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The factors influencing the dissolution kinetics of pure silver in cyanide solution have been analysed
in terms of an electrochemical mechanism. A kinetic model is presented which incorporates coupled
diffusion and charge transfer for the anodic branch, and combined diffusion, adsorption and charge
transfer for the cathodic branch. The anodic oxidation of silver has been investigated using a silver
rotating-disc electrode for concentrations between 10 and 10~' M NaCN. Oxygen reduction on
silver has been studied at oxygen partial pressures between 0.104 and 1.00 atm. Mechanistic aspects
of the oxygen discharge reaction are considered in explaining the kinetic differences between gold and
silver dissolution in cyanide solution. It is shown that under conditions typical of conventional

cyanidation gold dissolves measurably faster than silver.

1. Introduction

The kinetics and mechanism of gold and silver cyani-
dation have been the subject of numerous investi-
gations. In fact, some studies predate the cyanide
process of MacArthur and Forrest [1, 2]. In spite of
this attention, no consensus has been reached regard-
ing the fundamental differences between the rates of
gold and silver dissolution in dilute alkaline cyanide
solutions.

Some of the early studies on the dissolution of gold
and silver in cyanide solutions reveal inconsistent and
anomalous kinetic behaviour. In general this early
work shows the complex relationship between the
kinetic roles of the oxidant and the complexing agent
for these metals. As early as 1934, Barsky et al. [3]
examined the kinetics of the dissolution of pure gold
and pure silver in cyanide solutions. They reported the
the maximum rates of gold and silver dissolution were
4.58 x 107" and 3.42 x 10" molem~2s™", respect-
ively, in 2 0.01 M NaCN solution at 25° C. They further
observed that at dilute NaCN concentrations (0.002 M)
the rate of silver dissolution was approximately
3.5-times greater than that of gold dissolution,

The results of Beyers [4] also indicated complex
effects between cyanide and oxygen concentrations for
gold and silver dissolution. At an oxygen concen-
tration of about 1.72 x 107*M the dissolution of
both pure gold and pure silver increased with increas-
ing KCN concentration from 1.5 x 10~ to 3.1 x
10-*M. At KCN concentrations above 7.7 x 10™*M
the rate of gold dissolution exceeded that of silver. For
example, in a 1.54 x 107*M KCN solution at 20°C
the rates of gold and silver dissolution were 4.69 x
107 and 3.10 x 10~°molcm™2s™', respectively. As
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observed by Barsky et al. [3], the rate of silver dis-
solution was greater than that of gold at dilute cyanide
concentrations.

Kakovskii and Kholmanskikh [5, 6] studied the kin-
etics of gold and silver cyanidation using rotating-disc
samples under various conditions. They found that the
rate of silver dissolution was measurably faster than
that of gold even at high cyanide concentrations. Silver
dissolution was 22.2 x 10 "mol em~?s~! at 25°C,
7.7 x 107°M KCN, 1atm P, and 1100 rpm. By com-
parison, the rate of gold dissolution under the same
conditions was 6.22 x 10™"mol cm~?s~". It is interest-
ing to note that at low rotational speeds (150 rpm)
gold dissolution rates were higher than those of silver.

Deitz and Halpern [7] examined the kinetics of
silver dissolution under various oxygen pressures. At
5.5 x 107*M NaCN and 24°C they found that the
rate of silver dissolution followed a first-order depen-
dence on the oxygen pressure. At low cyanide con-
centrations the rate was independent of the oxygen
pressure. At latm Py, 24°C and 5.5 x 1072M the
rate of silver dissolution was determined to be 9.66 x
10~ molecm~%s~F,

Conventional extraction results reveal that the
relative dissolution rate of silver is noticeably lower
that that of gold under typical cyanidation conditions.
This is illustrated by comparing gold and silver
recoveries for several heap leaching operations as
shown in Table 1.

