current

density against potential and (b) potential against log (current density)

on a graphite electrode at 4900 rpm and 60 �C. Electrolyte: 0.05 M CN�,

CN:Cu ¼ 4, and 1 M Na2SO4. Key for (a): (¤) 0.25, (m) 0.05 and ( )

0.01 M OH�and Key for (b): (¤) 0.25, (j) 0.05 and ( ) 0.01 M OH�.

Fig. 9. Calculation of reaction order, log (current) against log (tricy-

anide concentration) on a graphite rotating disc at constant potentials,

4900 rpm and 25 �C. Electrolyte: 0.25 M NaOH, 1 M Na2SO4, CN:Cu

mole ratio ¼ 3. Key: (m) 0.4, (h) 0.3 and (¤) 0.2 V vs SCE.
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the total cyanide concentration was kept at 0.4 M and the
copper concentration was changed. The reaction order
with respect to Cu(CN)3�4 obtained on a pyrographite
electrode was 1.0. Yoshimura et al. [7] thought that
almost all of copper exists in the form of Cu(CN)3�4 .
They plotted the log (current) against log ([Cu]Total)
and obtained a slope of 0.9. However, from our
calculation, only 68–76% of the copper exists in the
form of Cu(CN)3�4 in the concentration range studied
and the concentration of Cu(CN)3�4 is not exactly
proportional to the total copper concentration. The plot
of log ([Cu(CN)3�4 ]) against log ([Cu]Total) gave a slope of
0.901. Therefore, the corrected reaction order with
respect to Cu(CN)3�4 should be 0.99 for [7]. From Figure
5, at [CN�] ¼ 0.05 M, the polarization curves for CN:Cu
mole ratios ¼ 4, 6, and 12 are very close and the current
for a CN:Cu mole ratio of 6 ([Cu] ¼ 0.008 33 M) at a
constant potential is even larger than that for a CN:Cu
mole ratio of 4 ([Cu] ¼ 0.0125 M). This is because the
concentration of Cu(CN)3�4 for a CN:Cu mole ratio of 6
is larger than that for a CN:Cu mole ratio of 4 and the
current at constant potential is proportional to the
concentration of Cu(CN)3�4 .
The reaction order with respect to hydroxide was

determined by changing the hydroxide concentration.
From Figure 7, at a CN:Cu mole ratio of 3, the Tafel
slope changes with hydroxide concentration and the
rate-controlling step or the reaction mechanism change.
From Figure 8, at a CN:Cu mole ratio of 4, the current
only slightly changes with hydroxide concentration and
the reaction order with respect to hydroxide is close to
zero.

3.6. Possible reaction mechanism

3.6.1. In the low potential region (< about 0.4 V vs SCE)
At a CN:Cu mole ratio of 3 and [OH�] ¼ 0.25 M,
Cu(CN)2�3 is discharged and oxidized to Cu(CN)�3 at the
electrode.
With decreasing concentration of hydroxide, the

current and the Tafel slope decreases and Cu(CN)2�3
becomes less electrochemically active. At [OH�] ¼
0.01 M, the Tafel slope decreases to 0.060 V decade�1.
This means that hydroxide ion affects the rate of
Cu(CN)2�3 discharge.
As the CN:Cu mole ratio increases at a fixed cyanide

concentration, the current and Tafel slope also decreases
at low potentials. At CN:Cu > 4, there are two Tafel
slopes with the first one being 0.060 V decade�1 and
the second one about 0.17 V decade�1. The dis-
charged species shifts from Cu(CN)2�3 to Cu(CN)3�4 .
The reaction order with respect to hydroxide ion is
almost zero.
At [OH�] ¼ 0.01 M and a constant potential, the ratio

of the current measured in 0.05 M CN� solutions with
CN:Cu mole ratios of 3 and 4 is close to the mole ratio
of Cu(CN)3�4 of the solutions. Therefore at CN:Cu ¼ 3,
with decreasing hydroxide concentration, the discharged
species could shift from both Cu(CN)2�3 and Cu(CN)3�4