These results indicate that the rate of silver dis-
solution lags behind that of gold in every instance.
Naturally, the mineralogy and mode of occurrence
play an important role in determining the rate at
which each metal is released from the ore. However,
the idea persists that silver leaches slower than gold
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Table 1. Representative gold and silver recoveries from heap leaching

(after [28])

Operation Recovery (%)

Au Ag
Smoky Valley 50 22
Coeur-Rochester 80 50
Zortman-Landusky 65 9
Northumberiand 57 20
Borealis 80 25
Tombstone 70 30
Tuscarora 50 40

under similar conditions. To resolve some of the
questions a fundamental electrochemical investigation
was undertaken to determine the mechanism and rate-
determining factors in the cyanidation of silver and to
relate them to previous electrochemical studies on the
dissolution of gold in cyanide solution [8].

2. Theory

The leaching of metals like gold and silver in cyanide
solution is similar to a metal corrosion process. Con-
ventional cyanidation of gold and silver employs O, in
air as the oxidant and CN~ serves as the complexing
agent. Cyanidation proceeds according to the general
overall reaction

M%awN‘+%02+§Hﬁ
— M(CN)“ 4+ gOH~ (1)

where M represents the metal, and ¢ and x are
stoichiometric coefficients. In the case of gold and
silver the stable cyano-complexes are the Au(CN);
and (AgCN); ions, respectively [9].

The leaching mechanism is electrochemical in
nature. The anodic dissolution of either gold or silver
would proceed according to the reaction

Me + 2CN- = Me(CN); + ¢~ 2)

where Me is either gold or silver. Wadsworth [10] has
analysed the anodic dissolution of gold in terms
of coupled diffusion plus surface charge-transfer
kinetics. This model provided an excellent explanation
of experimental electrochemical (voltage—current)
curves measured by Kudryk and Kellogg [8].

The following kinetic treatment involves mixed
diffusion plus surface charge transfer. Equation 3 des-
cribes the rate of diffusion for CN~ to the metal
surface:

dn ADey
(?17>CN - - Bogen -y @

In this equation A represents the electrode surface
area, Dy is the diffusion coefficient for CN™, 4 is the
boundary layer thickness, and [CN] and [CN]; are the
concentrations of cyanide in the bulk of solution and
at the metal-solution interface, respectively. Since the

rate of metal dissolution is half the rate of cyanide
consumption, Equation 3 can be written to express
metal dissolution in terms of cyanide consumption:

(95 _ 1{dn
di)y = 2 <E>CN @

The anodic current density (i, ) is related to the rate of
metal dissolution by

-l e
Y4 \dt )y )

where z, is the total number of electrons involved and
F is the Faraday constant. It follows from these
expressions that

I, = kq(CN] — [CN]) (6)

where k; = Denz,F[20.

The relationship used to explain the charge transfer
component is the Butler—Volmer equation which
shows how the current density (i) across a solid-
solution interface depends on the potential. The
Butler-Volmer expression for the anodic dissolution
of gold or silver in cyanide, neglecting back-reaction
kinetics and assuming only one cyanide ion participat-
ing in the rate determining step [11], is

i, = K [CN] exp(“fff‘) ™
The value of k, equals z,Fk,, where k, is the rate
constant for the charge-transfer step. In the exponen-
tial term, o, is the anodic transfer coefficient, E, is the
voltage for the anodic reaction, and other terms have
their usual meanings. Assuming steady-state con-
ditions, Equations 6 and 7 may be combined to yield
the following expression for the anodic current:

k4[CN]
b+ (Kgfk,) exp [— (0. FE,/RT)]

As shown by Wadsworth [10], this equation provides
an excellent model for the electrochemical data of
Kudryk and Kellogg [8] for the anodic dissolution of
gold as a function of the KCN concentration.

Now the accompanying cathodic reaction involves
the discharge of oxygen at the metal surface. The
kinetics and the mechanism of the oxygen reduction
reaction on different electrode materials has been
investigated extensively [12-22]. Oxygen reduction on
a metal surface has been found to follow two reaction
pathways: one is the direct 4e~ path represented for
alkaline solutions by the overall reaction

0, - 2H,0 + 4e~ = 40H" ©)

®)

i, =

and the other is the 2¢~ sequential path involving the
formation of hydrogen peroxide ions as an inter-
mediate product and the reduction of hydrogen
peroxide ion to yield OH™:

0, + H,0 + 2~ = HO; + OH™  (10)
HO; + H,0 + 2¢- = 30H" (11)
Both the direct pathway and the sequential pathway
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occur by the initial adsorption of O, at the metal
surface [13, 14, 17, 19, 23]. Oxygen reduction mech-
anisms at different electroactive surfaces have been
analysed by Yeager [24] for alkaline solutions. Mech-
anistic models for O, adsorption at a metal surface
and subsequent O, reduction pathways are shown in
Fig. 1.

The ‘end-on” adsorption model, M~°~ is the only
pathway of the three that favours the two-electron
reduction of oxygen to HO; . Numerous studies have
shown that on gold pathway II predominated [12, 13,
17, 20]. Pathways I and III involve the dissociative
adsorption of oxygen, which requires a strong metal—
oxygen interaction, sufficiently strong to weaken the
O-N bond. There is substantial evidence that dissoci-
ative adsorption (that is, four-electron reduction of
O,) predominates on pure Ag substrates [13, 17].
Fischer and Heitbaum {13] concluded from molecular
orbital calculations that on pure Ag that the four-
electron bridge adsorption pathway is operative and
that on gold the two-electron ‘end-on’ pathway is
operative. Furthermore, it was demonstrated that
impurities cause the bridge mechanism in silver to
shift to the ‘end-on’ adsorption. Juttner [17] examined
the reduction of oxygen on gold and silver in the
presence of underpotential-deposited metal atoms of
Pb and Bi. On clean Ag substrates the four-electron
oxygen reduction takes place according to the
M-°~9<Me model. Whereas the presence of either Pb
or Bi blocked neighbouring surface sites necessary for
oxygen bridging and forced the reaction into the
‘end-on’ adsorption pathway. It was further demon-
strated that adatoms of Pb and Bi on gold caused a

positive catalytic effect, indicating a shift from the
‘end-on’ to a bridged complex, a bridged complex
Au-°"M’ (M’ = Pb or Bi). It is significant that the
fundamental investigation of Juttner [17] serves to
explain why the presence of small additions of lead,
mercury, bismuth and thallium accelerate the rate of
gold dissolution during cyanidation [25]. The general
sequence of steps for oxygen reduction is as follows:

0,(b) =5 0,() (12)
0, (i) == O (13)
(14)

where (b), (i) and an asterisk indicate bulk, interface
and adsorbed O, concentrations, respectively. The
rate constants &y, k, and k-5, k; and k, relate to the
four-electron direct reduction to OH™, forward and
backward rate constants for the-two-electron process,
the electrochemical reduction of HO; to yield OH~
and the heterogeneous catalytic decomposition of
HO, , respectively.

Oxygen discharge at gold and silver during cyani-
dation falls in the range of two to four electrons per
mol O,. The kinetics of the cathodic O, discharge are
best developed in terms of a mixed diffusion plus
change transfer process incorporating the adsorption
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of O,. The general kinetic treatment is analogous to
that presented for the anodic dissolution presented
above. Equation 14 expresses the cathodic current
density for the diffusion part of the reaction

o= —ki((0,] - [0,]) (15)

The concentrations of dissolved oxygen in the bulk of
solution and at the interface are represented by [O;]
and [O,];, respectively, and kg = Do,z F[0.