to only Cu(CN)3�4 . At a high hydroxide concentration,
Cu(CN)2�3 is discharged much faster than Cu(CN)3�4
and the current contributed by Cu(CN)3�4 can be
neglected. With decreasing hydroxide concentration,
the discharge of Cu(CN)2�3 is suppressed and the
discharge of Cu(CN)3�4 maintains the constant rate
and becomes the dominant discharged species. Increas-
ing CN:Cu mole ratio will increase Cu(CN)3�4 and free
CN� and decrease Cu(CN)2�3 which also become less
electrochemically active. Therefore, Cu(CN)3�4 becomes
the dominant discharged species. From the above
discussion, the following possible anode reactions are
proposed:
At CN:Cu ¼ 3 and a high concentration of hydroxide

(0.25 M OH�)
Step 1 CuðCNÞ2�3 ! CuðCNÞ�3 þ e�

Step 2 2CuðCNÞ�3 ! 2CuðCNÞ�2 þ ðCNÞ2
Step 3 ðCNÞ2 þ 2OH� ! CN� þOCN� þH2O
Step 1 could be the rate-controlling step from a Tafel
slope of 0.12 V decade�1 [27] and the discharge of
Cu(CN)3�4 is negligible compared to Cu(CN)2�3 . Step 1
is enhanced by hydroxide ions. The rate of step 1
decreased with decreasing pH.
Increasing the mole ratio of cyanide to copper has a

similar effect like decreasing pH because it shifts
the distribution of copper cyanide species from low-
ly coordinated complexes to highly coordinately com-
plex (Cu(CN)3�4 ) and suppresses the discharge
of Cu(CN)2�3 . The critical value for CN:Cu depends
on the total copper cyanide concentration because
the distribution of copper cyanide species is dependent
on cyanide concentration. For example, at [CN�] ¼
0.05 M and [OH�] ¼ 0.25 M when CN:Cu > about 4,
the discharge of Cu(CN)3�4 is dominant. How-
ever, at [CN�] ¼ 3 M and [OH�] ¼ 0.25 M, when
CN:Cu P 3.5, the discharge of Cu(CN)3�4 become
dominant.
When the dominant discharged species is Cu(CN)3�4 ,

the anodic reaction can probably be modelled by the
following steps:
Step 1 CuðCNÞ3�4 ,

k1

k�1
CuðCNÞ2�4ðadsÞ þ e�

Step 2 CuðCNÞ2�4ðadsÞ ,
k2

k�2
CuðCNÞ2�4

Step 3 2CuðCNÞ2�4 ! 2CuðCNÞ2�3 þ ðCNÞ2
Step 4 ðCNÞ2 þ 2OH� ! CNOþ CN� þH2O
The adsorption rate for the coverage of Cu(CN)2�4

(dh/dt) can be expressed as the following equation:

dh
dt

¼ k1ð1� hÞ½CuðCNÞ3�4 
 � k�1h � k2h

þ k�2ð1� hÞ½CuðCNÞ2�4 
 ð22Þ

where h is the coverage of Cu(CN)2�4 on the electrode, a
the charge transfer coefficient, k1 the rate constant for the
electrochemical adsorption, k�1 the rate constant for the
electrochemical desorption, k2 the rate constant for
the chemical desorption and k�2 the rate constant for the
chemical adsorption.
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At steady-state, dh/dt ¼ 0 and if h » 0 and the
chemical adsorption of Cu(CN)2�4 is negligible, the
following equation can be obtained from Equation 22:

h ¼ ðk1=k�1Þ½CuðCNÞ3�4 

1þ k2=k�1

¼ ðk0;1=k0;�1Þ½CuðCNÞ3�4 
expðFE=RT Þ
1þ ðk2=k0;�1Þexpðð1� aÞFE=RT Þ ð23Þ

i ¼ Fk2h ¼ F ðk2k0;1=k0;�1Þ½CuðCNÞ3�4 
expðFE=RT Þ
1þ ðk2=k0;�1Þexpðð1� aÞFE=RT Þ