As before, the charge transfer component of the
cathodic reaction is analysed in terms of the Butler—
Volmer expression, neglecting back-reaction kinetics:

— o FE,
RT

where i is the cathodic current density, k&, is the rate
constant for the charge transfer step; that is, contain-
ing either k, or k, as shown in Equation 14. Even
though the overall mechanism for oxygen discharge
may involve two or four electrons, Equation 16 based
on a one-electron rate-determining step such as
0, + ¢~ = 05 (ads), as suggested by Zurilla ef al.
[14]. The term 6, is the fraction of cathodic sites
covered by adsorbed oxygen. For an ideal monolayer
with single site occupied by O,, the Langmuir adsorp-
tion isotherm applies, where 6, is defined as

ip = —k.6. exp< (16)

K[O,];
b, = ——=— 17
1 + K[O,]; (17
Substituting the value of 6, into Equation 16 yields
< ch[OZJi OCcIt‘Ec>
= =7 KO, P\~ kT (18)

Now, by assuming steady-state conditions and small
values for [0,],, Equations 15 and 18 may be com-
bined to give the following expression for [O,];:

k4[O,]

0.5 = = kK exp (—o FE.[RT)

(19)

This value for [O,], can now be substituted into
Equation 18 to obtain an expression for the cathodic
current:

l. Ki[O:]

© = T ¥ (G0, exp GuFEJRT) W)

It is important to recognize that this expression yields
a diffusion-limiting current density as sufficiently
negative potentials. However, as the electrodes poten-
tial increases (that is, low cathodic potentials), the
right-hand part of the denominator becomes signifi-
cantly greater than unity and Equation 20 reduces to

— ochEc>

i = —kcexp< _T (21

It should be recognized that Equation 21 is equivalent
to Equation 16 for the special case when 6, = 1. This
is reasonable since, at low cathodic potential, the rate
of oxygen discharge is lower than the rate of diffusion
and there is an accumulation of oxygen at the surface.
The cathodic current density in this potential region is
clearly independent of [O,]. Inspection of the data of

Kudryk and Kellogg [8] show this to be the case for
reduction of oxygen at a gold cathode. At potentials
between 0.05 and 0.15V (versus standard hydrogen
electrode (SHE)), the cathodic current was essentially
independent of oxygen concentration between 21 and
99.5% O,.

3. Experimental details

Electrochemical experiments were carried out at room
temperature (23°C) in a 0.5 litre cell, using a Ag
rotating-disc working electrode with a geometrical
area of approximately 0.44cm’. Two graphite rods
were used as counter-electrodes. Before each testing
the working electrode was polished on 600-grit SiC
paper and rinsed with distilled deionized water. Sol-
utions were prepared by using sodium cyanide to
adjust the cyanide content and sodium hydroxide to
adjust the pH. The ionic strength was adjusted to
0.6 M using sodium sulphate.

A PAR Model 273 potentiostat was used to control
the tests and current-potential curves were recorded
using a Houston Instrument Model 200 X-Y recorder.
All potential scans were started at the corresponding
rest potential. Potentials were measured against a
saturated calomel reference electrode (SCE) the
potential of which was taken as 0.245V on the SHE
scale. All potential values in this paper are reported
with respect to the SHE.

The anodic dissolution of silver in oxygen-free
solutions containing known amounts of sodium
cyanide was studied using a scan rate of ImVs .
Solutions containing 107° to 3 x 107>M cyanide at
their natural pH values (pH 10.2-10.9) were used. The
oxygen reduction reaction was studied in cyanide-free
solutions at pH 11.9. The oxygen content of the
electrolyte was fixed by bubbling oxygen-nitrogen
mixtures of known compositions (10.4% O,, air,
49.6% 0O,, 68.2% O, and 99.9% O,) for 20 min before
each test.