ð24Þ

where a is the charge transfer coefficient, k0,1 and k0,�1
is the rate constants, respectively, for oxidation
and reduction, k1 ¼ k0,1 exp(aFE/RT) and k�1 ¼ k0,�1
exp(�(1�a)FE/RT). From Equation 24, the reaction
order with respect to Cu(CN)2�4 is one at any potential.
In the initial low potential region, if k�1 � k2, the

following equation can be obtained:

i ¼ Fk2h ¼ Fk2k0;1
k 0;�1

½CuðCNÞ3�4 
exp FE
RT

� �
ð25Þ

From Equation 25, the Tafel slope is RT/F (about
0.06 V decade�1). Therefore, the above assumption is
consistent with the experimental results.
When the potential increases to a value where

k�1 is � k2, from Equation 24, the coverage of the
adsorbed Cu(CN)2�4 can be expressed as

i ¼ Fk2h ¼ Fk1½CuðCNÞ3�4 


¼ Fk0;1½CuðCNÞ3�4 
 exp aFE
RT

� �
ð26Þ

From the above equation, the reaction order with
respect to Cu(CN)3�4 is one and Tafel slope is RT/aF.
This is consistent with the experiment results. From
the plot of log (current density) against the potential (or
the potential against log (current density) according
to Equations 25 and 26, we can calculate Fk2k0,1
[Cu(CN)3�4 ]/k0,�1 and Fk0,1[Cu(CN)

3�
4 ] which can be

used to model and predict the kinetics process.
Figure 10 shows the plots of potential against log (current
density) using data measured and predicted using Equa-
tion 24. The predicted data are generally consistent with
data measured at the potential < 0.45 V vs SCE.
On a pyrolytic graphite, the adsorption of Cu(CN)2�4 is
probably so low that its effect can be neglected and
therefore only the second Tafel slope was observed.

3.6.2. In the high potential region (>about 0.4 V vs SCE)
In this region copper oxide or hydroxide is precipitated
on the anode. At CN:Cu around 3, a small amount of
copper oxide was precipitated on the outer insulator.
This suggests that some of Cu(CN)�3 generated at the

anode may diffuse to the surface of the outer insulator
and decompose to form copper oxide.
The effect of the precipitated copper oxide on the

anodic oxidation of copper cyanide depends on the
applied potential, temperature and total cyanide con-
centration. At [CN�] ¼ 0.05 M and temperature above
40 �C, copper oxide significantly catalyses the oxidation
of copper cyanide, at temperature below 40 �C copper
oxide has limited catalytic effect on the cyanide oxida-
tion or even exhibits the inhibiting effect at the potential
>0.6 V vs SCE. The free cyanide oxidation was
catalysed by cupric oxide formed on the electrode
because in the absence of copper, the anodic current
of free cyanide on copper oxide-coated anode is signif-
icantly higher than on the anode without copper oxide.
The solubility of copper(II) (CuO) is 10�6 M in the form
of CuO�

2 at 25 �C in 0.25 NaOH solution and therefore
the effect of the soluble Cu(II) on the cyanide oxidation
is not considered. Cu(III) species such as Cu2O3 can be
produced in the potential range studied [28–30]. For
example, Cu(III) oxide phase was stabilized at approx-
imately 0.48 V vs SCE and 0 �C in alkaline solution [28],
the oxidation of Cu(II) species began at about 0.35 V vs
SCE and 24 �C in 1 M NaOH [29] and the intrinsic
redox potential for Cu(III)/Cu(II) in the solid oxide is
0.42 V vs SCE at pH 14 at 20 �C [30]. It is possible for
Cu(III) to form on the surface and catalyze cyanide
oxidation as was suggested by Wells and Johnson [15].
The reaction procedure could be expressed by the
following reaction:
Step 1 CuðCNÞ�ðn�1Þ

n �! CuðCNÞ�ðn�2Þ
nðadsÞ þe�ðn ¼ 2; 3; 4Þ

Step 2 CuðCNÞ�ðn�2Þ
nðadsÞ þ 2OH� �! nCN�

ðadsÞþ CuðOHÞ2
ðor CuOþH2OÞ

Step 3 CuðCNÞ�ðn�1Þ
n �! CuðCNÞ�ðn�2Þ

n þ e�

Step 4 CuðCNÞ�ðn�2Þ
n ¼ CuðCNÞ�ðn�2Þ

ðn�1Þ þ 1
2 ðCNÞ2

Step 5 CN�
ðadsÞ þ 2OH� �������������!Catalyzed by copperoxide

CNO�þH2O

Fig. 10. Potential against log (current density) on a graphite rotating

disc using data measured and predicted using Equation 24 (constants

used was determined by the measured data) at 4900 rpm and 25 �C.
Electrolyte: 0.1 M CN�, CN:Cu ¼ 12, 0.25 M NaOH and 1 M

Na2SO4. Key: (––) predicted and (j) measured.
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With decreasing pH and increasing mole ratio of
cyanide to copper, step 1 (n ¼ 2 and 3), step 2, step 3
(n ¼ 2 and 3) and step 5 are suppressed. This results in a
decrease in the current and it is in agreement with the
experiment results. At a high CN:Cu ratio and low pH,
no copper oxide is formed.

3.7. Diffusion coefficient estimation

In the presence of a large amount of supporting
electrolyte, the limiting current for a simple electro-
chemical reaction (O + ne� ¼ R) on the rotating disc
can be expressed by the Levich equation:

il ¼ 0:62 nFD2=3m�1=6x1=2Cb ð27Þ

where n is the number of the electrons transferred, F the
faradaic constant, D the diffusion coefficient, m the kine-
matic viscosity, x the rotational speed and Cb the bulk
solution concentration. The diffusion coefficients can be
calculated from the slopes of the straight lines for the
plots of il against x1/2. At CN:Cu ¼ 3, when the current
is the limiting region, the anodic reaction can be
expressed as Reaction 20, which can be used to estimate
the number of electrons transfered per one tricyanide.
The plots of the limiting current against x1/2 for 0.05 M

CN� and CN:Cu ¼ 3 gives a straight line. At
CN:Cu ¼ 3, 97% of copper and cyanide exists in the
form of Cu(CN)2�3 and the calculated diffusion coeffi-
cient can be assumed to be those of Cu(CN)2�3 . The
diffusion coefficients for Cu(CN)2�3 at 40, 50 and 60 �C
were found to be 1.05 · 10�9, 1.29 · 10�9 and 1.52 ·
10�9 m2 s�1. The diffusion activation energy is 16.6 kJ
mol�1. From the activation energy, the predicted dif-
fusion coefficient at 25 �C is 0.76 · 10�9 m2s�1.

4. Conclusions

(i) Copper has a significant catalytic effect on cyanide
oxidation. Generally, the anodic oxidation of cop-
per cyanide can be divided into three reaction
regions. In the low potentials region (roughly, 0–
0.4 V vs SCE), cuprous cyanide is oxidized to cupric
cyanide complexes which produce cyanogen, which
in turn reacts with hydroxide to form cyanate. In the
middle potential region (roughly, 0.4–0.6 V vs
SCE), copper oxide is precipitated on the electrode.
Copper cyanide is oxidized to copper oxide and
cyanate. The potential for the precipitation of
copper oxide is dependent on the mole ratio of
cyanide to copper and temperature. The higher the
mole ratio of cyanide to copper, the higher the
potential for the precipitation of copper oxide.

(ii) The electrochemical kinetic behavior is dependent on
the CN:Cu mole ratio, pH and total cyanide concen-
tration. At CN:Cu ¼ 3 and [OH�] ¼ 0.25 M, the
Tafel slope is about 0.12 V decade�1 and the reaction
order with respect to Cu(CN)2�3 is one. Cu(CN)2�3 is

discharged on the electrode. The current and Tafel
slope decrease with decreasing hydroxide concentra-
tion and so hydroxide is involved in the rate-
determining step. With increasing mole ratio of
cyanide to copper, the anodic behaviour of copper
cyanide changes. When the mole ratio of cyanide to
copper is larger than a certain value (about 4 at
[CN�] ¼ 0.05 M), a Tafel slope of about 0.06 V
decade�1 was observed over the potential (0.1–
0.25 V vs SCE) and a second Tafel slope of about
0.18–0.20 V decade�1 over the higher potential
range. This change is related to the change in the
distribution of copper cyanide species which results
in the shift of the discharged species to Cu(CN)3�4 .
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