4, Results and discussion
4.1. Anodic oxidation of silver

The anodic current density—potential curves shown in
Fig. 2 are typical of the electrochemical behaviour of
Ag in alkaline cyanide solutions. These data were
obtained using a rotating disc speed of 500 rpm.
Another series was carried out as a function of cyanide
concentration using 700rpm. At sufficiently high
anodic potentials, Equation 8 reduces to the form

hhy = kq[CN] 22)

where i, is the limiting anodic current density. In
Fig. 2 this is shown by the characteristic plateaux in
the polarization curves. The current density becomes
entirely diffusion controlled in this region and is
directly proportional to the cyanide concentration. A
plot of i, versus [CN] is shown in Fig. 3 for 500 and
700 rpm. These data provide excellent confirmation of



SILVER DISSOLUTION IN CYANIDE SOLUTIONS

483

0.02m NaCN

@
(@]
1

o
[o}
T

0.015M NaCN

»

(o)

T
0.10m NQCN

0.0lm NaCN

D
@]
T

0.005m NaCN

Current density (mA em2)
w
o
T

(Ko o
- 0.00Im NaCN
o! T T 1 T |
~-05 -04 -03 -02 -0 00 Ol 02 03

Electrode potential {V against SHE)

Fig. 2. Anodic oxidation of silver as a function of NaCN concentra-
tion using a rotating disc at 500 rpm.

Equation 20 and also show that the current density
(that is, the rate) in this region follows a first-order
dependence with respect to the cyanide concentration.
From the slopes of the lines in Fig. 3, k4 values of 289
and 364 mA lcm™*mol™' were obtained for 500 and
700 rpm, respectively.

Once the value of k,, the charge transfer rate
constant, is determined, Equation 8 can be used to
predict the /~E behaviour for the anodic dissolution of
Ag. To determine k,, Equation 8 is inverted to yield

1 1 1

LT N RN eXp(zRTa) @)

In this expression a value of 0.5 has been used for o,.
A plot of 1/i, against exp (— FE,/2RT) should yield a
straight line with a slope of 1/k, [CN] and an intercept
of 1/ky[CN]. A test of Equation 23 is demonstrated in
Fig. 4 for the mixed kinetic region for different values
of [CN]. The values of k, determined by this technique
for silver are shown in Table 2, together with those of
gold obtained from the analysis of the data of Kudryk
and Kellogg [8].

Verification of the anodic dissolution model for
various cyanide concentrations is shown in Fig. 5. The
experimental curves were obtained using a disc rotation
of 700 rpm. The full curves were calculated using the
model and general values for &, and k, obtained from

T T YT
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T
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Fig. 3. Plot of limiting anodic currents as a function of NaCN
concentration for (O) and (B) 700 rpm.

0.05

an analysis of electrochemical data for 700 rpm. The
generalized rate expression, Equation 8, provides an
excellent model for the anodic dissolution of silver and
alkaline cyanide solutions,

4.2. Cathodic reduction of oxygen on silver

The cathodic reduction of oxygen at the silver electrode
under alkaline conditions is shown in Fig. 6 for
various partial pressures of oxygen. These curves
show the general trend of approaching a characteristic
diffusion-limited region. However, they do not exhibit
well-defined plateaux as observed for the reduction of
oxygen on gold. Recently, Adanuvor and White [19]
found the cathodic reduction of oxygen on silver at
high concentrations of NaOH to be a complex process
lacking well-defined limiting currents.

The general shape of the polarization curves
presented in Fig. 6 is also flatter than that observed for
the discharge of oxygen on gold. Analysis of the
experimental data shows that the cathodic current
density fits

ki [O,]

Y= T TT R e @ FESRT) Y

where the constant k) = kK’ (K is the Freundlich

Table 2. Charge transfer rate constants for the anodic oxidation of gold and silver in alkaline cyanide solutions

Silver* Goldt

500 rpm 700 rpm 300 rpm

[CN] (1) k, [CN] () k, [CN] (M) k,

1.0 x 1073 2.63 x 10* 2.0 x 1073 0.64 x 10* 7.68 x 1074 1.74 x 19
5.0 x 1073 544 x 10 5.0 x 1073 2.16 x 10* 1.54 x 1073 3.19 x 104
1.0 x 1072 4.67 x 10* 1.0 x 1072 4.96 x 10* 2.69 x 1073 7.03 x 19
1.5 x 1072 6.77 x 10* 2.0 x 1072 4.00 x 10* 3.84 x 1073 4.73 x 10*
2.0 x 1072 8.08 % 10°* 3.0 x 1072 507 x 10° 1.54 x 1072 4.61 x 10
1.0 x 107! 4.67 x 10* 7.68 x 1072 7.51 x 19t
Average 5.38 x 10* Average 3.37 x 10 Average 4.80 x 10

*Rotating disc.
Rotating cylinder.
Units for k, are (mAlem 2mol~').
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Fig. 4. Plot of 1/i, against exp (— FE,/2RT) at various concen-
trations of NaCN, using a rotating disc at 500 rpm.

isotherm constant). This expression was derived
assuming a one-electron rate determining step (O, +
¢~ = O, (ads)) and a Freundlich adsorption model.
The experimental results support the Freundlich-type
isotherm for oxygen reduction on silver, since the
current density is proportional to the oxygen con-
centration at all cathodic potentials as predicted by
Equation 24. On the other hand, the Langmuir model
best explains the reduction of oxygen on gold as
predicted by Equation 20. Other adsorption models
fail to fit the data adequately.

Based on these considerations, the expression for
the cathodic current density for oxygen reduction on
silver is

; k4 [O,]

© = 1 + (ki/K,) exp (FE./4RT) 25)

To be consistent with experimental values of current
density the sign in Equation 25 is positive.
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Fig. S. Fit of mixed kinetic model to the anodic oxidation of silver
for various concentrations of NaCN at 700 rpm, (O) experimental,
(—) calculated.
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Fig. 6. Oxygen reduction on silver at pH 11.9 for various partial
pressures of O, using a rotating disc at 500 rpm.

An apparent value of ¢, = 0.25 was used for the
cathodic transfer coefficient in this expression. This
value for a, provides the best fit of the experimental
results for the reduction of oxygen on silver.

At sufficiently negative cathodic potentials, Equation
25 reduces to the form

Ly = kglOo]

where i,; is the limiting current density for O,
reduction. A plot of i,; against [O,] is given in Fig. 7
for 500 and 700 rpm. From the slopes of these lines, k;
values of 2.39 and 3.04 mA cm~2atm ™' were obtained
for 500 and 700 rpm, respectively. The same procedure
outlined above to obtain the value of k, for the anodic
oxidation of silver was used to obtain the value of k,
for oxygen reduction on silver. A plot of 1/i; against
exp(FE,/4RT) is shown in Fig. 8 for disc rotation of
500rpm at different oxygen pressures. Excellent
correlation is observed for the data in this region..
Charge transfer rate constants are listed in Table 3.
Based on these values there appears to be a slight
dependence of k. on the oxygen concentration,
especially for the data obtained at 700 rpm. This in
part reflects the complex nature of the oxygen dis-
charge process. Complete analysis of the kinetics of
oxygen reduction is beyond the scope of the present
study. For the present treatment an average value of
k. was determined and used in the calculation of the

(26)
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3 u]
[s} 1 1 L i {
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Fig. 7. Plot of limiting cathodic currents as a function of O, partial
pressure for (M) 500 and (00) 700 rpm.
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cathodic response of oxygen or silver shown in Fig. 9.
Based on the comparison in Fig. 9, the model for
oxygen reduction on silver provides an excellent fit of
the experiment results.

4.3. Rotating-disc considerations

A rotating-disc electrode was employed throughout
this investigation. According to the basic theory of the
rotating-disc electrode as published by Levich [26], the
thickness of the diffusion boundary layer (8) is given

by
13 12
i .61<9> (1>
v w

where D is the diffusion coefficient (cm®s™"), v is the
kinematic viscosity (cm’s™') and o is the angular
speed of the rotating disc (s™').

s = 27)

H
I
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O0ag,
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Fig. 9. Fit of mixed kinetic model to the cathodic reduction of
OXygern on silver for various partial pressures of O,, using a rotating
disc at 700 rpm, (1) experimental, — ) calculated.

zFDC
| = : , 28
LT 161D (o) ? (28)
or
ilim = Bwlp {29>

where B = 0.62zFD**v~'"® C and C is the bulk con-
centration of the diffusing species.

Polarization curves for the anodic oxidation of
silver in alkaline cyanide recorded at different rotation
rates are shown in Fig. 10. Using the values of i,
obtained from these curves, a plot of i, , against »'? is
shown in Fig. 11. An excellent correlation exists for
this data. From the slope of the line in Fig. 11 it is
possible to calculate the experimental value of Dgy.
The diffusion coefficient for cyanide under the con-
ditions used in this investigationis 1.77 x 10 cm’s™'.
This value is extremely close to those reported else-
where [27] for the sodium halides, assuming that the
diffusion properties of cyanide are similar to those of
the halides.

Oxygen reduction at the silver electrode was also
examined as a function of the disc rotation speed.
These results are presented in Fig. 12 for a constant
partial pressure of oxygen of 0.682 atm. It is observed
that the oxygen reduction current density is insensitive
to the rotation speed at electrode potentials between
—0.150 and 0.100V (SHE). Similar behaviour was
observed by Adanuvor and White [19] for the reduction
of oxygen on silver and Enayetullah er af. [16] for
oxygen reduction on platinum. The polarization curves

Table 3. Charge transfer rate constants for the cathodic reduction of
oxygen at a silver electrode in alkaline solutions

[0,] (atm) ki (mAcmamm™")

300 r.p.m. 700 r.p.m.
0.104 0.40 0.54
0.210 (air) 0.33 0.46
0.496 0.31 0.33
0.682 0.30 0.34
1.000 0.30 0.32




I.B. HISKEY AND V. M. SANCHEZ

486
1.3
[ Nacn oo d 2 °
a LOlM /
g e 'l s
E 3 a] 10 /0 ./u
7] D/ S A
< r J - 09| e ./C,
£ a ' A
IS / < o8} - ic
. s} £ ’ Py //
ot o 07| e ’ ,l:l,&
Slope=0.438 £ ’ el 4
Y oer - Rty
| 7 v v 4
L 557 Al
~ 8 7’ 77
L - s Ll
04 |- ,/ ////
o] Il 1 L 1 i3 ] i L T 7 //;/
O | 2 3 4 5 6 7 8 9 0 03F 27/
2, -i/2 57
w (s ) 02p,57
Vs
Fig. 11. Plot of limiting anodic currents as a function of w'?. Gl
0 1 ! 1 1l i
[¢] 0.05 o0 0.5 0.20 0.25 0.30
w—1/2 (51/2)

exhibit a relatively flat response in the mixed kinetic
region and the absence of a distinct plateau represent-
ing the limiting current density attributed to O,
reduction. The following approach will be used to
analyse the cathodic reduction of oxygen in the mixed
kinetic region. The following relationship can be
derived by rearranging Equation 18:

L_1, 11 1
= 5 T 0.620z,F[O,1D%y Togy”
(30)

lc lk lc,l

where i, represents the current in the absence of any
diffusional effiects (for example, at the foot of the wave
of the irreversible charge transfer). A plot of 1/i,
against 1/w'” should be linear for a constant electrode
potential. These plots are shown in Fig. 13 for dif-
ferent potentials. Lines of nearly the same slope are
obtained. Based on this information a value for
the diffusion coefficient of O, was calculated to be
1.60 x 10 em?s™h.

4.4 Rate of cyanide dissolution

As discussed by Wadsworth [10] the rate of cyanide
leaching of gold and silver may be determined from
the electrochemical data. The dissolution current (i)
of the internally short-circuited cell is set by the
conditions E, = E, = E, {mixed potential) and
i, = i, = iy. The value of i, can be determined by

)
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Fig. 12. Polarization data for the O, reduction on silver at varous
disc rotation speeds and 0.682atm O,.

Fig. 13. Plot of 1/i, against =" at various potentials for the O,
reduction on silver, (0) —0.31V, (M) —0.41V, (@) —0.51V,
(a) —0.61V, (a) —0.71V.

combining Equations 8 and 20 for gold dissolution
and Equations 8 and 24 silver dissolution.

It is convenient to compare the kinetic response of
gold and silver by overlaying the anodic dissolution
curves of gold and silver with the curves for the
cathodic reduction of oxygen on gold and silver
electrodes. The mixed kinetic model was used to
calculate the respective polarization curves shown in
Fig. 14. The broken curves represent the anodic oxi-
dation of both gold and silver as a function of cyanide
concentration between 107° and 107" M. As shown by
this investigation, the anodic oxidation behaviour of
gold and silver is for all practical purposes the same.
The cathodic reduction of oxygen on gold and silver
is plotted as the full curves for an oxygen partial
pressure of 0.21 atm. In the mixed kinetic region the
silver curve is noticeably lower than that of gold,
mainly because of the apparent value of the cathodic
transfer coefficient.
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Fig. 14. Electrochemical dafa for the anodic oxidation of siiver and

gold and the cathodic reduction of O, on silver and gold calculated

according to mixed kinetic models.
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Intersection of the anodic and cathodic curves to
the condition E, = E. =E,, and i, = i, = ig. It is
readily apparent that at a cyanide concentration
between 2.5 x 107° and 1 x 1072M (probably
typical of most cyanidation operations) the value of
i{Ag) < ij{Au). Under these conditions the rate of
silver dissolution would be predicted to be lower than
that of gold. Differences in the dissolution for the two
metals become less significant for air when the cyanide
concentration is at the extremes. Low concentrations
of cyanide results in points of intersection on the
plateau regions of the anodic curve where the rate is
controlled by cyanide diffusion. At high cyanide con-
centrations the rate is controlied by oxygen diffusion.

5. Conclusions

The mechanism and rate-determining factors in the
cyanidation of pure silver have been investigated.
Experiments were performed on silver electrodes in an
attempt to elucidate the fundamental differences
between gold and silver cyanidation. The anodic oxi-
dation of silver at various cyanide concentration
follows a mixed kinetic model involving coupled mass
transfer and charge transfer. A diffusion coefficient of
1.77 x 10 °cm?sec™" for cyanide was determined
from the results of this investigation. Furthermore,
the charge transfer rate constants for silver measured
during this study and that of gold measured
previously [8] are in favourable agreement. Based on
these findings, the anodic oxidation of silver and gold
in cyanide solutions exhibits essentially the same
behaviour.

Oxygen reduction at the Ag surface was also
studied. It was found that the oxygen reduction
followed a kinetic model involving a mixed diffusion
plus charge transfer process that incorporates the
adsorption of O,. As previously shown [12], the dis-
charge of oxygen at a silver surface is markedly dif-
ferent from that at a gold surface. The basic differences
are: (1) silver proceeds by a four-electron direct path
instead of the two-electron path for gold; (2) oxygen
adsorption appears to follow a Freundlich isotherm
on silver and a Langmuir iostherm in gold; and (3) the
transfer coefficient for oxygen reduction on silver is

0.25 whereas on gold it is 0.50. According to the
difference in oxygen reduction on silver and gold, it is
possible to prove that under typical cyanidation con-
ditions silver dissolves at a rate slower than gold.
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